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Abstract

The skeleton, populated by large numbers of osteoblasts and long-lived osteocytes, requires a
constant supply of energy-rich molecules to fuel the synthesis, deposition, and mineralization of
bone matrix during bone modeling and remodeling. When these energetic demands are not met,
bone acquisition is suppressed. Recent findings suggest that key developmental signals emanating
from WNT- low-density lipoprotein-related receptor 5 and Hypoxia-inducible factor pathways
impact osteoblast bioenergetics to accommodate the energy requirements for bone cells to fulfill
their function. In vivo studies in several mutant mouse strains have confirmed a link between bone
cells and global metabolism, ultimately leading to the identification of hormonal interactions
between the skeleton and other tissues. The hormones insulin and leptin affect postnatal bone
acquisition, while osteocalcin produced by the osteoblast in turn stimulates insulin secretion by the
pancreas. These observations have prompted additional questions regarding the nature of the
mechanisms of fuel sensing and processing in the osteoblast and their contribution to overall
energy utilization and homeostasis. Answers to such questions should advance our understanding
of metabolic diseases and may ultimately improve management of affected patients. In this review
we highlight recent studies in this field and offer a perspective on the evolutionary implications of
bone as a metabolic endocrine organ.
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Introduction

The endochondral skeleton evolved over 300 million years ago during the late Devonian
period when the first animals colonized land. Survival of terrestrial vertebrates in this new
environment required wholesale adaptations in their anatomy and physiology for respiration,
osmoregulation, and reproduction. In particular, a much larger and energy-expensive
musculoskeletal system was needed for ambulation against increased gravitational forces on
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land. In addition, terrestrial animals needed new strategies to regulate extracellular mineral
ion levels and energy homeostasis in an environment with limited minerals and nutrients.
The parathyroid gland emerged at this evolutionary stage [1]; this enabled homeostatic
control of extracellular calcium and phosphate concentrations, a feature that also required
the evolution of more specialized bone cells capable of resorbing bone minerals. To more
efficiently manage fuel homeostasis, skeletal muscle and adipose tissue evolved into robust
“factories’ for acquiring and storing fuel, which in turn required new endocrine networks
that could accurately inventory and report fuel status among these tissues. It is clear that
bone is also exquisitely sensitive to changes in nutrient status as longitudinal bone growth
ceases and osteopenia develops in cases of extreme energy deprivation such as anorexia
nervosa [2, 3]. Recent findings have begun to identify new pathways that link bone cells to
energy metabolism and reproduction. These physiological processes are controlled in a
classical endocrine fashion through bone-derived hormones that act on distal target organs
and are subject to feed-forward and negative-feedback control. From this perspective, we
discuss historical and current studies of bioenergetics and fuel metabolism in bone (with a
focus on osteoblasts and osteocytes) and attempt to fit the results into a working model that
rationalizes bone as a metabolic organ.

Overview of bone development and remodeling

During endochondral bone development, osteoblasts differentiate from mesenchymal
precursors at the peripheral edge of the cartilage anlagen (perichondrium). Osteoblast
differentiation and lineage allocation is tightly coordinated by the sequential activities of
transcriptional regulators (e.g. Runx2 and osterix) and morphogens (e.g. sonic hedgehog and
Whnts) (for details, see [4, 5]). Some periosteal osteoblasts [6, 7] migrate into the
hypertrophic region of the growth plate under the influence of vascular endothelial growth
factor, which is upregulated due to hypoxia-driven Hypoxia-inducible fator -1 (HIF-1)
signaling. The osteoblasts remaining at the periosteum form the template for cortical bone.
At the distal ends of long bones and the metaphysis, hypertrophic chondrocytes are resorbed
by osteochondroclasts and new bone is formed giving rise to trabecular (cancellous) bone
inside the cortical bone shell.

