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Abstract

Purpose of Review Osteoblasts are responsible for bone matrix production during bone development and homeostasis. Much is
known about the transcriptional regulation and signaling pathways governing osteoblast differentiation. However, less is known
about how osteoblasts obtain or utilize nutrients to fulfill the energetic demands associated with osteoblast differentiation and
bone matrix synthesis. The goal of this review is to highlight and discuss what is known about the role and regulation of
bioenergetic metabolism in osteoblasts with a focus on more recent studies.

Recent Findings Bioenergetic metabolism has emerged as an important regulatory node in osteoblasts. Recent studies have
begun to identify the major nutrients and bioenergetic pathways favored by osteoblasts as well as their regulation during
differentiation. Here, we highlight how osteoblasts obtain and metabolize glucose, amino acids, and fatty acids to provide energy
and other metabolic intermediates. In addition, we highlight the signals that regulate nutrient uptake and metabolism and focus on
how energetic metabolism promotes osteoblast differentiation.

Summary Bioenergetic metabolism provides energy and other metabolites that are critical for osteoblast differentiation and
activity. This knowledge contributes to a more comprehensive understanding of osteoblast biology and may inform novel
strategies to modulate osteoblast differentiation and bone anabolism in patients with bone disorders.
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Introduction

Skeletal development and postnatal homeostasis depend upon
the proper differentiation and activity of bone forming osteo-
blasts. Osteoblasts differentiate from multipotent mesenchy-
mal progenitor cells. These progenitors are initially prolifera-
tive before undergoing terminal differentiation into postmitot-
ic matrix synthesizing osteoblasts. The process of differentia-
tion occurs in a well-defined temporal sequence that is regu-
lated by the transcription factors RUNX2 and OSX. RUNX2
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is essential for committing to the osteoblast lineage. OSX
functions downstream of RUNX2 to regulate osteoblast dif-
ferentiation and the induction of osteoblast genes like /bsp and
Bglap. Another transcription factor, ATF4, is important for
terminal differentiation and to regulate amino acid consump-
tion and bone matrix production [1, 2]. In a general sense,
osteoblasts are secretory cells responsible for producing and
secreting collagen type I (COL1A1) and other extracellular
proteins that comprise bone matrix. Defects in osteoblast gen-
eration or activity leads to reduced bone formation, decreased
bone mass, and increased fracture risk. Elucidating the mech-
anisms that regulate their differentiation and bone forming
activity will be critical to design effective bone anabolic ther-
apeutics. Cellular bioenergetics is an area that has been under
intense scrutiny in the bone field. Recent studies have begun
to elucidate the bioenergetic substrates and pathways utilized
by osteoblasts and generate mechanistic insights into how
bioenergetic metabolism influences osteoblast differentiation.
In this review, we summarize what is known about bioener-
getic metabolism and its role in osteoblast differentiation and
bone formation with an emphasis on more recent studies.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11914-022-00721-2&domain=pdf
http://orcid.org/0000-0003-0387-4486
mailto:Courtney.Karner@UTSouthwestern.edu

54

Curr Osteoporos Rep (2022) 20:53-64

General Overview of Bioenergetic Metabolism

Osteoblast differentiation and bone formation are energetical-
ly demanding processes due in part to high rates of macromol-
ecule (e.g., protein, DNA, and RNA) biosynthesis associated
with proliferation and matrix production. Because of this, re-
cent studies have focused on identifying the fuel sources and
metabolic pathways utilized by osteoblasts to generate aden-
osine 5'triphosphate (ATP). The central hub of energetic me-
tabolism in cells is the tricarboxylic acid (TCA) cycle and
oxidative phosphorylation (OXPHOS) (Fig. 1). Osteoblasts
metabolize glucose, fatty acids, and amino acids in a network
of interconnected metabolic pathways including glycolysis,
[3-oxidation, and amino acid metabolism which produce inter-
mediate metabolites that can enter the TCA cycle through a
process known as anaplerosis. Individual TCA metabolites
can also exit the TCA cycle via cataplerosis. Some intermedi-
ates, like malate and oxaloacetate (OAA), function to transfer
electrons across the NADH impermeable mitochondrial mem-
brane through the malate aspartate shuttle [3, 4¢]. Other inter-
mediates are important for fatty acid (e.g., citrate) and amino
acid biosynthesis (e.g., a-ketoglutarate («’KG), OAA, fuma-
rate, and succinate) while oK G also functions as an important
cofactor for many different enzymes including prolyl hydrox-
ylases, Jumonji domain containing histone demethylases and
TET family of DNA demethylases [5—7]. Substrate oxidation
can generate ATP either directly or indirectly by generating
reducing equivalents in the form of nicotinamide adenine di-
nucleotide (NADH) and flavine adenine dinucleotide
(FADH,). For example, one round of the TCA cycle produces
one ATP, three NADH, and one FADH,. NADH and FADH,
subsequently transfer electrons to the electron transport chain
(ETC) which consists of four enzyme complexes that function
to transfer electrons to oxygen and create a proton gradient
that ATPase uses for ATP synthesis (Fig. 1). In addition to
energy production, the ETC has many other functions includ-
ing regulating aspartate biosynthesis, proliferation, redox ho-
meostasis, and generating reactive oxygen species (ROS)
(Fig. 1) [8, 9, 10e, 11]. Thus, bioenergetic metabolism may
impact osteoblast differentiation in more ways than by simply
providing ATP.

