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ENERGY METABOLISM AFFECTS BONE METABOLISM

Bone remodelling: a survival function requiring energy

The skeleton is essential for locomotion and should be able to absorb load even of high intensity during physical activity. This is critical for vertebrates to maintain high bone quality and excellent biomechanical properties. Bone has the ability to constantly renew itself through a mechanism called bone remodelling which repairs micro-and macro-damages. Thus bone remodelling served a survival function early on during evolution. Bone remodelling is a biphasic process including first destruction of pre-existing bone, the resorption and then formation [START_REF] Harada | Control of osteoblast function and regulation of bone mass[END_REF][START_REF] Rodan | Therapeutic approaches to bone diseases[END_REF][START_REF] Teitelbaum | Bone resorption by osteoclasts[END_REF]. Both processes are exerted by specialized bone specific cells: osteoclasts for bone resorption and osteoblasts for bone formation. In normal adults, bone resorption and bone formation are well balanced. Experimentally, the gold standard to directly study bone remodelling is histomorphometry, a specific histology method that determines bone mass, osteoclast and osteoblast number per bone surface and also dynamic parameters such as the bone formation rate. This technique informs on both aspects of bone remodelling and the combined global result. It can be completed by indirect assays such as bone mineral density, CT-Scan and bone biological markers in blood and urine. Bone remodelling occurs constantly and simultaneously in numerous points of the body, thus this is a physiological function requiring a large amount of energy. This is a first physiological clue to link bone and energy metabolism. Clinical observation provides some other interesting arguments. Obesity or high body mass index reduces fracture risk whereas anorexia enhances it. Gonadal failure, either estrogens or androgens, leads invariably to bone loss and frequently to osteoporosis. Together these observations suggest that bone remodelling, appetite and reproduction might be regulated by the same hormones.

Leptin is a key hormone for appetite, reproduction and bone mass

Leptin is a 16 kDa protein hormone (Spiegelman andFlier, 1996, Zhang et al., 1994) produced by white adipocytes and acting in the brain through a single receptor. Leptin enters central nervous system in proportion to its plasma concentration and is considered to give the brain input regarding energy storage. Leptin inhibits appetite and favours energy expenditure and fertility. Consequently, mice lacking either leptin (ob/ob) or its receptor (db/db) are obese and hypogonadal. Since leptin is a key molecule in appetite regulation, metabolism and fertility (Auwerx and Staels, 1998), it is a good candidate to determine whether there is a common regulatory link between bone remodelling and energy metabolism. There was another reason to study leptin in this context which is that it appears during evolution with bone remodelling. Histomorphometric analysis on vertebrae of leptin deficient mice ob/ob shows a high bone mass due to a massive increase in bone formation parameters that trumped the increase in osteoclast number and bone resorption parameters also observed in these mice [START_REF] Ducy | Leptin inhibits bone formation through a hypothalamic relay: a central control of bone mass[END_REF]. This increase in bone resorption was expected since ob/ob mice are hypogonadal. A very similar phenotype is observed in leptin receptor deficient mice db/db. What makes this observation so important biologically is that first it relies on the study of a model already well characterized and second that leptin signalling-deficient mice are the only model exhibiting hypogonadism and high bone mass. Could obesity explain the high bone mass of ob/ob and db/db mice? The answer is provided by another mouse model, this one lacking adipocytes, the "fat-free" mice. Because of their virtual absence of adipocytes the "fat-free" mice are not only lean but also leptin-deficient. Yet they display the same phenotype of high bone mass that the one observed in ob/ob mice thus demonstrating that the high bone mass of the ob/ob mice is consequence of their lack of leptin not of their obesity [START_REF] Ducy | Leptin inhibits bone formation through a hypothalamic relay: a central control of bone mass[END_REF]. That their bone phenotype can be rescued by a leptin transgene established that leptin is the only adipocyte-derived secreted molecule regulating bone mass [START_REF] Elefteriou | Serum leptin level is a regulator of bone mass[END_REF].