Throughout postnatal life, bone is remodeled via the replacement of old bone by new tissue
such that a complete adult skeleton is regenerated every 10 years [8]. This process is
achieved by the coordinated activities of three bone cell types: osteoclasts, osteoblasts, and
osteocytes. Osteoclasts, which are derived from circulating hematopoietic monocyte
precursors, resorb bone. The resorption process in turn generates signals, which recruit
stromal-derived osteoblasts to the freshly excavated site where they secrete and mineralize
the bone matrix [9]. A portion of mature osteoblasts differentiate into osteocytes and
become entrapped in lacunae within the bone matrix. These osteocytes are connected to
other osteocytes, osteoblasts, and osteoclasts by an extensive network of neuron-like cell
projections that form the canalicular network [10]. The precise function of osteocytes is still
unclear, but they are widely assumed to have a role in mineralization and transduction of
mechanical signals into anabolic events. Osteocytes are indeed the most abundant type of
bone cell, with approximately 10,000 cells per mm3 in humans and an estimated lifespan of
10-20 years. In addition to their homotypic interactions through the canalicular network,
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osteocytes also contact blood vessels, nerves, and bone-lining cells on trabecular and
cortical bone [10]. Considering their long lifespan and interconnectivity, osteocytes are
particularly well suited to sense changes in circulating mineral levels, energy status and the
general ‘health’ of the skeleton. In accordance with this notion, the osteocyte is the primary
source of the phosphate-regulating hormone fibroblast growth factor (FGF)23 and
osteocalcin; the latter has been shown to regulate insulin production by the pancreas (see
below).

Energy substrate utilization by bone cells

Glucose

Terrestrial animals regulate the flux of energy sources in accordance with the changing
metabolic rates that result from variation in physiological conditions (for review, see [11]).
For instance, exercising mammals are able to maintain a balanced ratio of lipids to
carbohydrates at a given maximal oxygen consumption. During highly aerobic activity,
skeletal muscle uses stored intramuscular fuels because energy supply from the circulation is
constrained by trans-sarcolemmal transfer. Conversely, energy-dense lipids can be more
effectively compartmentalized for storage and are ideal fuel substrates for prolonged
moderate-intensity work. The cellular and molecular mechanisms that function to balance
global fuel selection and utilization have been extensively characterized in skeletal muscle
and adipose and other tissues, but analogous data are very limited for bone (Fig. 1).

Glucose is the primary energy substrate for most cells. Oxidation of glucose via oxidative
phosphorylation or glycolysis provides the ATP needed to maintain cell homeostasis, cell
growth, and differentiation. Glucose uptake and transportation are mediated by a family of
high-affinity glucose transporter (GLUT) proteins. Three GLUTs (GLUT1, GLUT2, and
GLUT4) are expressed by immature osteoblasts, but GLUT4 expression uniquely increases
as osteoblasts mature [12, 13]. Parathyroid hormone, triiodothyronine, insulin-like growth
factor-1, and insulin stimulate glucose transport in bone cells [14-16]; we have recently
shown that insulin-dependent glucose uptake in primary mouse osteoblasts requires GLUT4
[13].

The findings from early studies of fuel metabolism using ill-defined cell populations can be
summarized as follows: (i) osteoblasts express the enzymatic requirements for both aerobic
and anaerobic glycolysis; (ii) glucose metabolism by osteoblasts is primarily glycolytic [17,
18] (i.e. glucose is converted to lactate); and (iii) both insulin and parathyroid hormone
affect glucose oxidation [19-21]. Two more recent studies [22, 23] using more modern
methods to measure osteoblast bioenergetics over the course of differentiation in vitro have
yielded similar results. At early time points when cells are actively proliferating, cellular
respiration increases and oxidative phosphorylation predominates. As osteoblasts begin to
mineralize, ATP levels peak in association with the accumulation of abundant mitochondria
with high-transmembrane-potentials. At later stages when mineralization is complete,
osteoblasts convert to glycolytic pathways to maintain ATP production. These findings
indicate that osteoblasts adapt their bioenergetic machinery in order to adapt to transient
challenges such as changes in either oxygen supply to bone or increases in the acute and
transient demands for energy. The results of other studies suggest the intriguing possibility
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that this glycolytic switch is coupled to key osteoblast developmental signaling pathways.
Thus, it has recently been reported that signals downstream of WNT-LRP5 converge on
mammalian target of rapamycin (mTOR) complex 2 and AKT pathways to facilitate aerobic
glycolysis during WNT-induced osteoblast differentiation [24]. In addition, hypoxia and
HIF-1 generated signals induce aerobic glycolysis during osteoblast differentiation by
activating glycolytic enzymes, including pyruvate dehydrogenase kinase 1, lactate
dehydrogenase A, and hexokinase Il [25]. If indeed there is a functional linkage between
osteoblast developmental signals and bioenergetics, this might contribute to the metabolic
disturbances observed in mice lacking genes involved in osteoblast development.
Conversely, defects in bone development might be expected in mice lacking key metabolic
proteins in osteoblasts.

