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Abstract
Osteoclasts are bone-resorbing cells that play an essential role in the remodeling of the bone. Defects in osteoclasts thus result in
unbalanced bone remodeling, leading to numerous pathological conditions such as osteoporosis, bone metastasis, and inflam-
matory bone erosion. Metabolism is any process a cell utilizes to meet its energetic demand for biological functions. Along with
signaling pathways and osteoclast-specific gene expression programs, osteoclast differentiation activates metabolic programs.
The energy generated frommetabolic reprogramming in osteoclasts not only supports the phenotypic changes frommononuclear
precursor cells to multinuclear osteoclasts, but also facilitates bone resorption, a major function of terminally differentiated,
mature osteoclasts. While oxidative phosphorylation is studied as a major metabolic pathway that fulfills the energy demands of
osteoclasts, all metabolic pathways are closely interconnected. Therefore, it remains important to understand the various aspects
of osteoclast metabolism, including the roles and effects of glycolysis, glutaminolysis, fatty acid synthesis, and fatty acid
oxidation. Targeting the pathways associated with metabolic reprogramming has shown beneficial effects on pathological
conditions. As a result, it is clear that a deeper understanding of metabolic regulation in osteoclasts will offer broader translational
potential for the treatment of human bone disorders.
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Introduction

As bone-resorbing cells, osteoclasts differentiate from mye-
loid lineage cells, a process during which osteoclast precursor
cells fuse with one another to produce giant, multinucleated
cells [1, 2]. At the same time, mononuclear preosteoclasts
generate a variety of proteins to induce fusion and promote
osteoclast differentiation, which demands increased bioener-
getics [3]. When differentiation is complete, mature osteo-
clasts are tightly attached to the bone, forming sealing zones
that isolate a resorptive compartment; ruffled boarders are

developed in the mature osteoclast membranes within these
zones. The proton pumps and chloride channels in ruffled
boarders facilitate the massive transport of transcellular acid,
which acidifies the resorptive compartment. As a result, when
bone matrix is released, it is subsequently resorbed by acid
proteases released from osteoclasts, such as cathepsin K [4].
Osteoclasts are also highly motile [5]. Thus, although energy
metabolism in osteoclasts has not been extensively investigat-
ed, both osteoclast formation and bone resorption are viewed
as energy-intensive steps that require active metabolic
reprogramming.

Given the rapid development of metabolic studies, the im-
portant functions and drivers of metabolic reprogramming in
osteoclast differentiation have been increasingly highlighted
and uncovered in recent years. However, understanding of
metabolic reprogramming in osteoclasts remains in an early
stage, with incomplete characterizations. In this review, we
identify recent insights on metabolic reprogramming during
osteoclastogenesis and bone resorption, examining how cellu-
lar metabolism shape osteoclasts, and offering questions that
must be addressed by the scientific community going forward,
in order to target the interplay between osteoclasts and their
pathological environments.
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Mitochondria biogenesis in osteoclasts

Cellular processes are driven by the hydrolysis of adenosine
triphosphate (ATP), a key factor for energy transfer and stor-
age in cells, as well as a building block for DNA, RNA, and
proteins. Cellular ATP levels are correlated with cell viability,
and the depletion of ATP leads to the necrosis or apoptosis of
cells [6]. Mitochondria are unique, double-membrane organ-
elles responsible for energy generation in cells, converting
oxygen and nutrients into ATP [7]. Beyond ATP production,
mitochondria also produce metabolic precursors and reactive
oxygen species and maintain ion homeostasis and sense
stressors [8]. The proper functioning of mitochondria is criti-
cal for the successful differentiation of osteoclasts.