Osteoblast differentiation is associated with rapid shifts in
bioenergetic metabolism. Differentiating osteoblasts are char-
acterized by an abundance of high transmembrane potential
mitochondria [12]. Consistent with this, mitochondrial oxy-
gen consumption rapidly increases during osteoblast differen-
tiation [10e, 13+, 14¢]. Multiple studies have shown this is due
in part to increased mitochondrial biogenesis. For example,
one recent study described increased expression of all mito-
chondrial ETC complexes while another found complexes III,
IV, and V waned over time [10¢]. Consistent with increased
mitochondrial biogenesis and activity, ATP levels increase
during differentiation, although this has been attributed more
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to increased aerobic glycolysis than OXPHOS [10e, 12, 13¢].
Regardless, mitochondrial activity is essential for osteoblast
differentiation. Mice lacking the mtDNA polymerase gamma
(POLy) have accelerated bone loss due to reduced osteoblast
differentiation and activity that is attributed to mitochondrial
dysfunction [15¢]. Pharmacological inhibition of mitochondri-
al biogenesis using tigecycline inhibited osteoblast differenti-
ation without affecting viability in vitro [14¢]. Similarly, re-
ducing OXPHOS by targeting the nuclear receptor PPARS
inhibited osteoblast differentiation in vitro and bone formation
in vivo [14+]. Multiple groups have inhibited mitochondrial
complex I activity using Rotenone and shown this prevents
osteoblast differentiation and matrix mineralization in vitro
[10e, 14¢]. Interestingly, the mitochondrial complex II inhibi-
tor thenoyltrifluoroacetone had no effect on osteoblast differ-
entiation suggesting complex II is dispensable for osteoblast
differentiation [10¢]. It is interesting to note complex II is
thought to maintain coenzyme Q) in a reduced state to protect
mitochondrial lipids and proteins from oxidative damage as
complex I does not pump protons across the inner mitochon-
drial membrane unlike complexes I and I1I [16]. In addition to
energetics, mitochondria may influence epigenetic modifica-
tions and cell signaling through the production of cataplerotic
citrate. Cytosolic citrate is converted by ATP citrate lyase
(ACLY) into acetyl-CoA that can used to acetylate histones
and other proteins [17]. In ST2 cells, WNT alters glucose flux
away from the TCA cycle ultimately limiting citrate availabil-
ity. This results in decreased histone acetylation and epigenet-
ic inhibition of alternative cell fates [18]. In C3H10T1/2 cells,
WNT stimulates mitochondrial biogenesis [19] which is asso-
ciated with 3-catenin acetylation and activity [20¢]. Thus, mi-
tochondria exert a multifaceted influence on osteoblast differ-
entiation by regulating both energetics and the availability of
substrates for protein and DNA modifications.

