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Osteoblasts, the bone-forming cells of the remodeling unit, are essential for growth and maintenance of the skeleton. Clinical

disorders of substrate availability (e.g, diabetes mellitus, anorexia nervosa, and aging) cause osteoblast dysfunction, ultimately leading to

skeletal fragility and osteoporotic fractures. Conversely, anabolic treatments for osteoporosis enhance the work of the osteoblast by altering

osteoblast metabolism. Emerging evidence supports glycolysis as the major metabolic pathway to meet ATP demand during osteoblast

differentiation. Glut1 and Glut3 are the principal transporters of glucose in osteoblasts, although Glut4 has also been implicated. Wnt

signaling induces osteoblast differentiation and activates glycolysis through mammalian target of rapamycin, whereas parathyroid hormone

stimulates glycolysis through induction of insulin-like growth factor-l. Glutamine is an alternate fuel source for osteogenesis via the

tricarboxylic acid cycle, and fatty acids can be metabolized to generate ATP via oxidative phosphorylation although temporal specificity has

not been established. More studies with new model systems are needed to fully understand how the osteoblast utilizes fuel substrates in

health and disease and how that impacts metabolic bone diseases. (Endocrine Reviews 38: 255 — 266, 2017)

ellular metabolism has become a focus for basic
investigations into the pathophysiology of
chronic diseases. Importantly, novel therapeutic tar-
gets have emerged thanks to the rapid advances in our
understanding of bioenergetics in cancer cells. Simi-
larly, bone biologists have embarked on efforts to
understand the dynamic processes of energy genera-
tion in bone cells. Remarkably, investigation of sub-
strate utilization by bone cells can be traced back more
than 50 years. The early studies, first with bone slices
and then with isolated calvarial bone cells, established
glucose as a major nutrient and lactate as a prominent
end product (1-3). Subsequent work fine-tuned the
culture conditions, particularly the inclusion of
ascorbate and B-glycerophosphate, for supporting not
only growth but also the collagen-producing and
mineralizing activity of isolated osteoblasts, thus
providing the foundation for studies of osteoblast
bioenergetics in vitro (4, 5). Nichols and Neuman (6)
extended those studies to hormonal regulation of
metabolism in calvariae cultures ex vivo. However, not
long after that, investigations into bone cell bio-
energetics were placed on the “back burner.”
The current interest in osteoblast bioenergetics has
been fueled by several recent developments. First, the
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emergence of anabolic agents to treat osteoporosis led
investigators to explore the role of substrate utilization in
the osteoblast during periods of greater work (i.e., during
collagen synthesis) (7, 8). Second, studies in anorexia
nervosa and subsequently in mouse models of calorie
restriction demonstrated the necessity of substrate avail-
ability to maintain normal skeletal remodeling (9, 10).
Third, work from several laboratories established that bone
is an integral part of whole-body glucose homeostasis
through elaboration of growth factors and bone-specific
peptides such as osteocalcin (11). Some of these are
mediated by insulin, which bridges the network between
bone and metabolic homeostasis, in part by stimulating
bone formation and enhancing bone resorption. Finally,
technological advances for measuring cellular and mito-
chondrial bioenergetics facilitated studies of osteoblast
metabolism in vitro. Nevertheless, there are still major
hurdles to overcome in the quest to understand fuel
choices and cellular metabolism in bone. In this review we
focus on the bioenergetics of the osteoblast and its pro-
genitors, but note that other cell types, including osteocytes
and cells of the osteoclast lineage, are critical for the health
of the bone remodeling sequence (Fig. 1). Each of these
cells also has a distinct relationship to the function of the
osteoblast and hence to its bioenergetics.
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Metabolic programming is essential for adenosine triphosphate (ATP) generation during bone remodeling but is cell type

and temporally specific

Oxidative phosphorylation and glycolysis are the two final common pathways for the generation of ATP needed to fuel

osteoblast-mediated bone formation

Glucose is the preferred substrate for energy generation via glycolysis in both aerobic and anaerobic environments of the

osteoblast and its progenitors

Wnt and insulin-like growth factor-1 signaling drive glycolysis during osteoblast differentiation

Fatty acids, citrate, intracellular proteins, glutamine, and lipids can be used to generate ATP for osteoblastic needs via the
citric acid cycle, although much less is known about their utilization

Intermittent parathyroid hormone administration increases bone formation in part by enhancing glycolysis

Disorders associated with osteoporosis such as diabetes mellitus and anorexia nervosa are fundamentally diseases of
substrate availability and hence are related to the metabolic flexibility of the osteoblast