Cells with higher levels of mitochondria are considered to
have higher capacities for energy generation. RANKL-
induced osteoclastogenesis results in increases in mitochon-
dria size and number, with mature osteoclasts containing an
abundance of mitochondria [9]. Due to the direct increase in
mitochondria, osteoclast differentiation has long been con-
sidered a process of active metabolic reprogramming and
adaptation. Consistently, several factors related to mitochon-
drial biogenesis and functions, such as peroxisome
proliferator–activated receptor-gamma coactivator 1β
(PGC1β), peroxisome proliferator–activated receptor γ
(PPARγ), and estrogen-related receptor α (ERRα), have
been shown to play a fundamental role in osteoclast differ-
entiation and function. Such factors govern key metabolic
processes through the transcriptional regulation of distinct
metabolic genes during osteoclast differentiation undertaken
as a part of bone remodeling [10–13]. Among them, PGC1β,
a known regulator of mitochondrial biogenesis in a wide
array of cells, has been shown to stimulate mitochondrial
biogenesis in osteoclasts [10]. This link between PGC1β
and osteoclasts is well established. PGC1β-deficient mice
exhibit increased bone mass with impaired osteoclast func-
tion, and the deletion of PGC1β suppresses in vitro osteo-
clastogenesis [10, 11]. RANKL can induce PGC1β in many
ways, such as via ROS and pCREB activation [10]. Wei et al.
show that PGC-1β can be induced by β-catenin when cells
are treated with rosiglitazone, a PPARγ agonist [11]. PGC1β
is also induced by alternative NF-κB downstream pathways
of RANKL [14]. However, the overexpression of PGC1β
does not restore impaired osteoclastogenesis and defective
mitochondrial biogenesis of RelB cKO osteoclasts.
Furthermore, overexpression of PGC1β has been observed
to be incapable of rescuing defects in mitochondrial biogen-
esis in ASXL2-deficient cells [15]. These results suggest that
mitochondrial biogenesis during osteoclast differentiation is
regulated in both PGC1β-dependent and PGC1β-
independent manners [16] and that PGC1β regulates osteo-
clastogenesis by controlling other factors in addition to the
generation of mitochondria (Fig. 1a). Therefore, while

RANKL stimulation induces mitochondrial biogenesis
through complicated signaling cascades, it is unclear wheth-
er mitochondrial biogenesis is a prerequisite for osteoclast
differentiation and function.

Mitochondria have their own mitochondrial DNA
(mtDNA), which encode genes of the respiratory chain. The
mitochondrial transcription factor A (Tfam) regulates mtDNA
transcription and repair, and controls mtDNA copy numbers
[18]. Myeloid cell-specific Tfam deficiency causes the deple-
tion of mtDNA and reduces ATP production in osteoclasts
[19]. However, despite significantly decreased mitochondrial
biogenesis levels, Tfam cKO mice exhibit similar the bone
mass compared to control mice, with increased resorption ac-
tivity and accelerated apoptosis. These results suggest that
mitochondrial biogenesis is not a key determining factor for
osteoclast formation and activity.

Oxidative phosphorylation

Mitochondrial structure is uniquely built with two mem-
brane layers known as the outer and inner membranes
(Fig. 1b). Mitochondria generate energy mainly through
oxidative phosphorylation (OXPHOS). OXPHOS gener-
ates ATP through reactions by the electron transport
chain (ETC) located in the inner membrane. Although
the production of most mitochondrial ATP takes place
through a series of reactions known as the citric acid or
Krebs cycle, OXPHOS has been identified as the prima-
ry bioenergetic source for osteoclast formation [20–22].
The treatment of ETC inhibitors blocks osteoclastogen-
esis and cells lacking complex I subunits fail to differ-
entiate into osteoclasts [23]. The RANKL program in-
creases mitochondrial respiratory chain proteins and
MYC induces ERRα and the expression of ETC genes,
and plays a critical role in activating OXPHOS [20],
suggesting MYC as a key upstream regulator for meta-
bolic reprogramming in osteoclasts. Subsequently,
DNMT3A-mediated regulation of methylation increases
S adenosylmethionine (SAM), which accompanies oxi-
dative phosphorylation [21]. Osteoclast-specific MYC-
deficient mice exhibit increased bone mass due to de-
fective osteoclast development, and osteoporosis-induced
bone loss is protected in MYC-deficient mice [20].
Thus, disturbing oxidative phosphorylation in osteoclasts
results in changes in the bone phenotype by decreasing
osteoclast numbers. In contrast to osteoclast differentia-
tion, bone resorption is enhanced when OXPHOS is
low. Treatment cells with rotenone, an inhibitor of the
mitochondrial complex I, has been shown to enhance
osteoclast activity [22]. Therefore, the metabolic switch
between OXPHOS and glycolysis fine-tunes osteoclast
state transitions.
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Fig. 1 Mitochondria play an
important role in osteoclast
differentiation. a Osteoclasts are
formed by the fusion of
monocytic osteoclast precursors
after precursor cell exposure to
osteoclastogenic signals such as
RANKL. During differentiation,
osteoclast precursor cells undergo
rapid and extensive changes in
shape and size to generate
multinuclear cells. In fully
differentiated mature osteoclasts,
mitochondria are formed in a
complex tubular network,
increasing in size and full of
cristae. Mitochondria biogenesis
is induced by PGC1β-dependent
and independent mechanism. b
Electro transport chain (ETC) re-
actions occur in the inner mem-
brane of mitochondria, and ETC
is the site of oxidative phosphor-
ylation. Electron transfer couples
with the transfer of protons (H+),
leading to generating proton gra-
dient. NADH and FADH2: re-
duced electro carriers; Q: ubiqui-
none; C; cytochrome C. c
RANKL signaling induces
PGC1β, which is involved in mi-
tochondria biogenesis, and the
MYC-ERRα axis to regulate
ETC gene expression and
OXPHOS
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Glycolysis