On the other hand, electron leakage from the mitochondrial
ETC is the principal generator of reactive oxygen species
(ROS) in mammalian cells [21, 22]. ROS include the super-
oxide anion (O, ), hydrogen peroxide (H,0,), and hydroxyl
radicals (OH), all of which have inherent chemical properties
to damage lipids, proteins, and DNA, a process termed as
oxidative stress [23]. Generally, a leaking electron can be
captured by O,, forming superoxide anion (O, ), which is
rapidly converted to hydrogen peroxide (H,0,) by superoxide
dismutase (SODs). If mitochondrial ROS exceeds a certain
threshold, this will impair OXPHOS complexes and further
stimulate ROS production [24]. Due to increased mitochon-
drial activity, both proliferating osteoblast progenitors and
mature osteoblasts have increased ROS production [10e, 25].
ROS are detrimental to osteoblast differentiation and must be
well controlled. SOD?2 is essential to control mitochondrial
ROS, promote mitochondrial biogenesis, mitochondrial func-
tion, and osteoblast differentiation [10e]. Importantly, mice
lacking SOD2 specifically in osteocytes had increased cellular
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Fig. 1 Energetic metabolism in osteoblasts. Schematic depiction of the
major metabolic pathways in osteoblasts including glycolysis (blue),
TCA cycle (green), fatty acid metabolism (brown), and glutamine
metabolism (purple). Major signaling pathways (black) that regulate
metabolism in osteoblasts are highlighted. GLUT1, glucose transporter
1; HK, hexokinase; G6P, glucose-6-phosphate; 3PG, 3-
phosphoglycerate; LDHA, lactate dehydrogenase A; MCTI,
monocarboxylate transporter 1; SHMT, serine
hydroxymethyltransferase; PDK, pyruvate dehydrogenase kinase 1;
AMPK, AMP-activated protein kinase; Hifla, hypoxia inducible factor
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la; PTH, parathyroid hormone; PTHI1R, parathyroid hormone 1 receptor;
IGF1, insulin-like growth factor 1; IGFIR, insulin-like growth factor 1
receptor; Lrp5/6, low-density lipoprotein receptor—related protein 5 or 6;
Fzd, frizzled; mTORC1/2, mechanistic target of rapamycin complex 1/2;
CPT1/2, carnitine palmitoyltransferase 1/2; TCA, tricarboxylic acid; x-
KG, o-ketoglutarate; OAA, oxaloacetate; Asp, aspartate; MAS, malate
aspartate shuttle; ETC, electron transport chain; Cyt ¢, cytochrome c;
ROS, reactive oxygen species; AMP, adenosine monophosphate; ATP,
adenosine triphosphate; NAD, nicotinamide adenine dinucleotide; FAD,
flavin adenine dinucleotide
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superoxide and accelerated age-dependent bone loss due to
decreased osteoblast activity and increased osteoclastogenesis
[26] (Table 1). Excessive ROS can result in mitochondrial
dysfunction and activation of the mitochondrial permeability
transition pore (MPTP), mitochondrial swelling and decreased
ATP production. This is associated with age-related bone dis-
ease. Inhibiting MPTP opening through genetic deletion of
cyclophilin D (CypD) protects mitochondrial function and
promotes both osteoblast differentiation in vitro and bone
anabolism in vivo [27, 28¢] (Table 1). The precise regulation
of osteoblast differentiation by ROS is muddled. ROS can
oxidize the cysteine and methionine residues within proteins
causing reversible and/or irreversible conformational changes
[29, 30]. ROS has been shown to limit the DNA binding
ability of RUNXI1 (a close homologue to RUNX2) through
cysteine and methionine oxidation [31]. Other studies found
ROS inhibited osteoblast differentiation by reducing RUNX2
expression and activity either through transcriptional repres-
sion [32] or secondarily by affecting DNA binding and
transactivation of target promoters downstream of Nrf2 [33].
Alternatively, H,O, can activate AMPK directly through ox-
idative modifications (including Cys—SOH and S-
glutathionylation) and subsequent conformational change of
the AMPK-o subunit although this may be an indirect conse-
quence of REDOX changes [34, 35]. Nevertheless, given that
AMPK plays a critical role regulating Runx2 stability, it is
likely that ROS can indirectly regulate Runx2 and osteoblast
differentiation downstream of AMPK [36].

Glycolysis

Glucose is a major energy source for most mammalian cells
including osteoblasts. Osteoblasts in vitro and bones in vivo
are characterized by robust glucose consumption [36, 37, 38]
which has been shown to rapidly increase in response to os-
teogenic stimuli like WNT, IGF, and PTH [4., 39, 40].
Glucose is transported into the cell by the GLUT family of
glucose transporters of which osteoblasts express Glutl,
Glut3, and Glut4 [36, 41, 42]. GLUT]1 is the major glucose
transporter in osteoblasts as genetic studies in mice show
GLUTT1 is essential for osteoblast differentiation and required
for the bone anabolic effects of WNT7b [36, 43¢] (Table 1).
Mechanistically, GLUT1 provides glucose to regulate
RUNX2 protein expression by maintaining ATP levels to lim-
it AMPK activation and preventing RUNX2 ubiquitination
and degradation. RUNX2 potentiates further glucose uptake
and bone matrix production by increasing GLUT1 expression
[36]. This highlights the exquisite sensitivity of RUNX2 and
the dependence of osteoblast differentiation on glucose uptake
and ATP availability.