Bone Remodeling and Energy Utilization

The bone remodeling unit is composed of multiple cell
types of either osteoblast or osteoclast lineage. Whereas the
former encompasses the mesenchymal progenitors that
produce osteoblasts, which in turn give rise to bone lining
cells or osteocytes, the latter lineage includes both mature
osteoclasts and their macrophage precursors. Proper reg-
ulation and coordination of differentiation and function of
both cell lineages play essential roles in the maintenance of
the adult skeleton by coupling bone resorption to bone
formation (Fig. 1) (12). The process of remodeling takes
~120 days in humans from resorption to formation, and the
entire skeleton is remodeled every 10 years. Maintenance of
bone mass during remodeling is essential for calcium
homeostasis and for the strength of the skeleton. Trabecular
remodeling occurs over a much wider surface area than
cortical remodeling, and the rate of remodeling is fourfold
faster than in cortical bone. Cortical modeling by osteoblasts
during growth takes place on the periosteal and endocortical
surfaces of bone and occurs with little or no osteoclastic
activity. Both modeling and remodeling require the syn-
thesis of new collagen by osteoblasts and thus consume
a significant amount of adenosine triphosphate (ATP).
Remodeling is initiated by hormonal, environ-
mental, and nutritional factors. This requires the re-
cruitment of progenitor cells and their subsequent
differentiation to osteoblasts. Progenitor cells pri-
marily use glycolysis as their main energy source
within hypoxic endosteal niches as well as in the more
favorable oxygen environments outside those pro-
tected areas (13) (see “Osteoblast Bioenergetics™ sec-
tion). However, substrate use (glucose, glutamine, fatty
acids, as well as autophagy) during several distinct
periods of differentiation has not been defined.
Multinucleated osteoclasts resorb bone during a finite
period and this process is tightly coupled to bone formation
to maintain skeletal mass. Several studies have shown that
during the active process of resorption, glycolysis is the
primary process to generate ATP through induction of
lactate dehydrogenase (14, 15). Alternatively, osteoclast
differentiation from circulating monocytic precursors, and
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the fusion process itself (i.e, the merging of several oste-
oclast progenitors into a multinucleated giant cell; see Fig.
1) is driven principally by oxidative phosphorylation and is
associated with significant mitochondrial biogenesis. These
data are consistent with earlier findings that osteoclasts
have more mitochondria per surface area than virtually any
other cell (16). Besides glucose, whether and to what extent
other substrates such as fatty acids and amino acids
contribute to oxidative phosphorylation during osteo-
clastogenesis remain unclear at present.

Osteocytes are the most abundant cells in bone. They
can sense mechanical stress and possess canaliculi that
serve as a network between the osteocyte and the surface
cells, that is, endosteal osteoblasts and bone-lining cells,
thereby providing a means of communicating signals to
initiate or stop the remodeling sequence (Fig. 1) (17, 18).
Osteocytes are derived from terminally differentiated os-
teoblasts entombed in the bone matrix, but there are
virtually no data on osteocyte bioenergetics. However, it is
assumed that these cells are metabolically less active than
osteoblasts. More recently, immortalized cell models and
better isolation techniques of primary osteocytes have led
to a greater understanding of these cells, particularly in
their capacity to resorb bone during extreme calcium
deficiency. Bone-lining cells are relatives of osteocytes.
These cells are of mesenchymal origin are flat and
“fibroblastic-like” and exhibit markers characteristic of the
osteocyte as well as stem cells. These cells can become
osteoblasts with parathyroid hormone (PTH) treatment
(19, 20), but they can also remain quiescent or retract to
expose bone surfaces prior to osteoclast-mediated bone
resorption. Little is known about their energy status or
their ultimate fate during remodeling, but new isolation
techniques should provide even greater insights into how
skeletal progenitors are recruited during greater workload.

Osteoblast Bioenergetics
Glucose metabolism in the osteoblast

Glucose is a major energy and carbon source for
mammalian cells. In most cell types, glucose is
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transported across the plasma membrane via multiple
members of the solute carrier family 2, commonly
known as Glut transporters (21). Glucose transport
by the Glut proteins occurs along a concentration
gradient and does not require energy. Intracellular
glucose is phosphorylated by a hexokinase to glucose-
6-phosphate (G6P), which can then be either con-
verted to glycogen or further metabolized to produce
energy and building blocks for biosynthesis (Fig. 2). In
most cell types, most G6P enters the core glycolysis
pathway to generate pyruvate that is then either
further metabolized in the mitochondria or converted
to lactate in the cytoplasm. In the mitochondria,
complete oxidation of pyruvate through the tri-
carboxylic acid (TCA) cycle (also known as the Krebs
cycle) is coupled with oxidative phosphorylation and
extracts considerably more energy from glucose than
does the cytoplasmic conversion of pyruvate to lactate
(>30 vs 2 ATP per glucose molecule). However, the
lactate pathway consumes glucose at a faster pace and
produces energy without the need for oxygen. Beyond
the core glycolysis pathway, several glycolytic in-
termediates can be metabolized through alternative
mechanisms, including shunting of G6P through the
pentose phosphate pathway that is critical for nucle-
otide and lipid synthesis, and conversion of fructose-
6-P for protein glycosylation via the hexosamine
biosynthetic pathway (22). Moreover, 3-P-glycerate
can be used for de novo synthesis of serine and gly-
cine, whereas glyceraldehyde-3-P is a precursor for
glycerol that is the backbone of triglycerides and
phospholipids (Fig. 2). Overall, glucose is metabolized
through multiple pathways, but the relative prevalence
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of each metabolic fate likely varies according to the
specific energy and biosynthesis requirement in the
cell.