Cells provide ATP through the consumption of fuels, includ-
ing carbohydrates (sugars), fats, and proteins [24].
Carbohydrates are indigested into smaller components
known as monosaccharides: glucose, fructose, and galactose.
Glucose is processed by cells through a sequentially linked
enzyme cascade to produce ATP (Fig. 2). Pyruvate can be
utilized to fuel OXPHOS or converted into acetyl CoA in
mitochondria, feeding into the tricarboxylic acid (TCA) cy-
cle. As a final product of glycolysis, pyruvate enters mito-
chondria in aerobic conditions and converts into lactate in
anaerobic conditions.

Additionally, glucose serves as a major source for bone
development and growth and plays a crucial role in the skel-
etal system [25]. Treatment with inhibitors that block the gly-
colysis pathway or the depletion of glucose in culture media
has demonstrated inhibited osteoclastogenesis, implying that
glycolysis plays a key role in osteoclast differentiation [26].
During osteoclast differentiation, the glycolytic rate is not in-
creased relative to resting precursor cells, but mature osteo-
clasts have been shown to have higher glycolytic rates.
Glycolysis is currently viewed as an influential factor in the
bone resorption of mature osteoclasts [22]. When mature os-
teoclasts are exposed to glucose-only media, type I collagen
degradation activity is significantly enhanced while glycolytic
efficiency in producing lactate is significantly diminished
[22]. Interestingly, immunohistochemistry analysis has found
PKM2 and GAPDH, enzymes associated with the glycolytic
pathway, to be located close to the sealing zones of mature

osteoclasts, where bone resorption occurs. These results sug-
gest glycolysis to be a driving energetic pathway for bone
resorption.

Moreover, glucose uptake is mediated by glucose trans-
porters [27]. Glucose transporters such as facilitative glucose
transporters (GLUTs) or sodium-coupled glucose transporters
(SGLTs) mediate glucose transfer across the cell membranes.
GLUTs are a member of the SLC2A protein family and com-
prise 14 isoforms. Class I GLUTs are GLUT1-4; GLUT1, a
ubiquitous glucose transporter, is responsible for basal glucose
uptake. GLUT2 and GLUT3 are identified as high-affinity
neuronal glucose transporters and GLUT3 is crucial for em-
bryonic development. GLUT4, an insulin-sensitive glucose
transporter expressed in the adipose tissue and skeletal and
cardiac muscle, identifies changes in circulating glucose.

Hypoxia increases the expression of hypoxia-inducible fac-
tors (HIFs) and their target genes, which are important for
glycolytic metabolisms such as GLUT1, lactate dehydroge-
nase (LDH), and angiogenesis, including VEGF [28]. The
HIF-1 transcription factor consists of an oxygen-regulated al-
pha subunit—HIF1α—and a stable subunit, HIF1β. When
oxygen is present, HIF1α is hydroxylated by prolyl hydroxy-
lases and the following ubiquitylation of hydroxylated HIF1α
by the von Hippel-Lindau (VHL) protein leads to rapid
proteasomal degradation of HIF1α. Reduced oxygen inhibits
proline hydroxylation, allowing HIF1α stabilization and the
formation of an active transcriptional complex with HIF1β.
Hypoxia augments osteoclastogenesis by increasing glycoly-
sis via a COMMD1/E2F1 pathway [29]. During osteoclasto-
genesis, RANKL activates HIF-1α and induces the expression
of GLUT1 and glycolytic enzymes—even under normoxia
conditions [26]—with increased glycolysis appearing to be
mediated by HIF-1α [26, 28]. The role of HIF-1α in osteo-
clasts has been addressed in the context of hypoxia and
ovariectomy-induced osteoporosis [26, 30], and HIF-1α has
been shown to regulate osteoclast activity [31–35]. However,
the connections between RANKL signaling and HIF-1 have
not been fully elucidated. Glucose conversion to lactate is also
enhanced in hypoxic environments [36]. LDH, which cata-
lyzes pyruvate into lactate, is increased during osteoclast dif-
ferentiation; the knockdown of LDHA or LDHB decreases
differentiation [37]. Therefore, basal glycolytic activity is re-
quired for osteoclast differentiation, and increased glycolysis
fuels bone resorption.