Glucose is metabolized in the cytoplasm by glycolysis
[44]. Complete metabolism of glucose via glycolysis yields
two pyruvate molecules, two ATP, and two reducing
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equivalents in the form of NADH. Pyruvate can be converted
to either lactate, used for alanine biosynthesis or further oxi-
dized in the TCA cycle. The reduction of pyruvate into lactate
is catalyzed by the enzyme lactate dehydrogenase (LDH) de-
pendent on the oxidation of NADH. It is thought the regener-
ation of oxidized NAD" is essential for further glycolysis.
Alternatively, the enzyme pyruvate dehydrogenase (PDH) de-
carboxylates pyruvate to form acetyl-CoA, which can subse-
quently enter the TCA cycle. Glycolysis occurs in two stages,
the first of which consumes two ATP and ultimately generates
fructose 1,6-bisphosphate (F1,6BP), which is cleaved to form
two interconvertible three carbon molecules glyceraldehyde
3-phosphate (G3P) and dihydroxyacetone phosphate
(DHAP). In the second stage of glycolysis, each G3P is even-
tually converted to pyruvate, producing two ATP in the pro-
cess. It is important to note that individual glycolytic interme-
diates can feed into other metabolic pathways. For example,
G6P is metabolized in the pentose phosphate pathway (PPP)
to generate ribose S-phosphate, the backbone of nucleic acids,
and the reducing equivalent nicotinamide adenine dinucleo-
tide phosphate (NADPH). NADPH is essential for anabolic
reactions and to reduce oxidized glutathione (GSH) and thio-
redoxin (TRX) to neutralize ROS [45]. 3-phosphoglycerate
(3PG) feeds into the serine biosynthetic pathway which pro-
duces NADPH and serine which can subsequently be convert-
ed to glycine, an important constituent of both collagen and
GSH. The serine biosynthetic pathway is also important for
one-carbon metabolism to generate methyl groups for the
methylation of DNA and histones [46]. Thus, in addition to
ATP production, glycolysis produces several intermediate
metabolites that contribute to various biosynthetic pathways
and regulate diverse cellular processes predicted to be impor-
tant for osteoblast differentiation.

Osteoblasts primarily metabolize glucose into lactate both
in vitro and in vivo [4e, 39, 40]. Recent metabolic tracing
studies estimate that up to 80% of glucose is converted to
lactate in mature osteoblasts even in the presence of abundant
oxygen [40]. This phenomenon is also known as the Warburg
effect or aerobic glycolysis [47]. Consistent with high lactate
production, approximately 40% of ATP in immature osteo-
blasts and almost 80% of ATP in mature osteoblasts is esti-
mated to be generated via glycolysis [13¢, 48, 49¢]. Lactate
itself can be converted to pyruvate by LDHB and undergoes
oxidative metabolism to induces osteoblast differentiation in
part by stabilizing HIF1a [50]. It is not entirely clear why
lactate production is preferred compared to pyruvate oxidation
in the TCA cycle. OXPHOS produces more than 15 times
more ATP than glycolysis; however, glycolysis produces
ATP at a rate almost 100 times faster that OXPHOS [51,
52]. One possibility is that increasing lactate production limits
OXPHOS-dependent ROS generation and oxidative stress.
Lactate production also regenerates NAD" which facilitates
glycolysis and rapid ATP production independent of oxygen
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availability. This in turn would allow osteoblasts to rapidly
utilize available glucose and provide more glycolytic interme-
diates for biosynthetic reactions [40, 53, 54]. Along those
lines, mitochondrial malic enzyme (ME), which converts py-
ruvate to malate and produces NAD" via the malate aspartate
shuttle, was shown to be essential for glycolysis in cultured
osteoblasts [4¢]. This suggests an important function of the
mitochondria is to sustain glycolysis in osteoblasts.