Lipid molecules represent another important fuel for metabolically active tissues. Lipid
molecules are delivered to cells in the form of either free fatty acids that are taken up by cell
surface transporters [26] or lipoprotein particles that are bound by LDL receptor family
members to facilitate endocytosis [27]. Once inside the cell, the initial and rate setting
enzyme, CPT1, generates acyl-carnitines that can traverse the mitochondrial membranes via
specific transporters. Once inside the mitochondrial matrix, CPT2 generates acyl-CoAs from
acyl-carnitines to initiate the beta-oxidation of long chain fatty acids to acetyl-CoA which
enters the citric acid cycle and is used to produce NADH and FADH, for oxidative
phosphorylation.

The factors and metabolic pathways that mediate lipid uptake and regulate its oxidation in
osteoblasts are still poorly understood. Osteoblasts can oxidize fatty acids, which potentially
account for 40-80% of the energy needs of these cells [28]. In support of this, a significant
fraction of postprandial lipoproteins is taken up by bone (approximately one-fifth as much as
by liver, but more than heart and muscle) [29], and osteoblasts produce apolipoprotein E
[30, 31]. Likewise, osteoblasts grown in the absence of lipoproteins exhibit severe
proliferation defects that are not rescued by growth factor stimulation [32], and enhancing
lipid oxidation capacity is associated with an increase in collagen synthesis [33]. Such
observations are consistent with the perceived need for the osteoblast to maintain a high
level of ATP to support matrix production [34] as lipid oxidation yields twice as much
energy as oxidation of glucose.

Based on very recent work [RCR, 2014 (unpublished data)], we have implicated Wnt-LRP5
signaling in lipid oxidation by osteoblasts. We observed that mice lacking the LRP5
specifically in osteoblasts exhibited the anticipated deficits in bone mass, but also developed
increased peripheral fat with a corresponding reduction in whole-body energy expenditure.
Surprisingly, mice lacking the closely related LRP6 co-receptor exhibited reduced bone
volume but did not become fat. Subsequent studies revealed that WNT signaling through
LRP5 (but not LRP6) was required for normal oxidation of fatty acids. This finding appears
to represent another example in which key osteoblast developmental signals simultaneously
alter metabolic machinery to fulfill the bioenergetic needs of differentiated osteoblast
functions. The concept that LRP5 might have a role in fuel metabolism is further supported
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by evidence linking polymorphisms in human LRP5 gene (A1330V, Q89R) with increased
total and LDL cholesterol levels, hypertension, increased body mass index, and obesity
[35-39]. Similarly, mice globally deficient in Lrp5 are glucose intolerant and exhibit
increased plasma cholesterol levels when fed a high-fat diet; this phenotype results from
reduced clearance of chylomicron remnants from the circulation [40, 41].