mTOR and osteoclasts

The mammalian target of rapamycin (mTOR) is a serine/
threonine kinase and well-established regulator of metabolic
processes [38]. mTOR exists in two structurally and function-
ally distinct complexes: mTORC1 and mTORC2. mTOR co-
ordinates metabolic/anabolic pathways to provide

Fig. 2 Osteoclasts increase glycolytic flux. Extracellular glucose crosses
plasma membrane via GLUT1. Glycolysis converts glucose to pyruvate,
producing two molecules of ATP in the process. Pyruvate then enters
mitochondria and the production of most mitochondrial ATP takes
place through a series of reactions known as TCA cycle (tricarboxylic
acid cycle). HIF1 regulates the expression of glycolytic genes including
GLUT1 and LDHA. TCA cycle intermediate citrate is used for lipid
synthesis and acetyl-CoA is converted into fatty acid by fatty acid syn-
thesis and cholesterol. Glutamine is converted into alpha-ketoglutarate
(α-KG)
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macromolecules and the energy needed for cell survival and
growth. mTORC1 is comprised of mTOR, RAPTOR (regula-
tory-associated protein of mTOR), mLST8 (mammalian lethal
with Sec13 protein 8), PRAS40 (proline-rich AKT substrate
40 kDa), and Deptor (DEP-domain-containing mTOR-
interacting protein). When mTORC1 is activated, mTORC1
phosphorylates and is released from PRAS40 and Deptor for
further activation. The activation of mTORC1 is required dur-
ing the development, differentiation, and activation of diverse
cell types to provide macromolecules such as lipids and pro-
teins. mTORC1 promotes metabolic/anabolic pathways and
protein synthesis in addition to controlling autophagy forma-
tion and has been linked to mitochondrial biogenesis and me-
tabolism. However, aberrant or persistent activation of
mTORC1 is connected to various diseases, including inflam-
mation, type 2 diabetes, and cancers. Rapamycin is an inhib-
itor of mTOR and interacts with the FKBP12-rapamycin bind-
ing domain (FRB) of mTOR by binding to the FK506-binding
protein of 12 kDa (FKBP12); rapamycin has been increasing-
ly used to treat various pathological conditions. mTORC2
consists of mTOR, Rictor (rapamycin-insensitive companion
of mTOR), mSIN1 (mammalian stress-activated protein ki-
nase interacting protein), Protor-1 (protein observed with
Rictor-1, mLST8), and Deptor. mTORC2 regulates actin cy-
toskeletal organization and cell morphology, in addition to
fully activating AKT signaling molecules.

mTOR regulates both osteoclasts and osteoblasts, playing
an important role in skeletal development and disease [39].
mTOR signaling is required for osteoclast formation and sur-
vival [40]. mTORC1, mTOR/raptor axis contributes to cyto-
plasm growth while mTORC2, mTOR/rictor/Akt axis regu-
lates the fusion of precursor cells [41]. mTORC1 activity is
highest in osteoclast precursor cells but decreases as osteo-
clasts mature, correlating with the expression pattern of nutri-
ent transporters and metabolic enzymes [42]. Raptor deficien-
cy in early stages of hematopoiesis and osteoclast lineages
(Cathepsin K cre) leads to increased bone mass and impaired
osteoclastogenesis. Remarkably, all effects mediated by
Raptor deficiency can be rescued by overexpressing constitu-
tively active S6K1 or rapamycin treatment, suggesting a de-
pendence on mTOR signaling [43]. In contrast, Raptor defi-
ciency in myeloid cell lineages (Lysozyme M cre) enhances
osteoclastogenesis [42]. TSC1 is a suppressor of mTOR.Mice
with a deficiency of TSC1 in myeloid lineage cells or osteo-
clasts have constitutively high mTOR signals but exhibit
higher bone mass than control mice [44], supporting the neg-
ative role of mTOR activation in osteoclasts. Studies of tuber-
ous sclerosis complex patients with mutations in TSC1/2 dem-
onstrate a negative correlation between bone metabolism and
mTOR signaling. In addition, mTOR activation in mesenchy-
mal stem cells (MSCs) promotes bone mineral accretion and
inhibits osteoclast differentiation and activity directly or via
coupling with MSCs. Thus, mTOR biophysically regulates