Leptin controls bone mass through a central relay

To elucidate the mode of action of leptin on bone, leptin treatment was provided through intracerebroventricular infusion (ICV) in ob/ob mice. This ICV infusion was performed at low rate to avoid any detectable leak in bloodstream, thus given the absence of leptin in the ob/ob mice this experiment allowed to determine whether the control of bone mass by leptin is, like its other functions, occurring through a central relay [START_REF] Ahima | Body fat, leptin, and hypothalamic amenorrhea[END_REF][START_REF] Ahima | Leptin regulation of neuroendocrine systems[END_REF]. In the experiment, leptin ICV infusion fully corrected the high bone mass phenotype of the ob/ob mice [START_REF] Ducy | Leptin inhibits bone formation through a hypothalamic relay: a central control of bone mass[END_REF] demonstrating that leptin uses a central relay to regulate bone mass. That the ICV infusion could correct fully the bone phenotype caused by the leptin deficiency was a strong argument to believe that, as it is the case for its other functions, leptin acts only through a neural relay to regulate bone mass. Over the years, many other experimental data demonstrated that it was indeed the case. For instance, in wild type osteoblast primary cultures treated by leptin, a Stat 3 phosphorylation can only be detected at very high dose but not at physiological dose. Moreover, the fact that cultured osteoblasts from db/db mice do not produce more extracellular matrix than wild type shows that there is no osteoblast defect in these mice. Moreover, transgenic mice expressing specifically leptin in osteoblasts do not have skeletal abnormalities [START_REF] Takeda | Leptin regulates bone formation via the sympathetic nervous system[END_REF]. The most compelling evidence came again from a mouse genetic approach: while the deletion of the leptin receptor in osteoblasts does not affect bone mass its deletion from neurons recapitulates fully the high bone mass observed in ob/ob mice [START_REF] Shi | Dissociation of the neuronal regulation of bone mass and energy metabolism by leptin in vivo[END_REF]. Taken together, this data establish that leptin acts solely through a central relay to regulate bone mass. In order to identify the anatomical basis of the leptin-dependant central control of bone mass, analysis of the pattern of expression of leptin receptor (ObRb) is essential. ObRb is expressed in different locations of the brain such as brainstem and hypothalamus [START_REF] Tartaglia | Identification and expression cloning of a leptin receptor[END_REF]. In the hypothalamus, ObRb expression is maximal in three specific nuclei: the arcuate (Arc), the ventromedial hypothalamic (VMH) and the paraventricular nuclei (PVN). Using various chemicals it is possible to destroy specifically hypothalamic nuclei. Monosodium glutamate (MSG) specifically destroys the arcuate nuclei and gold thioglucose (GTG) the VMH. This kind of chemical lesioning experiment allows individualizing the putative function of each nucleus downstream of leptin. For instance MSG treatment in wild type mice increases appetite but does not affect bone mass. Moreover, leptin ICV in these mice could still decrease their bone formation and bone mass [START_REF] Takeda | Leptin regulates bone formation via the sympathetic nervous system[END_REF] indicating that neurons of the arcuate nuclei do not play a major role in the leptin regulation of bone mass. The second experiment used GTG to destroy neurons and to affect neuronal connections within the VMH nuclei. Wild type mice treated by GTG harboured a high bone mass phenotype, similar to the one observed in ob/ob mice. Importantly, in GTG-treated wild type or ob/ob mice, leptin ICV infusion could not decrease bone mass. These experiments highlight two points. First, leptin inhibits appetite and bone mass through two different hypothalamic pathways. Second, neuronal connections going though VMH nuclei are implicated in the central control of bone mass by leptin.

Neuronal mediation of central control of bone mass

The next question was to determine the nature of the relay between the hypothalamus and the bone cells. Once more, clinical observation suggested a mechanism. Reflex sympathetic dystrophy is a painful localized syndrome involving all structures of the area: cutaneous, subcutaneous, periarticular, articular, and bone tissues. This syndrome is encountered in various rare clinical circumstances like brain tumours, phenobarbital therapy but more commonly follows a direct trauma, a fracture or a surgery. Reflex sympathetic dystrophy is characterized by a rapid onset osteoporosis and a dysregulation of sympathetic tone with swelling, hyperesthesia, pain and vasomotor signs. When treated by beta-blockers to correct high sympathetic activity, a significant amount of patients improve rapidly sympathetic signs and correct local osteoporosis [START_REF] Friez | Comparison of treatment with griseofulvin, beta blockers and calcitonin in 55 cases of post-traumatic algoneurodystrophies[END_REF][START_REF] Simson | Letter: Propranolol for causalgia and Sudeck's atrophy[END_REF][START_REF] Visitsunthorn | Reflex sympathetic dystrophy of the lower extremity: a complication of herpes zoster with dramatic response to propranolol[END_REF]. These points are of particular interest since it has been observed for a long time that ob/ob mice which present a high bone mass, do have a low sympathetic tone [START_REF] Coleman | Effects of parabiosis of normal with genetically diabetic mice[END_REF]. These observations suggested, before one could delete the leptin receptor in neurons only, a neuronal mediation to the leptin-dependent central control of bone mass. This was verified experimentally. The first key experiment was a parabiosis. In parabiosis two mice undergo surgical procedure to realize an anastomosis between their vascularisation. In this particular occurrence two ob/ob mice were used hence, there was no leptin in any of the two mice at the onset of the experiment. One of the mice was then infused by leptin ICV. A month later, bone analysis shows that bone mass was corrected in the mouse injected ICV but not in the other one. This experiment demonstrated that the central control of bone mass uses neuronal mediation [START_REF] Takeda | Leptin regulates bone formation via the sympathetic nervous system[END_REF]. The second step was to indeed demonstrate the role of sympathetic nervous system in this pathway. To that end, different genetic models were used. Dopamine beta-hydroxylase (DBH) is an enzyme involved in synthesis of epinephrine and norepinephrine, the two mediators of sympathetic nervous system. Dbh-deficient mice have a high bone mass due to an increase in bone formation parameters and intracerebroventricular infusion of leptin in Dbh-deficient mice did not affect bone mass. Similarly, after the demonstration that osteoblasts express only the beta 2 adrenergic receptor (β2Ar) [START_REF] Imai | Effects of retinoic acid on alkaline phosphatase messenger ribonucleic acid, catecholamine receptors, and G proteins in ROS 17/2.8 cells[END_REF][START_REF] Moore | Characterization of beta-adrenergic receptors on rat and human osteoblast-like cells and demonstration that beta-receptor agonists can stimulate bone resorption in organ culture[END_REF][START_REF] Rodan | Dexamethasone effects on beta-adrenergic receptors and adenylate cyclase regulatory proteins Gs and Gi in ROS 17/2.8 cells[END_REF][START_REF] Takeda | Leptin regulates bone formation via the sympathetic nervous system[END_REF], analysis of the β2Ar-deficient mice shows a high bone mass phenotype due, in part, to an increase in bone formation parameters. Like Dbh-deficient mice, the β2Ar-deficient mice could not loose bone following leptin ICV infusion [START_REF] Elefteriou | Leptin regulation of bone resorption by the sympathetic nervous system and CART[END_REF]. One needs to emphasize that mice deficient simultaneously in β1Ar and β2Ar do not display the high bone mass seen in β2Ar-deficient mice [START_REF] Elefteriou | Serum leptin level is a regulator of bone mass[END_REF][START_REF] Pierroz | Beta1 beta2-adrenergic receptor KO mice have decreased total body and cortical bone mass despite increased trabecular number[END_REF]. The reason for this observation is unclear yet it indicates that signalling through β1Ar inhibits the action of sympathetic tone on osteoblasts occurring through β2Ar. This may explain why some clinical studies using beta-blockers do not find any fracture risk reduction [START_REF] Levasseur | Beta-blocker use, bone mineral density, and fracture risk in older women: results from the Epidemiologie de l'Osteoporose prospective study[END_REF]. To complete the genetic demonstration, pharmacological treatments were applied. First administration of a sympathomimetic drug, isoproterenol, to ob/ob mice do not affect appetite and body weight but corrects the bone phenotype. In contrast, treatment of wild type mice with betablocker, propanolol, increases bone mass without affecting appetite and prevents bone loss in ovariectomized wild type mice [START_REF] Takeda | Leptin regulates bone formation via the sympathetic nervous system[END_REF]. Taken together all these data clearly indicate that leptin regulates bone formation through a central relay and sympathetic nervous system.