Given the critical role of protein as a structural component of bone, it is surprising that most
studies have focused on the detrimental effects of high-protein diets on bone. Ingestion of
large amounts of sulfur-rich amino acids disturbs acid—base balance [42]. However, recent
studies have highlighted the importance of essential amino acids as signals that cause
changes in the levels of hormones that modulate digestion, absorption, satiety and appetite,
nutrient disposal, metabolic rate, and fuel selection. Identifying amino acids as signals in
this way is analogous to the role of glucose in signaling the state of whole-body
carbohydrate stores. Certain amino acids are now known to play important nutrient-sensing
roles involving the mTOR-mediated signaling pathway [43]. A possible association between
amino acid transport and osteoblast-dependent collagen synthesis was identified in mice
homozygous for ablation of the transcription factor ATF4; amino acid transporter expression
is defective in these mice, which exhibit delayed skeletal development and high levels of
fetal wastage. It is interesting that high-protein diets normalized the phenotype and
promoted survival [44, 45]. The amino acid L-type transport system, responsible for sodium-
independent transport of neutral amino acids, is expressed in human osteoblasts [46].

Endocrine-integration of bone and global metabolism

Leptin

Until recently, studies of bone as an endocrine organ have focused exclusively on its role in
mineral ion homeostasis. Evidence that bone might contribute to global energy homeostasis
was first reported by Ducy and colleagues [47], who demonstrated that the adipokine leptin
controlled bone mass by acting in the brain (see below). At the time, bone scientists were
puzzled by this finding , but in subsequent studies additional factors produced by adipocytes
and osteoblasts have been identified that appear to function interactively to coordinate
global energy balance.

Leptin is produced by adipocytes and regulates food intake by stimulating its receptor in the
hypothalamus to suppress satiety signaling. Genetic studies in mice lacking either leptin
(ob/ob) or its receptor (db/db) have shown that these animals develop high-bone mass due to
a massive increase in bone formation [47]. This phenotype is evident despite the fact that
these mice are hypogonadic, a condition known to increase bone resorption and decrease
bone mass. Mice deficient in leptin exhibit a metabolic phenotype characterized by
increased appetite, obesity, and increased bone formation [47]. Leptin exerts these effects
indirectly by activating sympathetic nerves whose efferent outputs target 3,-adrenergic
receptors on osteoblasts [48] to regulate the proliferation and differentiation of these cells.
Upregulation of sympathetic tone by leptin has also been shown to indirectly inhibit insulin
secretion by inhibiting the production of osteocalcin, a newly recognized hormone that
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controls insulin secretion [49]. Thus, leptin signaling in the brain negatively impacts bone
through separate pathways that both inhibit bone formation and increase bone resorption.
These studies have firmly established bone as part of an endocrine loop linking adipocytes,
neurons, and osteoblasts to energy metabolism.

Another factor implicated in endocrine control of metabolism by the skeleton is osteocalcin
(Fig. 2). Osteocalcin is synthesized and secreted by mature, mineralizing osteoblasts and
osteocytes and is widely used as a marker of osteoblast activity. The protein undergoes post-
translational y-carboxylation, which enhances its affinity for hydroxyapatite [50], but its
function in bone is not fully understood. To study the function of osteocalcin, Ducy and co-
workers characterized a mouse lacking osteocalcin that was described as having over-
mineralized bone [51]. This mouse also exhibited other characteristics that were not initially
described by these authors, including peripheral adiposity, which was unexpected as
osteocalcin was thought to function exclusively in bone [52]. However, in light of new
information about the skeletal actions of leptin, these investigators re-examined the
osteocalcin-deficient mouse to search for other osteoblast-derived proteins that might
explain dysfunctional glucose homeostasis/regulation [52]. In a series of elegant
experiments, they identified a new osteoblast-specific gene Esp. This gene encoded a
tyrosine phosphatase termed OST-PTP, which altered osteocalcin production and post-
translational y-carboxylation. Deletion of Esp (Esp—/—) produced a metabolic phenotype
exactly opposite to that of the osteocalcin knockout mice. Additional studies by this group
established that OST-PTP dephosphorylates the insulin receptor, and its genetic removal
leads to increased insulin signaling and osteocalcin production by osteoblasts as well as
enhanced liberation of undercarboxylated osteocalcin from the bone matrix by osteoclasts
[53]. This undercarboxylated form of osteocalcin promotes pancreatic p-cell proliferation
and insulin production, and stimulates production of the insulin-sensitizing adipokine
adiponectin [54-56].