Glycolysis is directly regulated by many osteogenic signals
and is essential for osteoblast differentiation and bone anabo-
lism. For example, genetic stabilization of HIF1« in osteoblasts
stimulates glycolysis which is essential for increased bone for-
mation in this model [55]. Conversely, the NOTCH pathway
inhibits osteoblast differentiation in part by suppressing the
expression of multiple glycolytic enzymes and thus limiting
glycolysis (Table 1). Similarly, MiR-34a, a negative regulator
of osteoblast differentiation, reduces glucose uptake and glycol-
ysis by targeting GLUT1, HK2, and LDHA to prevent osteo-
blast differentiation in human MSC [56¢]. Importantly, reintro-
duction of LDHA could overcome the inhibition of osteoblast
differentiation by miR-34a [56¢]. Conversely, the osteogenic
signals WNT and PTH both increase HK2, PDK1, and
LDHA expression to stimulate glycolysis during osteoblast dif-
ferentiation albeit via distinct mechanisms [39, 40]. WNT acti-
vates mTORC?2 directly whereas PTH acts indirectly through
IGF and mTORC?2 to induce glycolytic enzyme expression [39,
40]. More recent studies have identified other signals that reg-
ulate glycolysis including the myokine irisin and nitric oxide
(NO) [57, 58¢]. These studies underscore how glycolysis is an
essential feature of differentiating osteoblasts and must be tight-
ly regulated for osteoblast differentiation and bone formation.
Highlighting the necessity of glycolytic upregulation, numer-
ous studies have demonstrated that pharmacological inhibition
of glycolysis using either the PDK inhibitor dichloroacetate
(DCA) or the PFK3B inhibitor 3PO reduces bone anabolism
in numerous and diverse genetic mouse models of high bone
mass [39, 55, 59¢] (Table 1). Conversely, treating mice with the
LDHA inhibitor oxamate increased bone formation and im-
proved bone strength with more pronounced effect in aged mice
[60e]. It is not clear if this discrepancy is due to disparate re-
quirements for glycolysis during physiological and pathological
bone formation, aging effects, or off target inhibition of aspar-
tate aminotransaminase [61]. It is likely due to mitochondrial
compensation as oxamate stimulated OXPHOS in vitro [60¢],
whereas inhibiting glycolysis using DCA or 3PO should limit
pyruvate production and its subsequent oxidation. It will be
important to evaluate the malate aspartate shuttle and glycolysis
directly in this model.

Amino Acid Metabolism

Amino acids are another potential energy source in osteo-
blasts. In addition to being critical for protein synthesis, amino

acids can be metabolized to generate ATP either directly or
indirectly. For example, proline oxidation occurs in the inner
mitochondrial membrane to form pyrroline-5-carboxylate
(P5C) by proline dehydrogenase (PRODH). Proline oxidation
by PRODH generates FADH, which donates electrons to
complex II of the ETC coupling proline oxidation to ATP
synthesis [62]. In comparison, other amino acids can be me-
tabolized to produce anapleurotic TCA substrates. These ami-
no acids are categorized as either ketogenic, glucogenic, or
both. Ketogenic amino acids are metabolized to form acetyl-
CoA, whereas glucogenic amino acids metabolized into either
pyruvate, OAA, aKG, fumarate, or succinyl-CoA. Amino
acid metabolism through the TCA cycle has recently been
shown to be critical for various cellular processes including
proliferation, differentiation, and protein synthesis [9, 63, 64,
65¢, 66°, 67, 68°].

Relatively little is known about the direct contribution of
amino acids to osteoblast energetics. Most recent studies have
focused on the amino acid glutamine. Multiple studies have
shown that glutamine uptake and metabolism increase during
osteoblast differentiation [65¢, 66¢, 67+, 68¢]. Glutamine up-
take in osteoblasts is mediated primarily by the transporter
SLC1AS5, which also transports asparagine [67¢, 68¢].
SLC1A5 expression increases during differentiation and is
regulated by both WNT and PTH as well as the transcription
factor ATF4 [66e, 67, 69]. In addition to SLC1AS, WNT
increases glutamine uptake through SLC7A7 in a 3-catenin-
dependent manner [67¢]. Once inside the cell, glutamine me-
tabolism is initiated by the enzyme glutaminase (GLS) which
deaminates glutamine to form glutamate which can be further
deaminated to produce «KG. Genetic ablation of GLS at dif-
ferent stages of osteoblast differentiation uniformly results in
decreased bone mass and prevents PTH-induced bone forma-
tion due to decreased osteoblast differentiation and bone for-
mation [65¢, 66¢, 70] (Table 1). Tracing studies performed in
both bone marrow stromal cells (BMSC) and calvarial osteo-
blasts (cOB) found that glutamine carbon is enriched in xKG
and other TCA cycle intermediates [65¢, 66¢, 68¢]. Moreover,
glutamine metabolism is essential to maintain xKG levels in
osteoblasts and exogenous «KG can rescue proliferation in
bone marrow stromal cells (BMSC) deprived of glutamine
[65¢] and proliferation and osteoblast differentiation in com-
mitted osteoblast precursors lacking GLS [66¢]. One recent
study found that xKG supplementation in drinking water at-
tenuated age-associated bone loss and rejuvenates BMSCs
[71]. This phenotype was attributed to epigenetic changes
although bioenergetics were not evaluated in this model.
Thus, glutamine metabolism likely contributes directly to
OXPHOS in osteoblasts. Consistent with this, in ST2 cells,
WNT increases both GLS expression and the flux of gluta-
mine into the TCA cycle to fulfill the energetic demands
caused by WNT induced protein synthesis [70]. However,
one recent study found that GLS inhibition did not affect
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OXPHOS in calvarial osteoblasts indicating glutamine metab-
olism does not contribute substantially to osteoblast energetics
[4]. It is important to note that GLS inhibition did not affect
osteoblast differentiation in this study. Further studies into the
role of glutamine metabolism in osteoblast energetics are
warranted.