Clinical relevance: beta-blockers reduce fracture risk

There is a steadily growing body of evidence indicating that the sympathetic nervous system-bone pathway operates also in humans. The first cohort was conducted in United Kingdom using the UKbased General Practice Research Database (UGPRD) enrolling more than 3 million people. Data of patients aged between 30 and 79 were extracted to identify all patients with a fracture recorded between January 1993 and December 1999. Patients with medical disorders affecting bone metabolism and fracture risk or previously treated by antiresorptive drugs were excluded. For one case, four match controls were randomly selected. Potential confounding factors were recorded. 30 601 cases with a fracture were identified and 120 819 were included as controls. In this study use of beta blockers is associated with a statistically significant decreased fracture risk in both men and women. The adjusted odd-ratio was 0.77 [95% CI, 0.72-0.83] [START_REF] Schlienger | Use of beta-blockers and risk of fractures[END_REF]. The Australian Geelong Osteoporosis Study is a second population-based, case control study. The study was conducted in women of fifty years or more during two years between February 1994 andFebruary 1996. 569 cases and 775 controls matched were included. Subject morphology characteristics were similar in both groups. Use of beta blockers was significantly associated with a 30% reduction in fracture risk. The adjusted odd-ratio was of 0.68 [95% CI,. In this study an increased bone mineral density was noticed in beta-blocker group that might explain reduction of fracture risk [START_REF] Pasco | Beta-adrenergic blockers reduce the risk of fracture partly by increasing bone mineral density: Geelong Osteoporosis Study[END_REF]. These data were reinforced by a well-characterized prospective women cohort study: the Study of Osteoporotic Fractures (SOF) Study. 8127 patients were enrolled between 1992 and 1994. Fractures were recorded over a mean follow-up period of more than seven years. Among total population, 1099 women were beta-blocker users. In this study, risk for hip fracture is decreased in selective beta-blocker users with a hazard ratio of 0.66 [CI 95%, 0.49-0.90] after adjustment (Reid et al., 2005a). A more recent prospective case control study showed that in elderly population not receiving antiresorptive treatment, bone mineral density of fifty beta-blocker users was significantly greater for total hip and spine compared with a hundred non-users [START_REF] Turker | Beta-blockers increase bone mineral density[END_REF]. Nevertheless some well conducted studies such as that like by Reid and colleagues (Reid et al., 2005b) do not show the effect in large cohorts. The role of beta-blockers in humans is still in debate in part because not all studies relied on the use of molecules inhibiting selectively signalling through the β2 adrenergic receptor.

Beta 2 adrenergic signalling pathway in the osteoblast

To go further in the molecular understanding of β2 adrenergic signalling in osteoblasts, it is essential to appreciate that bone remodelling, through its succession of resorption and formation is a true homeostatic function and that all homeostatic functions are regulated in a circadian manner. This hypothesis is supported by the observation that osteoblast specific proteins like type I collagen or osteocalcin displays a significant periodicity during a 24 hour cycle [START_REF] Gundberg | Osteocalcin in human serum: a circadian rhythm[END_REF][START_REF] Joseph | The circadian rhythm of osteoprotegerin and its association with parathyroid hormone secretion[END_REF]. The main molecular clock is central and located in supra-chiasmatic nucleus of the hypothalamus. This central clock controls a multitude of peripheral molecular clocks operating in virtually all cells of the body. At molecular level, the clock comprises many genes. The most preeminent in functional terms are two transcription factors: Bmal1 and Clock. These transcription factors heterodimerize to regulate other downstream circadian genes such as Per1 and Per2, Cry1 and Cry2. Among their various actions Per and Cry associate to exert a negative feed back regulation loop on Bmal1 and Clock expression. Analysis of different genetic deletions in clock genes has revealed that in osteoblasts, expression of clock genes was regulated by the sympathetic nervous system. For example Per1 -/-, Per2 -/-, Cry1 -/-or Cry2 -/-mice display a high bone mass without any change in fertility, in appetite when fed a normal diet, and in other endocrine parameters. This high bone mass was due to an increase in bone formation itself caused by an increase in osteoblast proliferation. ICV infusion of leptin in these mice failed to correct their bone phenotype establishing a functional link between the leptin regulation of bone mass and the molecular clock in the osteoblast. Further molecular studies showed that, under the control of leptin, the sympathetic tone acts through the β2 adrenergic receptor in osteoblasts, and that clock genes mediate the antiproliferative function of sympathetic signalling by inhibiting G1 cyclin expression [START_REF] Fu | The molecular clock mediates leptin-regulated bone formation[END_REF].