In independent studies, we serendipitously came across this same insulin—osteocalcin
pathway as we analyzed mice lacking the insulin receptor in osteoblasts [57]. We noticed
that these mice had reduced bone formation due to impairments in osteoblast differentiation,
but also displayed a metabolic profile similar to that of the osteocalcin-deficient mice of
Karsenty's group; these animals developed progressive peripheral adiposity, with insulin
resistance and glucose intolerance, and low circulating levels of undercarboxylated
osteocalcin [57]. It eventually became apparent that osteocalcin might represent the common
factor linking insulin signaling in the osteoblast to whole-body metabolic abnormalities.
This idea was tested directly by infusing osteocalcin into insulin receptor-deficient mutant
mice, which improved insulin sensitivity. The results from these two independent but highly
complementary studies [53, 57], provide strong evidence for a novel endocrine loop in
which insulin signaling in osteoblasts regulates the production and bioavailability of
osteocalcin, which in turn acts in an endocrine manner to regulate pancreatic insulin
secretion and peripheral insulin responsiveness.
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It is well established that patients who receive high doses of glucocorticoids have reduced
bone formation and frequently develop glucose intolerance, insulin resistance, diabetes, and
dyslipidemia. A recent study by Brennan-Speranza et al. suggest that the osteoblast and
osteocalcin are involved in the development to these metabolic disturbances [58]. These
authors demonstrated that mice overexpressing the glucocorticoid-inactivating enzyme 11f3-
hydroxysteroid dehydrogenase type 2 in osteoblasts were resistant to glucocorticoid-induced
bone loss and do not develop the metabolic abnormalities seen in similarly treated wild-type
mice [58]. Moreover, the profound reductions in undercarboxylated osteocalcin following
corticosteroid treatment in the wild-type mice did not occur in transgenic mice with
disrupted glucocorticoid signaling in osteoblasts. Further, ectopic re-expression of
osteocalcin from a liver transgene greatly improved the metabolic abnormalities induced by
glucocorticoids in wild-type mice. These observations strongly suggest that suppression of
osteocalcin production is a major mediator of the adverse effect of glucocorticoids on energy
metabolism [59].

Direct evidence for the role of osteocalcin in glucose metabolism in humans is still lacking,
but the results of a number of cross-sectional studies show that total and/or
undercarboxylated osteocalcin levels are negatively associated with body mass index, fat
mass, insulin secretion, and insulin resistance [60-62]. In the most direct attempt to examine
the effects of insulin on osteocalcin and bone turnover in humans, Basu and colleagues
performed an insulinemic—euglycemic clamp in healthy subjects [63]. The authors showed
that serum osteocalcin levels were not significantly affected by increasing insulin
concentrations. However, the level of the C-terminal telopeptide of type 1 collagen, a bone
resorption marker, was correlated with measures of insulin sensitivity, including glucose
disposal rates. These data may indicate that insulin stimulates the release of other hormones
from the skeleton. Furthermore, pregnant women with gestational diabetes mellitus had
much higher osteocalcin levels that were correlated with increased insulin secretion
compared with women with normal glucose tolerance, though the importance of osteocalcin
in this condition could not be ascertained [64]. Thus, further studies are required to firmly
establish a role for osteocalcin in glucose homeostasis in humans.

Involvement of adiponectin in the reciprocal regulation of bone and fuel metabolism seemed
plausible given its established role as an insulin-sensitizing factor [65, 66] and its regulation
by osteocalcin in adipocytes [55, 56]. However, initial studies in mice deficient in or
overexpressing adiponectin indicated no major abnormalities in bone mass or turnover [67].
In general, elucidation of the mechanisms and mode of adiponectin action has been
complicated by the existence of different circulating forms of the protein and the presence of
multiple receptors [65]. However, more recent studies using genetic and biochemical
approaches have begun to elucidate the complex nature of the effects of adiponectin and
suggest a mechanism whereby it attenuates the inhibitory actions of leptin in bone [68]. Like
leptin, adiponectin affects bone by acting both locally and in the brain. But unlike leptin, the
local and central actions of adiponectin produce opposite effects on bone mass in an age-
dependent manner. In young mice, adiponectin inhibits osteoblast proliferation and increases
apoptosis to reduce bone mass whereas in older animals, adiponectin, acting on the
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sympathetic neurons in the locus coeruleus, opposes leptin activity and decreases
sympathetic output to peripheral osteoblasts.