Glucose has been long known as a major nutrient
for osteoblasts. Historical studies in the early 1960s
demonstrated that bone explants as well as primary
cultures of calvarial osteoblasts consumed glucose at
a brisk rate (1-3). Recent work with radiolabeled
glucose analogs has confirmed a significant uptake of
glucose by bone in the mouse (23, 24). The Glut
transporters appear to be mainly responsible for
glucose uptake in osteoblast lineage cells. Expression
studies detected both Glut1 and Glut3 in osteoblastic
cell lines (25-27). More recently, Glut: was shown to
be a major transporter in primary osteoblast cultures
and modulates the posttranslational modification of
Runx2 by suppressing adenosine 5°-monophosphate
kinase and blocking ubiquitination of Runx2 (23);
selective deletion of Glut1 in osteoblast precursors
suppressed osteoblast differentiation in vitro and in
vivo (23). However, others have reported that Glut4
increases in neonatal calvarial osteoblast cultures in
response to B-glycerophosphate and ascorbate, or
insulin, even though genetic deletion of Glut4 does
not cause an obvious skeletal phenotype (28). Future
studies are necessary to address potential functional
redundancy among different Glut transporters in
osteoblasts in vivo.

Lactate is a major end product of glucose
metabolism in osteoblasts regardless of oxygen
conditions (29). The historical studies with either
bone slices or primary calvarial osteoblasts reported
that most glucose carbons were secreted as lactate

https://academic.oup.com/edrv

Figure 1. The bone
remodeling unit is
composed of several
distinct cell types that
originate from either the
hematopoietic or
mesenchymal lineages.
Osteocytes are the
“command and control”
cells that regulate both
resorption by osteoclasts
and formation by
osteoblasts. Bone-lining
cells and mesenchymal
stromal cells can
differentiate into
osteoblasts or adipocytes.
Osteoblast progenitor
differentiation is very
dependent on glycolytic
pathways. HSC,
hematopoietic stem cell;
MSC, mesenchymal stromal
cell.
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Figure 2. Metabolic fates of glucose in mammalian cells. Major biochemical pathways are denoted in red, with the main product from
each pathway shown in blue. Glucose is used to produce not only energy but also intermediate metabolites for biosynthesis. Several key
enzymes are highlighted in green. Note that citrate can be exported from mitochondria and converted to acetyl-coA in the nucleus to
exert epigenetic regulation on gene expression. Although the metabolic pathways are common among different cell types, their relative
importance likely varies depending on the biological function of each cell. G3pdh, glycerol-3-phosphate dehydrogenase; Gépdh, G6P
dehydrogenase; Gfat, glutamine—fructose-6-phosphate transaminase; Pdh, pyruvate dehydrogenase; Phgdh, phosphoglycerate
dehydrogenase; Ldha, lactate dehydrogenase; OAA, oxaloacetate; PRPP, phosphoribosyl pyrophosphate; UDPGIcNAG, uridine

diphosphate N-acetylglucosamine.

even in the presence of abundant oxygen (1-3). The
phenomenon of lactate production from glucose
under replete oxygen conditions is akin to the
Warburg effect, also known as aerobic glycolysis, as
observed in many cancer cells (30). In keeping with
the historical reports, more recent studies have
confirmed aerobic glycolysis as a predominant mode
of glucose metabolism in primary calvarial osteo-
blasts, even though oxidative phosphorylation in-
creases during mineralization in response to ascorbic
acid and B-glycerophosphate (31, 32). Importantly,
stimulation of aerobic glycolysis through stabilization
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of Hifter in preosteoblasts markedly increases os-
teoblast production and bone formation in the
mouse; the phenotype is independent of the increase
in angiogenesis but susceptible to glycolytic sup-
pression (33). Thus, aerobic glycolysis is not only
a prominent metabolic feature of osteoblasts, but
it also is likely to be integral to the osteoblast
phenotype.

The prominence of aerobic glycolysis is counter-
intuitive to the energy requirement of osteoblasts. In
cancer cells, aerobic glycolysis has been proposed
to support cell proliferation through rapid ATP
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production and provision of metabolic intermediates
for active lipid and nucleotide synthesis (34, 35).
Mature osteoblasts generally exhibit little proliferation
in vivo, but they are biosynthetically active in pro-
ducing large amounts of extracellular matrix proteins
(36, 37). Aerobic glycolysis therefore may be necessary
for providing metabolic intermediates to support the
synthesis of matrix proteins, as glucose carbons were
shown to contribute significantly to amino acids in
collagen (38). Additionally, aerobic glycolysis in os-
teoblasts may be coupled with the active secretion of
citrate that is structurally important for the formation
of apatite nanocrystals in bone (39-43). The high
citrate output by osteoblasts could mean an elevated
mitochondrial citrate level that suppresses pyruvate
entering the TCA cycle. Moreover, active removal of
citrate from the mitochondria (cataplerosis) may in-
crease the reliance of osteoblasts on glycolysis for
energy production. Further studies are necessary to
elucidate the full mechanism through which aerobic
glycolysis promotes the osteoblast phenotype.