Leptin regulation of bone resorption by SNS and CART

As we have already mentioned bone remodelling is a biphasic process involving bone formation and bone resorption. That the bone formation aspect of bone remodelling is regulated through neural means raised the prospect that it might be the same for bone resorption. The in vivo verification that it was the case came from the analysis of the Adrβ2 -/-mice. Indeed their study showed that in addition to an increase in bone formation parameters, these mutant mice displayed a decrease in bone resorption parameters. That their bone phenotype could not be rescued by infusion of leptin ICV indicated that integrity of the sympathetic nervous system was required. In co-culture between osteoblasts and osteoclast progenitors a sympathomimetic such as isoproterenol could increase osteoclast differentiation whether the osteoclast progenitor cells were wild type or Adrβ2-deficient. In contrast isoproterenol could not enhance osteoclast differentiation when Adrβ2 -/-osteoblasts were used in this experiment. Gene expression analysis revealed that isoproterenol induced RankL. Several lines of evidence identified that ATF4 was the involved transcription factor regulating Rankl expression under the control of the sympathetic tone [START_REF] Elefteriou | Serum leptin level is a regulator of bone mass[END_REF]. Taken together this series of experiments along with a bone marrow transplantation assay showed that the sympathetic tone, under the control of leptin, targets cells of the osteoblast lineage to inhibit bone mass accrual through two complementary mechanisms: it decreases bone formation and it favours bone resorption [START_REF] Elefteriou | Leptin regulation of bone resorption by the sympathetic nervous system and CART[END_REF]. To determine the biological importance of the sympathetic regulation of bone resorption, Elefteriou et al. asked what would be the consequence of an ovariectomy in mice lacking sympathetic signalling in osteoblasts. Surprisingly in Adrβ2 -/-mice, there was no increase in bone resorption in comparison to wild type following this procedure indicating that post-menopausal osteoporosis is in part a neurological disease requiring the integrity of the sympathetic nervous system to appear. Notwithstanding this important point regarding the pathogenesis of osteoporosis, this experiment uncovered a discrepancy between the bone phenotypes of the Adrβ2 -/-and the ob/ob mice. In the former case, ovariectomy does not increase bone resorption whereas in the latter animal model it does. This indicates that the increase in bone resorption seen in the ob/ob mice could not be ascribed to their lack of function in gonads, otherwise this increase in bone resorption would have also be seen in the Adrβ2 -/-mice. This discrepancy instead suggested that leptin was regulating bone resorption by affecting expression of other genes controlling bone resorption. An analysis of mutant mice lacking various leptin regulated genes showed that the neuropeptide CART (Cocaine-and Amphetamine-Regulated Transcript), which does not regulate appetite when mice are fed a normal diet or fertility, inhibits osteoclast differentiation under the control of leptin through a mechanism that is not fully elucidated yet [START_REF] Elefteriou | Leptin regulation of bone resorption by the sympathetic nervous system and CART[END_REF]. Thus leptin signalling regulates bone resorption through two antagonistic mechanisms (figure1). The first one stimulating bone resorption goes through sympathetic nervous pathway to increase RankL expression in osteoblasts. The second one reducing bone resorption uses CART to decrease RankL expression in osteoblasts through a yet incompletely deciphered pathway [START_REF] Elefteriou | Leptin regulation of bone resorption by the sympathetic nervous system and CART[END_REF]. That bone resorption appears to be decreased in patients with an inactivating mutation in Mc4r who have a high serum level of CART, add a much needed human verification to this model [START_REF] Ahn | Cart overexpression is the only identifiable cause of high bone mass in melanocortin 4 receptor deficiency[END_REF]. Together this body of work performed in humans and in genetically modified mouse models verified the hypothesis that a hormone affecting energy metabolism is also a major determinant of bone remodelling [START_REF] Karsenty | Convergence between bone and energy homeostases: leptin regulation of bone mass[END_REF]. The fact that leptin information relays through the hypothalamus offers a possibility of modulation by other systems involved in energy metabolism such as steroids, stress and sleep. The osteoblast itself offers another level of modulation in integrating load and physical activity. In the end, the osteoblast receives simple information which summarizes available energy in the body (stock and intake) and spent energy. This work has opened a new field exploring other aspects of the central control of bone mass and raises many questions that are now being studied. The most challenging one intellectually is to understand, given the fact that the pathways used by leptin to regulate bone remodelling and energy metabolism are different, if there is centrally, a common molecular link between these two aspects of the biology of this hormone. Related to this question is the currently discussed nature of the leptin-sensitive antiosteogenic neurons.

SKELETON MODULATES ENERGY METABOLISM

In the first part of this review we have reviewed the experimental evidences demonstrating that leptin controls bone mass through a central relay. Beyond the biology of leptin itself, this body of work suggests that the osteoblast may, through a classical feedback loop, modulate energy metabolism. To determine whether it was the case, a systematic search for osteoblast-specific molecules regulating, in vivo, energy metabolism was launched. Luckily there are few osteoblast specific genes. One of them Esp or Ptprv encodes a receptor-like protein tyrosine phosphatase: OST-PTP. The function of OST-PTP was still unknown at that time. Esp expression is restricted to osteoblasts, sertoli cells and embryonic stem cells [START_REF] Dacquin | Knock-in of nuclear localised beta-galactosidase reveals that the tyrosine phosphatase Ptprv is specifically expressed in cells of the bone collar[END_REF][START_REF] Mauro | Identification of a hormonally regulated protein tyrosine phosphatase associated with bone and testicular differentiation[END_REF]. Interestingly for our purpose, Esp was not expressed in pancreas and fat [START_REF] Lee | Endocrine regulation of energy metabolism by the skeleton[END_REF]. Two mutant strains have been generated. The first one is a classical knock in construct to study global Esp-deficient mice. The second construct harbours LoxP sites on Esp. This floxed construct was used to cross with α1-(1) collagen Cre mice [START_REF] Dacquin | Mouse alpha1(I)collagen promoter is the best known promoter to drive efficient Cre recombinase expression in osteoblast[END_REF] to specifically delete Esp in osteoblasts using the LoxP/Cre recombinase method [START_REF] Lewandoski | Conditional control of gene expression in the mouse[END_REF]. Recombination efficiency in osteoblast was high (over 90%) and not leaky in testes [START_REF] Dacquin | Knock-in of nuclear localised beta-galactosidase reveals that the tyrosine phosphatase Ptprv is specifically expressed in cells of the bone collar[END_REF]. It soon appeared that Esp -/-and Esp obs -/-mice display the same metabolic phenotype, indicating that the phenotype reflected a function of Esp in osteoblasts.