Amino acid metabolism may regulate osteoblast energetics
and differentiation secondarily. For example, arginine is ca-
tabolized by NOS to generate NO which activates glycolysis
[58¢]. xKG can be generated from glutamate by transamina-
tion in the malate aspartate shuttle. Our data indicates that
transamination is a major route of *KG formation in osteo-
blasts ([65¢], unpublished). Here, the transaminases GOT1 or
GOT?2 produce aspartate and «KG using oxaloacetate and
glutamate [3]. Highlighting the importance of this reaction,
inhibiting transaminase activity using AOA reduces prolifer-
ation in BMSC [65¢, 68¢]. Likewise, glutamine-derived aspar-
tate synthesis is essential for chondrocyte proliferation [72¢].
Aspartate biosynthesis occurs in the malate aspartate shuttle.
Thus, limiting glutamine uptake and/or metabolism may im-
pact osteoblast bioenergetics by limiting the malate aspartate
shuttle. In this instance, limiting glutamine availability or me-
tabolism would reduce glutamine-derived glutamate (and
«KG) which would impede the malate aspartate shuttle and
limit glycolysis. Consistent with this hypothesis, inhibiting
transaminase activity reduces glucose uptake in osteoblasts
[4¢]. Alternatively, aspartate, glutamine, and glycine are all
essential for the biosynthesis of nucleotides like adenine
which is the precursor of ATP.

In addition to «KG and other TCA intermediates, tracing
studies found that glutamine carbon is enriched in many down-
stream metabolites including GSH and NEAA ([65¢, 66°] and
unpublished). Glutamine-derived NEAA are essential for protein
and matrix biosynthesis and osteoblast differentiation [66¢]. In
addition, NEAA may also contribute to energetics. For example,
arginine biosynthesis is essential for osteoblast differentiation
and was recently linked to glycolysis. Here, the enzyme
argininosuccinate lyase (ASL) provides arginine which is then
catabolized by NOS to provide NO and regulate glycolysis [58¢].
Mechanistically, it is not clear how NO regulates glycolysis al-
though it is likely through S-nitrosylation of glycolytic proteins
[58¢]. On the other hand, GSH is critical to neutralize ROS and
regulate osteoblast viability [66+, 68+]. GSH levels increase dur-
ing osteoblast differentiation in BMSC and were found to be
significantly higher in committed osteoblast progenitors com-
pared to committed adipocyte progenitors [49e, 73]. HIF 1«
regulates GLS expression in periosteal osteoblasts and en-
hances glutamine-derived GSH production [74]. This is
essential for periosteal cell survival which is critical for
bone healing in a critical size defect model [66°, 74]
(Table 1). Mechanistically, glutamine-derived GSH may
function to neutralize ROS generated by OXPHOS to pre-
vent oxidative stress and promote mitochondrial activity.
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B-oxidation of Lipids

Lipids are another energy-rich carbon source in osteoblasts
estimated to provide between 40 and 80% of the energy pro-
vided by glucose [75]. Lipids can be metabolized to produce
energy in a multistep process known as (3-oxidation. [3-
oxidation occurs in the mitochondrial matrix and ultimately
results in the formation of acetyl-CoA. Fatty acids are first
transported into the mitochondria by the carnitine shuttle.
Here, carnitine palmitoyltransferase 1 (CPT1) generates
acyl-carnitine which is shuttled inside the mitochondria in
exchange for carnitine. Acyl-carnitine is converted to acyl-
CoA on the inner mitochondrial membrane by CPT2. Acyl-
CoA then undergoes (3-oxidation in the mitochondrial matrix
where two carbons are sequentially cleaved off as acetyl-CoA.
Even chain fatty acids can be completely oxidized into acetyl-
CoA, whereas odd chain fatty acids ultimately form acetyl-
CoA and succinyl-CoA. Complete oxidation of lipids by f3-
oxidation yields the most ATP per molecule compared to glu-
cose or amino acids (Table 1).