Glutamine metabolism in osteoblasts

Glutamine, normally present at a concentration of 500
to 750 wM in human plasma, is the most abundant
amino acid in circulation (44). Besides direct contri-
bution to protein synthesis as a building block, glu-
tamine is an important energy source as well as an
essential carbon and nitrogen donor for the synthesis
of amino acids, nucleotides, glutathione, and hexos-
amine (45-47) (Fig. 3). Moreover, glutamine efflux in
exchange for the import of leucine through the
antiporter stimulates the master regulator of protein
synthesis mammalian target of rapamycin complex
(mTORC)1 (48). Although it can be synthesized in
mammalian cells and therefore is considered non-
essential, glutamine is long known to be consumed at
a greater rate than the other nonessential amino acids
in cancer cells (49, 50). In recent years, glutamine
metabolism has been extensively studied in the context
of cancer biology (51, 52).

Studies to date have begun to reveal important
roles for glutamine metabolism in osteoblasts. Early
studies have shown active uptake and metabolism of
glutamine in explants of calvaria and long bones (53).
More recent work indicated that glutamine is required
for matrix mineralization in calvarial osteoblast cul-
tures (54). Intriguingly, consumption of glutamine by
bone marrow stromal cells, a population containing
osteoblast precursors, declines with aging and may be
linked with impaired osteoblast differentiation (55).
Importantly, stable isotope tracing experiments have
provided direct evidence that glutamine is converted
to citrate through oxidation in the TCA cycle and
therefore contributes to energy production in the
mitochondria in osteoblast precursors (56). Addi-
tionally, the contribution of glutamine to glutathione
production plays a critical role in the survival of
implanted osteoblast precursors in a murine bone
regeneration model (47). Thus, glutamine contributes
to not only energy production but also redox
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homeostasis, and future studies are likely to reveal
additional functions for glutamine in osteoblast-
lineage cells.

Molecular regulation of osteoblast metabolism
Whnt signaling is a major mechanism for stimulating
bone accrual in both mice and humans (57). Recent
work has linked the bone anabolic function of Wnt
with increased aerobic glycolysis in osteoblast-lineage
cells (58). Specifically, Wnt3a, Wntyb, and Wntiob,
which are known to promote osteoblast differentiation
in the bone marrow stromal cell line ST2 cells, all
stimulate glucose consumption and lactate pro-
duction. In contrast, Wntsa does not induce either
osteoblastogenesis or glycolysis in those cells. Mech-
anistically, Wnt3a signals mainly through Lrps to
activate mTORC2 and Akt that, in turn, acutely increase
the protein abundance of a number of key glycolytic
enzymes (e.g, hexokinase 2, phosphofructokinase 1,
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase
3, and lactate dehydrogenase) without affecting their
messenger RNA (mRNA) levels (Fig. 4). Wnt3a also
upregulates pyruvate dehydrogenase kinase 1 (Pdk1),
a negative regulator of pyruvate dehydrogenase ac-
tivity, and therefore diminishes the flux of glucose-
derived pyruvate entering the TCA cycle (59). Re-
markably, the reprogramming of glucose metabolism
by Wnt3a lowers nuclear acetyl-coA levels and
suppresses histone acetylation, hence favoring oste-
oblast over adipocyte differentiation from the
bipotential ST2 cells (59). Consistent with the studies
in vitro, mice lacking the Wnt coreceptor Lrps or
expressing a hyperactive mutant Lrps allele expressed
a lower or higher level of glycolytic enzymes in bone,
respectively, than did the normal control (s8).
Overall, the bone anabolic function of Wnt signaling
appears to be coupled with stimulation of aerobic
glycolysis.

Bone anabolism by Wnt has also been linked with
increased glutamine metabolism. In ST2 cells, Wnt3a
stimulates glutamine oxidation in the TCA cycle by
increasing glutaminase downstream of mTORCi1,
resulting in not only more energy production from
glutamine but also Gen2 activation due to reduced
intracellular glutamine levels (56) (Fig. 4). Genz
activation promotes the osteoblast phenotype as it
induces Atf4-dependent transcription of genes re-
sponsible for amino acid uptake or synthesis. Im-
portantly, pharmacological inhibition of glutaminase
ameliorates the excessive bone formation caused by
hyperactive Wnt signaling in mice (56). Future genetic
studies are necessary to determine whether glutamine
catabolism contributes to normal bone accrual in vivo.