Esp -/-mice display a favourable metabolic phenotype

The initial clue came from the observation that crossing heterozygous Esp-deficient mice resulted in 25% of homozygous mutant mice at birth but very few of these remaining at weaning. Since Esp is an osteoblast specific gene, the initial hypothesis was a defect in skeletogenesis but skeletal preparations failed to detect any abnormality. Facing sudden postnatal increased mortality, the second hypothesis was a metabolic origin. Independently of gender or genetic background, Esp -/-pups had a lower blood glucose at birth and at 2 and 4 weeks of age in comparison to wild type littermates. [START_REF] Lee | Endocrine regulation of energy metabolism by the skeleton[END_REF]. Assessment of insulin revealed that Esp -/-pups had hyperinsulinemia which was confirmed in adults. Peptide C was also high. Interestingly glucagon was normal, instead of being elevated as expected, probably because of the antagonistic action of hyperinsulinemia (Maruyama et al., 1984, Raju and[START_REF] Raju | Loss of the decrement in intraislet insulin plausibly explains loss of the glucagon response to hypoglycemia in insulin-deficient diabetes: documentation of the intraislet insulin hypothesis in humans[END_REF]. To confirm these findings, 1-month old adult mice were challenged by glucose tolerance test (GTT). Result of this test integrates both insulin secretion and insulin sensitivity. In Esp -/-, glycaemia rose less than in wild type and return more quickly to basal value. These data indicated that Esp -/-mice present an improved glucose handling in comparison to wild type littermates. Several tests were then performed to study insulin secretion and insulin sensitivity. Intraperitoneal glucose stimulated insulin secretion tests (GSIS) revealed that Esp -/-mice have higher insulin and a sustained insulin secretion compared to wild type. Linked to insulin secretion, pancreas β-cell analysis showed that Esp -/-mice have more and bigger islets and that β-cell mass was increased, a finding confirmed by Ki67 proliferation test. Hence based on the result of cell-specific gene deletion experiments, it appears that Esp, through its osteoblast expression, regulates insulin secretion and β-cell proliferation. The second aspect investigated was insulin sensitivity. In vivo, following an insulin injection, blood glucose levels dropped more quickly and profoundly in Esp -/-than in wild type mice demonstrating an increase in peripheral insulin sensitivity in Esp -/-mice despite their increase in insulin secretion. This was confirmed molecularly by the existence of an increase in the expression of the main insulin target genes in liver, fat and muscle. Finally hyperinsulinemic euglycemic clamps verified in vivo the increased insulin sensitivity. Gene deletion approach showed that osteoblasts express at least one gene regulating energy metabolism.

A second important key to deciphering this physiology came from the striking observation that the Esp deficient mice remained lean with ageing. Thus measurements of fat pad mass showed a decrease at 1and 3-months in Esp -/-mice compared to wild type. Serum triglycerides were also lower. This was not expected since Esp -/-are hyperinsulinemic and insulin is a lipogenic hormone. Assuming that insulin signalling pathway was functional in these Esp -/-mice, the only explanation of the lower fat mass was an increase in energy expenditure. That was effectively the case in vivo since Esp -/maintain a normal appetite but have an increased energy expenditure and an increased Ucp1 expression in white and brown fat. Ucp1 has been reported as a key gene reflecting energy expenditure [START_REF] Enerback | Mice lacking mitochondrial uncoupling protein are coldsensitive but not obese[END_REF][START_REF] Kopecky | Expression of the mitochondrial uncoupling protein gene from the aP2 gene promoter prevents genetic obesity[END_REF][START_REF] Lowell | Development of obesity in transgenic mice after genetic ablation of brown adipose tissue[END_REF][START_REF] Rosen | Adipocytes as regulators of energy balance and glucose homeostasis[END_REF]. This set of results was sufficiently surprising that it required verification. If indeed Esp through its expression in osteoblasts regulate that many aspects of energy metabolism then overexpressing it in osteoblasts should result in a mouse model with glucose intolerance and increased fat mass. That is exactly what was observed in α1(I)-Collagen-Esp transgenic mice. These animals have an impaired glucose tolerance test (GTT), a reduced insulin secretion in response to intraperitoneal glucose injection (GSIS) and decreased insulin sensitivity (ITT). In summary, Esp deletion in mice improves glucose handling and decreases fat mass. These data verified genetically the hypothesis that the osteoblast is an endocrine cell type controlling energy metabolism [START_REF] Lee | Reciprocal regulation of bone and energy metabolism[END_REF]. The next issue was to determine how, at the molecular level OST-PTP did act.