Whether and to what extent adiponectin regulates bone in humans remains unclear at
present. The results of clinical studies suggest that circulating adiponectin levels are
inversely correlated with bone mineral density [69-71]. These findings may represent a
direct link between adipose tissue and bone as a positive correlation between adiponectin
levels and bone turnover markers has been reported; however others studies have identified
only a modest correlation [72, 73]. Interpretation of changes in circulating adiponectin is
complicated by many confounding variables including age, gender, race, smoking, diabetes
status, and hormone levels. The only indisputable fact from these studies is that adiponectin
levels rise with age while bone mass decreases.

Summary and perspectives

In this brief overview, we have highlighted selected examples of contemporary work, in the
emerging field of bone science, exploring the factors and mechanisms that enable bone cells
to participate in the regulation of global energy metabolism. Like other metabolically active
tissues, the cells of bone require substantial amounts of energy to perform their different
functions particularly during periods of active bone formation and remodeling. Osteoblasts
appear to have evolved mechanisms to assess fuel status and communicate metabolic
demands to other metabolically active tissues via circulating factors. It is likely that these
skeletal, energy-managing pathways emerged in early terrestrial species when muscle and
fat were evolving analogous pathways for fuel production, storage, and expenditure.

The findings discussed herein raise many additional questions for future studies. In
particular, the metabolic demands and fuel-utilizing machinery of the osteoblast lineage will
need to be characterized. Do osteoblasts simply burn glucose or do bone cells also utilize
lipids and amino acids as fuel? Can bone store fuel in the same way as muscle and fat, and
what role might marrow adipocytes play in this process? In addition, it will be important to
determine whether fuel preferences vary according to different functional demands of
osteoblasts at different stages of their life cycle or in a pathophysiological setting, such as
during fracture repair. Furthermore, it can be expected that many other factors produced by
fat and muscle (soluble FGF, resistin, adipsin, irisin, etc.) will also interact with bone cells
to affect metabolism. From a clinical perspective, studies investigating the possibility that
metabolic disturbances underlying the pathogenesis of diabetes and obesity might also affect
the skeleton and vice versa are already underway. Answers to such questions will certainly
expand our understanding of the biology of the skeleton and might ultimately aid in the
diagnosis and management of patients with a broad range of metabolic diseases.
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Fig. 1.
Metabolic flexibility of osteoblasts. Much remains to be learned about the metabolic

requirements of bone-forming osteoblast. Firstly (A), insulin and insulin receptor (IR)
signaling stimulates the glucose transporter (Glut)4-mediated uptake of glucose, which can
be utilized via oxidative phosphorylation (Ox.Phos) or aerobic glycolysis. Secondly (B), the
Low-density lipoprotein receptor (LDLR) facilitates the uptake of a significant fraction of
postprandial lipoproteins (LDL) by bone. Free fatty acids and triglycerides that can then be
oxidized to generate ATP. Our recent findings suggest that activation of the Frizzled (Fz)-
Lrp5 signaling complex by Wnt-ligands favors lipid oxidation in the osteoblast.
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Fig. 2.
Osteoblast differentiation and osteocalcin activation in response to insulin. The activation of

the insulin receptor (IR) expressed by osteoblasts stimulates both osteoblast differentiation
and the activation of the hormone osteocalcin. By triggering the downregulation of Twist2,
insulin signaling relieves suppression on the transcription factor Runx2, required for
osteoblast differentiation. Once activated, undercarboxylated osteocalcin stimulates
proliferation and insulin secretion by the pancreatic B-cell and increases insulin sensitivity in
adipocytes and other target cells for insulin. Red lines indicate inhibitory interactions. Green
arrows indicate activating interactions.

J Intern Med. Author manuscript; available in PMC 2016 June 01.