Whnt signaling has been shown to stimulate fatty
acid oxidation in osteoblasts. Wnt activation through
either expression of a hyperactive mutant Lrps allele or
stimulation with Wntiob increased the expression of
fatty acid metabolism genes as well as oleate oxidation
in murine calvarial osteoblasts (60) (Fig. 4). Con-
versely, Lrps-deficient calvarial osteoblasts expressed
lower levels of fatty acid metabolism genes and exhibit
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“Osteocytes can sense mechanical
stress and possess canaliculi that
serve as a network between the
osteocyte and the surface cells.”
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Figure 3. Glutamine plays
multiple roles in mammalian
cells. Major biochemical
pathways are shown in red.
Glutamine can serve as

a major energy source
through oxidative
phosphorylation in
mitochondria. This process
requires the conversion of
glutamine to a-ketoglutarate,
which is controlled by several
key enzymes highlighted in
green. Alt, alanine
transaminase; Ast, aspartate
transaminase; Gdh,
glutamate dehydrogenase;
Gls, glutaminase.
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less oxidation of oleate. Stimulation of fatty acid ox-
idation by Wnt appears to be mediated by B-catenin,
as either Gsk3B inhibition with LiCl or B-catenin
overexpression exhibited a similar effect. Surprisingly,
however, deletion of Lrp6 in osteoblasts did not reduce
fatty acid metabolism in that study, even though Lrp6
has been shown to activate 3-catenin signaling more
effectively than Lrps (61). Moreover, the contribution
of fatty acid oxidation to bone formation in vivo re-
mains to be determined.

Intermittent use of PTH is well known to stimulate
bone formation in both mice and humans (8, 62).
Interestingly, PTH has been long recognized to
stimulate aerobic glycolysis in long bone or calvarium
explants, as well as in isolated calvarial osteoblasts
(63-66). PTH was also shown to induce glucose
uptake in a rat osteoblast cell line (27). Recent studies
in MC3T3-E1 cells have uncovered that PTH stim-
ulates aerobic glycolysis via activation of insulin-like
growth factor (IGF) signaling, which in turn activates
the PI3K/mTORC2 cascade and upregulates meta-
bolic enzymes such as hexokinase 2, lactate de-
hydrogenase, and Pdka (67). The importance of IGF-1
in this case is consistent with genetic studies dem-
onstrating that deletion of either Igf1 or Igfir in os-
teoblasts essentially abolishes the bone anabolic effect
of PTH in mice (68-70). Interestingly, even though
PTH reduces the flux of glucose-derived pyruvate into
the TCA cycle, it increases the oxygen consumption
rate (OCR), indicating that PTH likely increases the
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use of alternative substrates to fuel mitochondrial
oxidative phosphorylation even though the alternative
fuel source is not yet clear at present. Nonetheless, the
Pdki1 inhibitor dichloroaceteate that reduces glycolysis
diminished the bone anabolic effect of intermittent
PTH in the mouse. Thus, activation of aerobic gly-
colysis represents an important mechanism underlying
the bone anabolic function of PTH.

Consistent with their role in mediating the met-
abolic regulation by Wnt and PTH, mTORC1 and
mTORC2 have been shown genetically to perform
important functions in bone formation. mTORC1 and
mTORC2, two distinct complexes containing the same
serine/threonine protein kinase mTOR, are known to
play critical roles in coordinating the nutritional and
energetic status with a multitude of biosynthetic ac-
tivities in the cell (71). Genetic deletion of Raptor,
a unique and essential component of mTORC1, has
been shown to impede the transition of preosteoblasts
to mature osteoblasts, as indicated by reduced matrix
synthesis and mineralization in murine calvarial cell
cultures, as well as osteopenia in the mouse (72).
Moreover, inducible deletion of Raptor partially
corrected the hyperactivity of osteoblasts in response
to Wntyb overexpression in postnatal mice (73).
Conversely, deletion of Tsc2, which leads to consti-
tutive activation of mTORC1, markedly increased
osteoblast number and bone formation (74). Alter-
natively, specific disruption of mTORC2 by genetic
deletion of Rictor mainly impaired osteoblast activity,

Endocrine Reviews, June 2017, 38(3):255-266
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Figure 4. Wnt signaling stimulates aerobic glycolysis, glutamine catabolism, and fatty acid oxidation in osteoblast-lineage cells. Wnt-
mTOR signaling acutely increases the protein but not mRNA levels of key enzymes involved in glucose and glutamine metabolism. Wnt
also signals through S-catenin to increase the mRNA levels of genes important for fatty acid oxidation. Acad, acyl-coA dehydrogenase;
Cpt1, carnitine palmitoyl transferase 1; Fz, frizzled; Gls, glutaminase; Hadha, hydroxyacyl-coenzyme A dehydrogenase/3-ketoacyl—
coenzyme A thiolase/enoyl-coenzyme A hydratase (trifunctional protein), a subunit; Hk2, hexokinase 2; Ldha, lactate
dehydrogenase A; Pdc, pyruvate dehydrogenase; Pfk1, phosphofructokinase 1.

resulting in a severe reduction in cortical bone growth
both under basal conditions and in response to ex-
perimental mechanical loading (75). Interestingly,
deletion of Rictor did not reduce trabecular bone mass
despite the impaired osteoblast activity, likely due to
the concurrent decrease in bone resorption (75, 76).
However, Rictor deficiency diminished the anabolic
response to the antisclerostin therapy in both tra-
becular and cortical bone, confirming the role of
mTORC2 in Wnt-induced bone anabolism and
lending support to the hypothesis that antisclerostin
antibodies enhance the work of the osteoblast (77).
Overall, mTOR likely functions downstream of
multiple anabolic signals to regulate bone formation,
perhaps partly by modulating cellular metabolism.

doi: 10.1210/er.2017-00064

Consistent with this view, it is well known that organ-
transplant patients receiving mTOR inhibitors as
immunosuppressive agents exhibit a higher incidence
of osteoporosis (78).