Co-cultures uncover that osteoblast is an endocrine cell

OST-PTP, the gene product of Esp, is a transmembrane tyrosine phosphatase which cannot directly affect distant tissues like fat and β-cells. This raises the hypothesis that OST-PTP should affect synthesis, processing and/or secretion of an osteoblast-derived secreted molecule affecting glucose metabolism and energy expenditure. If such a molecule exists then a simple co-culture experiment should suffice to identify it. In this assay the most important control is obviously the negative one which has to be a cell type closely related to osteoblasts but not present in bone. This cell type is the fibroblast. In a first approach each cell type was co-cultured with wild type primary islets. Gene expression analysis in these islets showed a 40% increase of insulin expression when they were co-cultured with osteoblasts but not when they were co-cultured with fibroblasts. In both cases, glucagon expression was not affected. Moreover, and as expected given the phenotype of these mutant mice when the coculture was performed with osteoblasts originating from Esp -/-mice, the Insulin enhancement was even higher. To demonstrate that the transmitted signal from osteoblast to β-cells was not due to cell-cell interactions, co-cultures were carried out with a filter separating both cell types. Results were similar to the initial experiment. Finally, β-cells were cultured with conditioned media from the osteoblasts and definitively demonstrated that osteoblasts secrete mediator affecting Insulin expression in β-cells. The same strategy was used with adipocytes instead of β-cells. Results show that osteoblasts affect Adiponectin expression in adipocytes but not Leptin. These data indicate that the osteoblast is an endocrine cell secreting molecule acting on pancreas and β-cells, i.e. a hormone. Bioactivity of this hormone is regulated by OST-PTP.

Osteocalcin regulates glucose handling

As we already discussed, in comparison with fibroblasts there are very few osteoblast specific genes [START_REF] Ducy | Leptin inhibits bone formation through a hypothalamic relay: a central control of bone mass[END_REF]. One of them, Osteocalcin, is a good candidate since it is the most osteoblastspecific gene. Osteocalcin was identified many years ago as a component of the bone extracellular matrix where it binds with a high affinity to hydroxyapatite [START_REF] Hauschka | Osteocalcin and matrix Gla protein: vitamin K-dependent proteins in bone[END_REF], Lian et al., 1989[START_REF] Price | Gla-containing proteins of bone[END_REF], however, it is also secreted in blood. It has long been assumed that, osteocalcin may play a role in mineralization. This possible role was ruled out by both loss and gain of function in vivo experiments that failed to detect any significant influence of osteocalcin on the mineralization of any extracellular matrices [START_REF] Ducy | Increased bone formation in osteocalcin-deficient mice[END_REF][START_REF] Murshed | Extracellular matrix mineralization is regulated locally; different roles of two gla-containing proteins[END_REF]. Osteocalcin is initially synthesized as a pre-promolecule with three glutamic acid residues (Glu). During post-translational modifications, glutamic residues are gamma carboxylated into Gla residues by a gamma carboxylase, explaining the other name of Bone Gla Protein (BGP) for osteocalcin. Gla residues are responsible for the mineral high affinity of osteocalcin [START_REF] Hauschka | Osteocalcin and matrix Gla protein: vitamin K-dependent proteins in bone[END_REF][START_REF] Price | Gla-containing proteins of bone[END_REF]. Intracellular cleavages produce the final mature osteocalcin to be secreted. Some observations suggest that anticoagulant decreasing carboxylation can cause a decrease in blood glucose [START_REF] Hetzel | Coumarin embryopathy in an extremely low birth weight infant associated with neonatal hepatitis and ocular malformations[END_REF]. This clinical observation shed an interesting light on the fact that, unlike Esp -/-mice, Osteocalcin deficient mice display an increase in fat mass suggesting that osteocalcin could be the sought-after osteoblast-derived hormone regulating energy metabolism. Thus we embarked on a thorough metabolic analysis of the Osteocalcin deficient mice (Ocn). In comparison to wild type littermate, Ocn -/-mice have higher basal blood glucose and a lower insulin level on a regular diet. Glucose handling of Ocn -/-mice was impaired in comparison to wild type littermates because of a decrease in insulin secretion, a decrease in β-cell mass and proliferation and a decrease in insulin sensitivity. Energy expenditure was also decreased. The Ocn -/-mice have increased serum triglycerides and fat pad weight. Thus regardless at what parameters we looked at, it appeared that the Osteocalcin deficient mice display a metabolic phenotype that is the mirror image of the one present in the Esp deficient mice (table 1) thus suggesting that Esp -/-mice were in fact a model of increased osteocalcin bioactivity. In order to genetically demonstrate that OST-PTP and osteocalcin belong to the same regulatory pathway, one allele of Osteocalcin was removed to Esp -/mice. This genetic manipulation rescued the glucose metabolism phenotype of Esp -/-mice [START_REF] Lee | Endocrine regulation of energy metabolism by the skeleton[END_REF].

Osteocalcin bioactivity

That removing one allele of Osteocalcin is sufficient to rescue Esp -/-mice phenotype strongly verified that Esp -/-is a model of gain of function of osteocalcin but did not explain how OST-PTP affects osteocalcin bioactivity. This was an important issue since OST-PTP does not appear to regulate osteocalcin expression or synthesis. As it has been described for other proteins like coagulation factors [START_REF] Furie | Vitamin K-dependent biosynthesis of gamma-carboxyglutamic acid[END_REF][START_REF] Furie | The molecular basis of blood coagulation[END_REF] carboxylation offers a means to regulate the bioactivity of gla-containing proteins. In osteocalcin, three Glu residues can be carboxylated producing different status from uncarboxylated to fully carboxylated. Using the ability of Gla residues to bind hydroxyapatite, serum was incubated with hydroxyapatite in order to bind carboxylated osteocalcin. The remaining fraction corresponded to uncarboxylated osteocalcin and was assessed. In Esp -/-there was an increase in uncarboxylated osteocalcin in comparison to wild type mice, respectively 26% and 10% [START_REF] Lee | Endocrine regulation of energy metabolism by the skeleton[END_REF]. In an additional experiment, when wild type osteoblasts received warfarin to interrupt gamma carboxylation, fraction of uncarboxylated osteocalcin increased and osteoblasts induced a significantly higher Adiponectin expression. In contrast, carboxylated osteocalcin failed to induce Adiponectin in adipocytes and Insulin or Cyclin D1 in islets. This assay is still rudimentary but together with the biological and the clinical observations, it provided impetus to further study how OST-PTP could affect directly or not osteocalcin carboxylation These findings confirm that at least in mice, osteoblast is an endocrine cell and acts on energy metabolism through a new hormone: osteocalcin. Uncarboxylated osteocalcin is the active circulating fraction on adipocytes and β-cells. The current suggested model is that the product of Esp, OST-PTP, stimulates carboxylation of osteocalcin and decreases osteocalcin bioactivity. The notion that osteocalcin exerts a metabolic function has since then received additional support from human studies [START_REF] Pittas | Association between serum osteocalcin and markers of metabolic phenotype[END_REF].