Compared to glucose, investigation into fatty acid metabo-
lism in osteoblasts has received less attention. A few elegant
studies have demonstrated that bone is a major site of post-
prandial lipid uptake, and that fatty acid oxidation can con-
tribute to ATP production [75, 76, 77¢]. Consistent with this,
inhibiting (3-oxidation using etomoxir, an inhibitor of CPT1,
reduces the oxygen consumption rate (OCR) in mouse BMSC
and ['*CJ-oleate oxidation to "*CO, in calvarial osteoblasts
[78, 79]. Cpt] mRNA expression increases during differenti-
ation and may be directly regulated by PPARS [14-].
Consistent with these mRNA changes, fatty acid uptake and
[3-oxidation increase during osteoblast differentiation al-
though the dynamics of these changes are not entirely clear.
Studies of calvarial osteoblasts found free fatty acid uptake
increases transiently, whereas ['*C]-oleate oxidation to
4C0, increased nearly 300% during differentiation [4, 79].
By comparison, bone marrow stromal cells (BMSC) have
higher reliance on 3-oxidation at earlier stages of differentia-
tion as determined by OCR. This discrepancy likely reflects
the different developmental stage and/or origin of BMSC and
calvarial cells respectively as well as the disparate methods
utilized.

Recent studies have highlighted the essential nature of fatty
acids for osteoblast differentiation and bone formation. Fatty
acid availability is crucial for osteoblast specification and dif-
ferentiation. When fatty acids are replete mesenchymal pro-
genitor cells differentiate into osteoblasts. Conversely when
fatty acids are absent, mesenchymal progenitor cells increase
SOX9 expression and undergo chondrocyte rather than oste-
oblast differentiation [80¢]. This likely reflects the distinct
metabolic state of chondrocytes which are highly glycolytic
and are characterized by low expression of fatty acid oxidation
genes compared to osteoblasts [6, 80e].
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Table 1 Summary of phenotypic analysis of metabolic pathways
Metabolic Targeted metabolic Function/regulation  Cre line or Phenotype Ref
pathway enzyme or pharmacological
signaling pathway inhibitor
Glucose GLUT1 Glucose uptake Dermo-Cre; Sp7-Cre  Defective bone development [36]
metabolism Bglap-Cre Reduced bone mass [36]
Osx-Cre™R? Reduced WNT7b-induced bone mass [43¢]
Prx1Cre; Col2-Cre Impaired endochondral ossification [48¢]
Destabilizes GLUT1  Impaired bone development and less postnatal bone [92]
by knocking out formation
Mstl/2
Destabilizes GLUT1  Decreased bone formation. [36]
by activating
AMPK using
AICAR
GLUT4 Glucose uptake Bglap-Cre Normal bone architecture [42]
PDK1 Inactivation of DCA Reduced bone formation in response to PTH [39]
pyruvate Reduced bone formation in response to HIF1 [55, 93¢]
dehydrogenase stabilization in osteoblasts
Reversed skeletal dysplasia in mice with conditional [6]
knockout of PHD2 in chondrocytes.
PFKFB3 Glycolytic enzyme ~ 3PO Abrogates the increase of bone mass caused by [59°]
NOTCH2 deletion
LDHA Lactate Oxamate Increased bone mineral density, bone formation rate  [60¢]
dehydrogenase and bone strength.
Mitochondrial Cyclophilin D Positive regulator of  Prx1-Cre Improved mitochondrial function leading to better ~ [27, 28¢]
respiration MPTP. fracture healing and osseointegration
Tfam Mitochondrial Prx1-Cre Dispensable for chondrocyte survival. Overactive [94]
transcription mitochondrial respiration is detrimental to
chondrocytes
Polg Mitochondrial DNA ~ Mutation Accelerated bone loss due to reduced osteoblast [15¢]
polymerase numbers and increased bone resorption.
gamma
PPARS Nuclear receptor; Runx2-Cre Reduced bone formation. Decreased OXPHOS [14-]
regulates in vitro.
mitochondrial
respiration
Reactive FoxO1 Transcription factor ~ Collal-Cre; Mx-Cre  Increased oxidative stress and less bone formation 95, 96]
oxygen for antioxidant
species enzymes
Nrf2 Transcription factor ~ Global knockout Increased oxidative stress and less bone formation ~ [97]
for antioxidant
enzymes
SIRT3 Promotes SOD2 Global knockout Decreased bone mass. [10°]
activity by
deacetylation
Fatty acid CPTla Mitochondrial shRNA knock down,  SSC lacking CPTla fail to differentiate into [80°]
metabolism translocation of transplant osteoblasts.
acyl-CoA
CPT2 Mitochondrial Ocn-Cre Female mice with CPT2 deletion have low bone mass [77¢]
translocation of
acyl-CoA
Amino acid ATF4 Transcription factor ~ Collal-Cre Decreased bone mass due to reduced bone formation [2]
metabolism  GCN2 Amino acid sensor;  Global knockout Reduced bone mass due to decreased SSC [69]
Integrated stress proliferation and reduced osteoblast numbers and
response activity.
GLS Deaminates BPTES Reduced bone formation caused by hyperactive [70]
glutamine LRP5
Limited collagen production caused by PHD2 KO in [6]
chondrocytes.
Sp7-Cre Reduced bone mass due to decreased osteoblast [66°]

differentiation and activity.
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Table 1 (continued)