Metabolism of other energy substrates
in osteoblasts

Mitochondrial respiration

As discussed previously, both glucose and glutamine
can be used for energy production through oxidative
phosphorylation in the mitochondrial matrix. This
generates reduced coenzymes (reduced NAD and
FADH2) leading to the transfer of electrons through
the electron transport chain complexes (I to IV) in the
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LrpS or expressing a hyperactive
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a lower or higher level of glycolytic
enzymes in bone.”

262

inner mitochondrial membrane and finally to mo-
lecular oxygen, the terminal electron acceptor. This
transfer of electrons leads to pumping of H" into the
intermembrane space, generating the electrochemical
gradient. The transfer of H* back into the mito-
chondrial matrix through complex V is coupled to
ATP generation (79). Additionally, recent studies have
implicated mitochondrial reactive oxygen species
generated during oxidative phosphorylation in a va-
riety of signaling processes that control differentiation,
cellular senescence, and apoptosis (80-82). Mito-
chondria are dynamic and undergo constant flux
through both fusion and fission (83). These dynamic
processes are likely dependent on substrate availability
and energy demand at a particular time point. In this
section of the review, we highlight some of the major
substrates that are catabolized in the mitochondria of
osteoblasts.

Pyruvate

Glucose-derived pyruvate, once transported into the
mitochondria through the mitochondrial pyruvate
transporter (MPC), presents on the inner mitochon-
drial membrane and is processed through the Krebs
(TCA) cycle for generating reduced NAD and FADH2
(Fig. 2). The genes (MPC1 and MPC2) encoding the
MPC have recently been identified in humans (84, 85).
Impaired pyruvate transport in humans leads to severe
developmental defects (86). Knockout of MPCz in
mice leads to embryonic lethality because of a de-
crease in pyruvate oxidation (87). Recent studies
suggest that thiazolidinediones can bind to and
inhibit pyruvate transporters. Although thiazolidi-
nediones such as rosiglitazone are used as antidia-
betic drugs, these agents cause bone loss (88, 89). In
calvarial osteoblasts, there is a significant increase in
oxygen consumption in the presence of exogenous
pyruvate, indicating an increase in ATP production
through oxidative phosphorylation. However, ex-
periments are required to determine how exogenous
pyruvate specifically affects osteoblast metabolism. It
is noteworthy that recent studies have shown that
a moderate increase in pyruvate levels significantly
enhances osteoclastogenesis (90). Thus, pyruvate
metabolism could potentially affect both formation
and resorption.

Fatty acids

Fatty acids constantly circulate and are also present in
bone marrow sera, although the relative concentra-
tions and degree of saturation may differ (91). A
number of in vitro studies have demonstrated that
long-chain saturated fatty acids such as palmitate can
inhibit calvarial osteoblast differentiation (92, 93)
whereas oleate, an unsaturated fatty acid (mono-
unsaturated fatty acid), can mitigate the effects of
palmitate. Supplementation with long-chain poly-
unsaturated fatty acids (#-3) in animal models has
shown a potential benefit for skeletal health (94).
Additionally, recent work by Riddle and colleagues
(60) has shown that Wnt-LRP5 signaling enhances

Lee et al Osteoblast Metabolism and Osteoporosis

B-oxidation of fatty acids and is necessary for optimal
osteoblast differentiation.

Fatty acids are degraded in the mitochondria
after transfer through carnitine-mediated trans-
port for the generation of ATP (Fig. 4). Most studies
suggest that fatty acids are generated from stored
triacyglycerides or fat depots in response to lipolysis
where they are released into the circulation. Perox-
isomes can also process some long-chain fatty acids
and these increase in number during the differen-
tiation of osteoblasts, suggesting greater use of
fatty acids as substrates for energy generation (95).
The role of palmitate as an energy source during
Whnt-induced osteoblast differentiation has already
been described, but the amount of fatty acids in bone
cells that is used for ATP production is currently
unknown. The direct effect of fatty acids on mito-
chondrial oxygen consumption and ATP production
has also not been addressed to date.

Amino acids

Amino acids can be divided into both essential amino
acids and nonessential amino acids and have been
shown through protein intake studies to be important
for osteoblast differentiation (96). Mechanistically, the
osteoblastic transcriptional factor ATF4 has been
shown to increase amino acid uptake and collagen
synthesis; mutations in this pathway such as the
Coffin-Lowry syndrome have a profound effect on the
skeleton (97, 98). The branched chain amino acids
valine, leucine, and isoleucine are used specifically
by differentiated adipocytes (3T3L1) compared with
predifferentiated cells. The role that these amino
acids play in osteoblast differentiation is currently
not known, particularly with regard to cellular
bioenergetics (99). Glutamine metabolism as dis-
cussed in the earlier part of this section has also been
shown to play a very important role in osteoblast
metabolism. Aromatic amino acids such as argi-
nine can increase osteogenic differentiation in pre-
osteoblasts (100). Despite these lines of evidence, it
remains challenging to distinguish an instructive vs
adaptive role for bioenergetic programming in cell
differentiation.