Osteocalcin pharmacological activity

If indeed Esp-/-mice are a model of osteocalcin gain of function then they provide a genetic tool to determine whether an excess of osteocalcin has beneficial consequences on energy metabolism. In the first experiment, chemical lesioning of VMH nuclei in hypothalamus interrupts appetite regulation and wild type mice become hyperphagic then obese and glucose intolerant in 3 months after injection. In the second experiment, mice are fed with a high fat diet during 6 weeks. In this case wild type mice keep a normal appetite but calorie intake increases and mice develop obesity and glucose intolerance. In these two experiments, Esp deficient mice remained lean, protected from obesity with a low fat pad mass and serum triglycerides. During metabolic tests, they do not display signs of decreased glucose tolerance and insulin sensitivity. In the third experiment, β-cell failure was induced by injection of streptozotocin. In wild type and Esp -/-mice serum insulin level markedly decreased. More than 40% of wild type mice died and the surviving ones became diabetic. In contrast, only 14% of Esp -/-mice died and the other ones did not develop diabetes. This set of experiments shows that Esp -/-mice that are a model of a gain of function of osteocalcin are protected from obesity and glucose intolerance. The next critical issue is to show that the metabolic functions of osteocalcin could be observed in wild type animals. Mouse recombinant uncarboxylated osteocalcin was bacterially produced, purified and assayed in cell culture or infused in wild type mice [START_REF] Ferron | Osteocalcin differentially regulates beta cell and adipocyte gene expression and affects the development of metabolic diseases in wild-type mice[END_REF]. Based on uncarboxylated osteocalcin serum level observed in wild type mice at 7 ng/ml [START_REF] Lee | Endocrine regulation of energy metabolism by the skeleton[END_REF], the authors studied a broad range of concentrations from 20-fold lower (0.3 ng/ml) to 4-fold higher concentrations (30 ng/ml). Recombinant osteocalcin was able to trigger Insulin1 and Insulin2 expression at low dose. The largest effect was noticed with 0.3 ng/ml. Higher concentrations were progressively less efficient. The same dose response profile was observed with β-cell proliferation expression markers CyclinD2 and Cdk4. Experiments were performed with isolated islets and MIN6 cells, a mouse β-cell line retaining its glucose-insulin secretion capability [START_REF] Miyazaki | Establishment of a pancreatic beta cell line that retains glucoseinducible insulin secretion: special reference to expression of glucose transporter isoforms[END_REF]. The other identified target of osteocalcin is adipocytes. In white adipocytes, Adiponectin expression reflects regulation of insulin sensitivity [START_REF] Kubota | Disruption of adiponectin causes insulin resistance and neointimal formation[END_REF][START_REF] Yamauchi | The fat-derived hormone adiponectin reverses insulin resistance associated with both lipoatrophy and obesity[END_REF]. In brown adipocytes, Pgc1α and Ucp1 express energy expenditure [START_REF] Uldry | Complementary action of the PGC-1 coactivators in mitochondrial biogenesis and brown fat differentiation[END_REF]. In both cases, ex vivo osteocalcin treatment was not efficient below 1 ng/ml and the largest enhancement was for 10 and 30 ng/ml in a dose-dependant manner. Considering the in vitro results, 8-weeks old wild type mice were implanted with osteocalcin pumps for 1 month. As expected, mice treated with low dose (0.3 ng/h) displayed lower blood glucose due to an increase in serum insulin level. No effect was observed with high dose (30 ng/h). During metabolic tests, GTT and GSIS were improved with the low dose but not the high dose. After sacrifice, an increase in β-cell proliferation was also observed at low dose. Insulin sensitivity was also improved dose dependently: low dose in comparison to vehicle and high dose compared to low dose. These first results were confirmed by molecular studies with insulin sensitivity expression markers: Mcad in muscles and Pparγ in white fat. Furthermore Adiponectin and adiponectin target genes such as AcylCoA, Ucp2, Pparα were up regulated in a dose dependent manner. Fat pad mass and serum triglycerides concentration underwent also a dose-dependent decrease. Food intake was not affected in these mice. To summarize, in vitro and in vivo data show that recombinant uncarboxylated osteocalcin affects β-cell proliferation and Insulin expression at low concentration (0.3 ng/ml) whereas osteocalcin affects insulin sensitivity and energy expenditure at higher concentrations (10 or 30 ng/ml) in a dose dependent manner [START_REF] Ferron | Osteocalcin differentially regulates beta cell and adipocyte gene expression and affects the development of metabolic diseases in wild-type mice[END_REF]. Finally the potential therapeutic effect of osteocalcin was tested in pathological conditions such as in a diet induced obesity model. In that case pellets delivering 3 ng/h of recombinant osteocalcin over 8 weeks significantly reduced body weight gain, improved insulin secretion and resistance and normalized serum triglycerides. There was also an increase in energy expenditure. A second model of obesity relies on chemical destruction by GTG of hypothalamic neurons controlling appetite. In this experiment, injected mice become hyperphagic and progressively obese and glucose intolerant. Two weeks after GTG injection, pumps of osteocalcin (3 ng/h) or vehicle were implanted in GTG-injected mice. After 8 weeks of treatment, osteocalcin-treated mice gained less weight, had a reduced fat mass and decreased serum triglycerides in comparison to mice receiving the vehicle only. Glucose tolerance and insulin sensitivity were also improved. These findings were consistent with the former results of high fat diet experiment [START_REF] Ferron | Osteocalcin differentially regulates beta cell and adipocyte gene expression and affects the development of metabolic diseases in wild-type mice[END_REF].