osteoclast differentiation and bone quality by suppressing cat-
abolic activities of osteoclasts [44].

Lipid metabolism

Cells also utilize lipid species as an energy source. Numerous
lipid species exist in cells, infused into different cellular met-
abolic pathways and networks. The skeleton is a metabolically
dynamic tissue; bone cells sensitively respond to environmen-
tal changes. Changes in cellular environments such as inflam-
mation, diets, exercise, and other metabolic disease conditions
or genetic mutations of key proteins in lipid metabolism alter
cellular metabolic pathways and lead to the metabolic adapta-
tion of bone cells. For example, hyperlipidemia increases bone
resorption and osteoclasatogenesis [45]. A positive correlation
between increased fracture risk and high cholesterol or hyper-
lipidemia has been suggested by many studies.

Accumulated in the skeleton, fatty acids are required for the
maintenance of normal bone structure in mice [46]. Human
bone marrow contains 28~84% of neural lipids—including
triglyceride, cholesterol, and free fatty acids—and less than
3% of phospholipids [47]. Fatty acids in osteoclasts can be
derived from de novo lipogenesis or taken up through passive
diffusion derived from adipocyte lipolysis or triacylglycerol
lipolysis.When fatty acids enter the mitochondria matrix, they
are used as substrates for fatty acid oxidation (FAO), which
provides and maintains energy homeostasis. Moreover, fatty
acids can also be stored as lipid droplets or make up cell
membranes.

Long-chain polyunsaturated fatty acids (LCPUFAs) are es-
sential fatty acids with a minimum of 18 carbons and 2 double
bonds [28]. Anti-inflammatory ω-3 LCPUFAs are derived
from α-linolenic acid while pro-inflammatory ω-6
LCPUFAs are derived from linoleic acid (LA). LCPUFAs,
which cannot be synthesized in the body and must be supplied
in diets, directly suppress osteoclastogenesis and osteoclast
activity [48, 49]. Nonetheless, the effect of LCPUFAs on bone
health is inconclusive [50]. Saturated fatty acids (SFA) pro-
mote osteoclast survival by preventing apoptosis in a TLR4-
dependent way [51]. Although several studies demonstrate
osteoclastogenesis suppression after treatment of SFA in the
early phase, adding SFA in the late phase promotes osteoclast
differentiation. Short-chain fatty acids (SCFA) and other mi-
crobial metabolites can be produced in the gut from the mi-
crobial fermentation of dietary fiber [52]. SCFA modulates
systemic immune functions [53] and suppresses in vitro and
in vivo osteoclastogenesis [54]. SCFA C3 and C4 enhance
glycolysis at the expense of OXPHOS and downregulate
osteoclast-related genes such as NFATc1. Additionally,
SCFA and related products protect mice from ovariectomy-
induced bone loss. The supplementation of the right
probiotics, SCFA, or diets that increase the endogenous
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production of SCFA may assist in balancing osteoclast-
mediated bone resorption and bone formation. Therefore, di-
ets and microbiomes greatly contribute to the supply and pro-
cessing of fatty acids, leading to changes in the bone.