Measurements of Oxidative Phosphorylation
and Glycolysis

Much of what has been learned during the last decade
about bone cell bioenergetics has occurred because of
technological advances in measuring cell metabolism.
Although oxygen consumption rate in isolated mi-
tochondria has traditionally been measured using the
Clarke’s electrode, one of the factors that has been
hard to overcome is the isolation of coupled mito-
chondria from calcified skeletal tissue. Recent advances
in microplate measurements of oxygen consumption
rates and extracellular acidification rates using the Agilent
Seahorse extracellular flux analyzer has opened up new
avenues for performing metabolic studies of osteoblast
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differentiation in vitro (31). The Seahorse XF24 or
XF96 analyzer and the Oroboros Instruments
platform can measure oxygen consumption rates in
a polystyrene (24- or 96-multiwell format) plate in
a small volume over a monolayer of cells. This can be
adapted to study osteoblast differentiation using
calvarial osteoblasts, MC3T3-E1, ST2, or primary
bone marrow mesenchymal stromal cells (58). Not
only can basal measurements be performed for
extracellular acidification or oxygen consumption
on Seahorse or Oroboros Instruments platforms,
but different workflows can be adapted to inject
various inhibitors and stressors in sequence
through the cartridge ports to test various mito-
chondrial enzymes. Those data can be used to
draw direct conclusions about various metabolic
parameters and, most importantly, these param-
eters can then be used to calculate ATP production
rates (101).

Notwithstanding the technical advances, there
remain limitations to defining bone cell bioenergetics.
First, the in vitro environment is artificial and may not
represent in vivo conditions, particularly when con-
sidering hypoxic niches. Some progress has been made
with calvarial organoid culture studies using two-
photon microscopy and different fluorescent dyes to
define acidification and mitochondrial oxygen con-
sumption, but recapitulation in situ will remain a
difficult task (A.A. Gerencser, personal communica-
tion). Second, virtually all of the studies to date have
been performed after exogenous addition of sub-
strates, but no studies have been done to examine
intracellular substrate use that almost certainly must
occur during processes such as autophagy. Third,
and most importantly, cells are “substrate” smart
and will use any fuel available during tissue culture;
thus, it is important to approximate physiological
concentrations for the various substrates (e.g,
glucose concentration ~5 mM) in metabolic studies
in vitro. Even so, culture conditions may not rep-
resent the context specific nature of fuel economy
in vivo.

Clinical Correlates

Anabolic treatments for osteoporosis

Intermittent administration of PTH1-34, or abalo-
paratide, a PTH-related protein analog, activates the
PTH1 receptor and stimulates new bone formation,
increases bone mass, and reduces fracture risk (7, 8).
The mechanism of action after activation of the PTH1
receptor is the induction of osteoblastogenesis from
marrow stromal cells and bone-lining cells (102). This
effect (i.e., greater number of osteoblasts) is particu-
larly striking in the first 6 to 12 months of intermittent
PTH treatment. Alternatively, recent animal data re-
garding romosozumab, the newest antisclerostin an-
tibody that has been shown to build bone mineral
density and reduce fractures, in the long term does not
increase osteoblast number but rather increases the

doi: 10.1210/er.2017-00064

work of the osteoblasts on the bone surface (103). This
subtle but important difference in the mechanism for
the anabolics must also be reflected in the choice of
substrate utilization to power collagen synthesis and
mineralization.

As previously noted, several studies have shown
that PTH stimulates aerobic glycolysis in osteoblast
lineage cells (29). Interestingly, although PTH reduces
glucose oxidation through mitochondria, it promotes
overall oxidative phosphorylation, which has been
shown to increase with osteoblast differentiation (31,
67). Besides glucose, mitochondrial respiration utilizes
other substrates, including amino acids, cellular
products from autophagy, lipophagy, and exogenous
fatty acids. With respect to the latter, recent clinical
and basic observations suggest there may be a ready
source of that fuel from marrow adipocytes. Marrow
adipose tissue is extensive and occupies >70% of the
bone marrow in rodents and humans (104). Stored
triglycerides may be lipolyzed in the “regulated”
marrow adipose depots under the influence of B
adrenergic agents and/or the sympathetic nervous
system (105). One study found that PTH1 receptor
anabolic signaling is enhanced by activation of the 8,
adrenergic receptor, supporting some degree of syn-
ergy between these two receptors (106). PTH has also
been shown to stimulate lipolysis in 3T3-L1 cells and
PTH-related protein can induce peripheral thermo-
genesis (102, 107). These data suggest that PTH could
use endogenous marrow to fuel osteoblasts by
lipolyzing triglycerides to produce free fatty acids and
glycerol. Indeed, Cohen et al. (108) demonstrated that
PTH treatment reduced the size of the marrow adi-
pocyte when administered intermittently to young
premenopausal women. Fan ef al. (109) showed that
2 weeks of intermittent PTH1-34 significantly reduced
bone marrow adiposity in Cs7BL/6] mice. In-
terestingly, Fazeli et al. (110) noted that anorexic
women, who have three times the amount of marrow
adipose tissue than do normal women, and were
treated with PTH1-34, had a much greater skeletal
anabolic response than did postmenopausal women,
suggesting but not proving that marrow adipocytes
might be called upon to generate substrates when
osteoblasts are stimulated to make collagen. Further
studies are needed to determine whether marrow
adipose tissue represents a necessary reserve of en-
dogenous substrate for osteoblast work during states of
poor nutrition or altered skeletal remodeling.