Integration of pathways: leptin inhibits insulin secretion partly through a bone relay

In the first part we described how leptin affects osteoblast function through a central relay and sympathetic nervous system [START_REF] Karsenty | Convergence between bone and energy homeostases: leptin regulation of bone mass[END_REF]. In the second part we described how osteoblasts affect energy metabolism through a new hormone osteocalcin. How do, if they do, these pathways intersect? Leptin has an inhibitory effect on β-cells and insulin secretion. A direct effect was already reported [START_REF] Covey | The pancreatic beta cell is a key site for mediating the effects of leptin on glucose homeostasis[END_REF][START_REF] Morioka | Disruption of leptin receptor expression in the pancreas directly affects beta cell growth and function in mice[END_REF][START_REF] Shimabukuro | Direct antidiabetic effect of leptin through triglyceride depletion of tissues[END_REF]. Nevertheless this effect was partial raising the testable hypothesis that, as it is the case for most of its other functions, leptin may use a neuronal indirect mechanism to regulate insulin secretion [START_REF] Hinoi | The sympathetic tone mediates leptin's inhibition of insulin secretion by modulating osteocalcin bioactivity[END_REF]. In order to clearly separate insulin secretion from the insulin resistance caused by the obesity of the ob/ob mice, Hinoi et al. studied young ob/ob mice, before the onset of obesity and insulin resistance. Until 2 weeks of age ob/ob mice do not have any evidence of insulin resistance yet these mice have a hyper-insulinemia leading to a 30% decrease of blood glucose level after feeding in comparison to wild type littermates. The same findings were also present in newborn and 1-week old mice. Molecular analysis of these young ob/ob mice showed an up-regulation in Insulin expression, β-cell proliferation markers like Cdk4 expression, Ki67 immunostaining [START_REF] Hinoi | The sympathetic tone mediates leptin's inhibition of insulin secretion by modulating osteocalcin bioactivity[END_REF]. These data verified that leptin inhibits insulin secretion in absence of insulin resistance [START_REF] Hinoi | The sympathetic tone mediates leptin's inhibition of insulin secretion by modulating osteocalcin bioactivity[END_REF]. To determine whether leptin uses, in part a neural pathway to regulate insulin secretion, the leptin receptor (Lepr) was specifically deleted in all neurons. Compared to wild type the Lepr syn -/-had an increase in serum insulin level and a decrease in blood glucose levels. These mutant mice also displayed a decrease in serum epinephrine, serum norepinephrine, and Ucp1 expression in brown fat reflecting a low sympathetic tone. Given the fact that the sympathetic tone regulates bone mass it was tempting to test whether leptin uses bone as a relay in its regulation of insulin secretion. To that end an osteoblast specific deletion (Adrβ2 obs -/-) was engineered. As expected, serum insulin levels were higher in Adrβ2 obs -/-compared to wild type mice in absence of any evidence of insulin resistance. Adrβ2 obs -/-gene expression profile (Insulin, Glucokinase, Cdk4) was consistent with the one observed in ob/ob mice. The fact that glucose phenotype of double heterozygous mice (ob/+; Adrβ2 obs +/-) display hyperinsulinemia and low blood glucose after feeding established genetically that it is under the control of leptin that sympathetic signalling in osteoblasts regulates insulin secretion. The sympathetic tone favours expression in osteoblasts of Esp, the gene which inhibits osteocalcin bioactivity. These data if true implied that inactivating Osteocalcin in ob/ob mice should rescue at least partially their hyperinsulinaemia. This is exactly what was observed indicating that indeed leptin regulates insulin secretion by decreasing osteocalcin bioactivity. These results also indicate that besides a cross regulation between bone and energy metabolisms, there is also a very tight functional relationship between fat cells and osteoblasts [START_REF] Hinoi | The sympathetic tone mediates leptin's inhibition of insulin secretion by modulating osteocalcin bioactivity[END_REF].

Model organisms and integrative physiology

Mouse genetics has been a powerful tool to reveal many new physiological loops. This became evident when it was used to show that the adipocyte is an endocrine cell type. The set of novel physiology did not stop at this cell type and for instance the use of cell specific gene deletion experiments revealed many unappreciated complexities in bone physiology. This approach to physiology based on a whole organism approach has allowed the bone field to make fundamental progress by showing how dynamic and complex skeleton physiology is. Within a decade it was possible through the use of this whole organism approach to demonstrate that indeed, based on genetic arguments in mice and humans, there is a cross talk between bone and energy metabolism and that the brain exerts a profound influence on bone remodelling (figure 2). It is clear that forwarding future this approach will re-awaken an aspect of biology that we are all inclined to forget in the molecular era and that is that not only cells are talking to each other but organs do the same. Beyond bone biology which should be viewed as a proof of paradigm, integrative physiology will certainly define novel and adapted therapies to many degenerative diseases
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