Cholesterol plays an important role in many cellular func-
tions and is an essential component of lipid bilayers. However,
excess accumulation of cholesterol is highly deleterious to
cells and underlies the pathogenesis of a number of metabolic
diseases. High cholesterol may increase bone turnover. Statins
such as simvastatin, lovastatin, atorvastatin, pravastatin, and
mevastatin are the most prescribed cholesterol-lowering
drugs2, and suppress osteoclastogenesis and promote osteo-
genesis [56]. However, the correlation between statins and
bone remains inconclusive. Cellular cholesterol can be sup-
plied through imports from lipoproteins or synthesis via the
tightly regulated mevalonate pathway. Lipoproteins are parti-
cles that contain triacylglycerol, cholesterol, phospholipids
and amphipathic proteins known as apolipoproteins.
Diacylglycerol acyltransferase 1 (Dgat1) controls fatty acid
absorption, lipoprotein assembly, and regulation of plasma
TAG (triacylglycerol) concentrations [57]. Dgat1 knockout
mice have low levels of TAG and decreased bone mass [17].
The depletion of low-density lipoprotein (LDL) suppresses
osteoclast formation [58]. Consistently, LDLR-deficient oste-
oclasts display fusion and survival defects [59]; impaired os-
teoclastogenesis in LDLR-deficient osteoclasts is rescued by
the addition of cholesterol [60]. Removing cholesterol
through treatment with cyclodextrin or high-density lipopro-
tein (HDL) has also been demonstrated to increase apoptosis
via ABCG1 and, consequently, suppress osteoclastogenesis
[60]. The depletion of cholesterol has been further found to
suppress V-ATPase activity by disturbing lipid rafts and af-
fecting bone resorption [61]. Therefore, different lipid species
may have distinct role in osteoclast differentiation and activity.

Conclusions

This review outlines the metabolic properties of osteoclasts
and the mechanisms that control energy substrate utilization
and bioenergetics in osteoclast differentiation and activity.
The studies discussed here have identified major metabolic
pathways in osteoclasts and the role of key checkpoint pro-
teins in their differentiation and function. Moreover, while
several, currently available drugs diminish osteoclast differen-
tiation or activity, there remains room for improvement, par-
ticularly in the areas of patient side effects and target specific-
ity. Targeting metabolism has proven to be an effective thera-
py for certain diseases, including many cancers, and full com-
prehension of the metabolic networks of osteoclasts may lead
to the development of novel therapeutic interventions for path-
ological bone loss that target the metabolic differences be-
tween overly active and normal osteoclasts.

These bioenergetic changes in osteoclasts for physiologi-
cal and pathological conditions have recently garnered in-
creased interest. However, the metabolism remains a rela-
tively new area of research in osteoclast biology, and little
is known about the metabolic changes and programs that
play crucial roles in osteoclast differentiation and bone re-
sorption. Given the importance of metabolic regulation in
osteoclasts, several considerations should be addressed in
future studies. First, the relationship between osteoclasts
and their metabolic environment must be carefully exam-
ined. Nutritional availability and diet types all contribute to
individual metabolic conditions, which change frequently
and rapidly, and metabolic deregulation—such as diabetes
mellitus—also affects systemic and local metabolite avail-
ability and bone health. Therefore, investigating how osteo-
clasts sense and interact with nutrients will significantly af-
fect the ability to design better, more specific therapeutics
that can control the fates and functions of osteoclasts in di-
verse metabolic environments. Second, the cellular metabol-
ic status of osteoclasts in different diseases settings requires
characterization. While pathological bone loss results from
various factors, including aging and menopause, it can also
occur as a result of metabolic deregulation. The modification
of an individual’s surrounding environment dynamically af-
fects the metabolic status of his or her osteoclasts, which
further leads to epigenetic regulation in chromatin or protein
modifications. Thus, establishing the metabolic differences
between healthy and disease-conditioned osteoclasts will
provide more expansive knowledge regarding the changes
caused by bone diseases and assist in their treatment.
Third, the impacts of anti-resorptive therapies on metabolic
networks in osteoclasts need to be revisited. Although overly
active osteoclasts have prevailing energy requirements for
differentiation and function, how anti-resorptive therapies
influence the interlinked metabolic network in osteoclasts
remains unexplored. Finally, since metabolites can directly
regulate gene expression through post-transcriptional modi-
fications [62], going forward, integrated studies combining
metabolism with transcriptomics will be necessary.

As examined, the identification of the metabolic charac-
teristics of osteoclast generation and bone resorption will
provide deeper scientific insight into the changes that occur
during the pathogenesis of osteoclast-mediated bone dis-
eases. With this improved understanding of the human oste-
oclast metabolism, we may also see the rise of innovative
therapeutic interventions that specifically target osteoclast
activity.
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