Anorexia nervosa

Calorie malnutrition results in significant changes in
whole-body metabolism, as energy utilization is
committed to maintenance of tissue homeostasis
rather than anabolic activity. Anorexia nervosa is one
such condition, and lack of fuel availability has
a profound impact on skeletal remodeling. Bone
formation is suppressed in anorexia nervosa, but in-
terestingly bone resorption is increased during calorie
deprivation in both mice and humans. Anorexic
patients have very low bone mass and markedly
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enhanced skeletal fragility, as well as persistent diffi-
culties with hypoglycemia and hypothermia (111).
Paradoxically, although marrow adipose tissue is ex-
tensive, it is reversible, as is the loss of bone mass with
weight restoration and/or estrogen replacement (112).
Estrogen also reduces marrow adiposity during re-
placement in postmenopausal women, and this too is
associated with a gain in bone mass. Notwithstanding,
it is not clear how bioenergetic profiles in osteoblast
progenitors change during severe nutritional stress,
particularly because it is likely that adenosine 5'-
monophosphate kinase is activated in osteoblasts, and
this in turn stimulates autophagy (113). Also, it is not
known whether the increase in marrow adipose tissue
is a result of a lineage shift from osteogenesis toward
adipogenesis due to changes in the marrow pro-
genitor’s inherent metabolic program. Mouse models
have provided some preliminary insights, although
translation to human studies has been difficult.
Moreover, endocrine changes during anorexia nervosa
are multifaceted and include hypothalamic, pituitary,
and target tissues. Alterations in energy metabolism of
the osteoblast may include lack of nutrient substrates
(i.e., particularly glucose and fatty acids), enhanced
fatty acid synthesis (due to increased cortisol secre-
tion), reduced IGF-1 leading to impaired glycolytic
pathways, and increased metabolism of substrates that
could lead to ketosis from high FGF21 levels.

Diabetes mellitus

Type 1 diabetes and type 2 diabetes are chronic dis-
eases characterized by impaired glucose metabolism in
liver, fat, and skeletal muscle, leading to varying de-
grees of fuel starvation in those tissues. In type 1
diabetes, when there is an absolute lack of insulin,
osteoblast function is markedly impaired, and skeletal
fragility leads to very high rates of fractures. However,
as noted previously, it is unlikely that insulin is required
for glucose transport in osteoblasts, and hence cells
should still be able to activate glycolysis as a principal
energy-driving mechanism. However, glucose and lipid
toxicity could interfere with substrate utilization, par-
ticularly at very high extracellular glucose concentra-
tions. In type 2 diabetes, insulin resistance is a hallmark,
but osteoblast function is also impaired. Both type 2
diabetes and late-stage type 2 diabetes impair insulin-
dependent actions of the liver, including production and

release of IGF-1, which could in turn affect the bio-
energetics and function of osteoblasts. However, exactly
how fuel metabolism in osteoblasts is altered in this
disease is not clear at present.

Conclusions

Proper metabolic programming is essential for the
normal function of each cell in the bone remodeling
unit. Moreover, whole-body energy homeostasis is
closely tied to fuel utilization during the various phases
of remodeling. Substrate utilization and ATP gener-
ation are both context and cell specific. To date, the
best characterized metabolic profile in bone cells is the
pattern of glucose utilization by osteoblast progenitors
during differentiation and their response to signaling
peptides such as the Wnts and the IGFs. Less clear is
how bone-forming cells use fatty acids, citrate, and
intracellular proteins and lipids during differentiation.
In part this is due to the difficulty in recapitulating the
marrow niche ex vivo. Furthermore, the artificial en-
vironment in which in vitro studies are conducted can
provide valuable insights, but these cells may alter
substrate utilization depending on availability, thereby
making it difficult to extrapolate those findings to in
vivo conditions. Intriguingly, diseases of fuel metab-
olism such as diabetes mellitus might offer better
clues into the importance of specific metabolic
programs for osteoblasts and whether alternative
metabolic programming in osteoprogenitors can lead
to shifts in lineage allocation. By the same logic,
medications to treat diabetes and its comorbidities
may affect bone health and osteoblast fuel metab-
olism. Additionally, more in-depth studies of ana-
bolic agents may illustrate how different stages of
osteoblast differentiation in vivo depend on available
substrate. Clearly, a better understanding of the
bioenergetics of the other important cell types, in-
cluding osteoclasts, osteocytes, and adipocytes, is
necessary for a holistic view of the metabolic regu-
lation of the bone organ. More translational studies
and better technology will be needed to clearly define
the bioenergetics of bone cells, and importantly how
that knowledge can be applied not only to the
treatment of chronic metabolic bone diseases but also
to the development of new drugs.
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