Metabolic Targeted metabolic Function/regulation  Cre line or Phenotype Ref
pathway enzyme or pharmacological
signaling pathway inhibitor
Prx1-Cre; LepR-Cre ~ Reduced bone mass due to decreased SSC [65¢]
proliferation, altered SSC specification, reduced
osteoblast numbers and bone formation.
Col2-Cre Reduced growth plate size. [72]
Slcla5 Neutral amino acid ~ Sp7-Cre Impaired intramembranous and endochondral [68°]
transporter — ossification.
provides gln and
asn
ASL Arginine Hypomorph Decreased bone mass due to reduced glycolysis. [58]

biosynthesis

Osteoblasts also are characterized by the presence of lipid
droplets both in vitro and in vivo following steroid treatment,
excess alcohol consumption, and aging [78, 81-84]. The pur-
pose of these lipid droplets in osteoblasts is unclear, however
inhibiting lipid droplet synthesis using triacsin C prevented
osteoblast differentiation in vitro [78]. Lipid droplets may
function to store excess lipids for later metabolism to fuel
differentiation and bone formation. Alternatively, lipid drop-
lets may function to protect membranes from peroxidation
reactions due to excessive ROS [85].

The importance of fatty acid oxidation for osteoblast dif-
ferentiation is clear as etomoxir prevents osteoblast differen-
tiation in vitro [79]. Similarly, knocking down Cpt/a in peri-
osteal derived cells prevents osteoblast differentiation and
bone healing in a fracture model [80¢] (Table 1).
Interestingly, genetic ablation of CPT2 in mature osteoblasts
resulted in a sexually dimorphic bone phenotype with a tran-
sient decrease in bone volume in males compared to females
which had decreased bone mass at all ages [77¢] (Table 1).
This appears to result from effects of estrogen as CPT2 mutant
osteoblasts increased glucose consumption and glycolysis in
the absence of exogenous estrogen [77¢]. This demonstrates
the plasticity of osteoblast nutrient selection is greater in male
mice due to less hormonal regulation.

Like glycolysis, multiple osteogenic signaling pathways
regulate fatty acid metabolism in the bone. Early studies in
osteoblast cultures found 1,25(0OH),D5 and insulin either
stimulated or reduced fatty acid oxidation while PTH had no
effect [75]. However, PTH may influence fatty acid availabil-
ity by inducing lipolysis in adipocytes which generates fatty
acids that can be transferred to BMSC in vitro [86°]. Recent
studies have focused on regulation by the WNT signaling
pathway specifically through the coreceptor Lrp5 [79].
LRPS5 activity is both necessary and sufficient to regulate the
expression of 3-oxidation genes and fatty acid oxidation
in vitro [79]. Mechanistically, the canonical WNT/[3-catenin
pathway directly stimulates fatty acid oxidation in osteoblasts

@ Springer

[79]. Tt is interesting that WNT rapidly stimulates both glycol-
ysis and (3-oxidation albeit through distinct pathways (mTOR
and {3-catenin respectively). This may reflect a need for an
additional source of anapleurotic acetyl-CoA (from f3-
oxidation) to sustain the TCA cycle in osteoblasts.

Summary

In this review, we have highlighted the recent advances
in our understanding of bioenergetic metabolism in o0s-
teoblasts. However, we remain a long way from a com-
plete understanding of the molecular and cellular func-
tion of bioenergetics in osteoblasts during differentia-
tion, bone formation and in disease. With this in mind,
many outstanding questions remain. Is bioenergetic me-
tabolism involved in bone and mineral pathologies (e.g.,
vascular calcification, aging, and diabetes related bone
loss or ectopic ossification) and is this important for
disease progression? Can metabolism be exploited to
modulate osteoblast differentiation or bone anabolism?
A wealth of knowledge about cellular metabolism has
been gleaned from studies of cancer cells and diabetes
which have resulted in novel metabolic therapies
[87-90]. Perhaps these metabolic strategies can be
repurposed to reduce excessive bone formation or path-
ological mineralization in humans. On the other hand,
enhancing metabolism could stimulate osteoblast differ-
entiation or activity and be used to promote bone for-
mation in patients with osteopenia or osteoporosis.
Indeed, the two primary bone anabolic agents,
teriparatide, and romosozumab activate pathways that
induce bone anabolism in part through metabolic regu-
lation [39, 66, 91]. Thus, pharmaceutical or dietary
strategies to enhance osteoblast metabolism may be use-
ful to stimulate bone anabolism in the elderly or in
patients with low bone mass disorders.
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