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Abstract
Mature osteoclasts have an increased citric acid cycle
and mitochondrial respiration to generate high ATP
production and ultimately lead to bone resorption.
However, changes in metabolic pathways during
osteoclast differentiation have not been fully
illustrated. We report that glycolysis and oxidative
phosphorylation characterized by glucose and oxygen
consumption as well as lactate production were
increased during receptor activator of nuclear factor-
κB ligand (RANKL)-induced osteoclastogenesis from
RAW264.7 and bone marrow-derived macrophage
cells. Cell proliferation and differentiation varied
according to glucose concentrations (0 to 100 mM).
Maximal cell growth occurred at 20 mM glucose
concentration and differentiation occurred at 5 mM
concentration. Despite the similar growth rates

exhibited when cultured cells were exposed to either
5 mM or 40 mM glucose, their differentiation was
markedly decreased in high glucose concentrations.
This finding suggests the possibility that
osteoclastogenesis could be regulated by changes
in metabolic substrate concentrations. To further
address the effect of metabolic shift on
osteoclastogenesis, we exposed cultured cells to
pyruvate, which is capable of promoting mitochondrial
respiration. Treatment of pyruvate synergistically
increased osteoclastogenesis through the activation
of RANKL-stimulated signals (ERK and JNK). We also
found that osteoclastogenesis was retarded by
blocking ATP production with either the inhibitors of
mitochondrial complexes, such as rotenone and
antimycin A, or the inhibitor of ATP synthase,
oligomycin. Taken together, these results indicate that
glucose metabolism during osteoclast differentiation
is accelerated and that a metabolic shift towards
mitochondrial respiration allows high ATP production
and induces enhanced osteoclast differentiation.
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Introduction

Cellular metabolic pathways are strictly regulated
and provide flexible modulation of cellular responses to
environmental changes, nutrition, growth factors, and
aging. The aging process in the human body induces
changes in metabolism and decreases bone quality [1, 2].
Aging-related disorders, such as tumors and diabetes,
result in metabolic abnormalities with alterations in glucose
utilization. Tumors have a shift in their metabolism from
oxidative phosphorylation to glycolysis, which results in
elevated glycolysis even in the presence of oxygen.
Several tumors with high glucose-utilizing metabolisms
via glycolysis lead to bone diseases [3-6]. Type I diabetes,
a state which is characterized by hyperglycemia and no
insulin secretion, is associated with bone loss through its
ability to decrease bone remodeling, or osteoporosis [7].

Bone is the only solid tissue in the human body. As a
living and dynamic tissue, bone is remodeled by a delicate
balance between bone-forming osteoblasts and bone-
resorbing osteoclasts. Recently, shifts in metabolic
pathways have been observed during osteoblast
differentiation [8]. When osteoblasts were differentiated
from ascorbic acid treated calvaria-originated cells, cellular
metabolic activity, glycolysis, and respiration fluctuated
during sequential differentiation stages [8]. In the
undifferentiated period, the ratio of lactate production to
glucose consumption was approximately 2, indicating that
the major energy source in this period depends on
glycolysis. Furthermore, the rate of cellular respiration at
the early stages of differentiation was markedly increased
to allow active proliferation. In contrast, both glycolysis
and respiration were enhanced during middle and late
stages of osteoblast maturation in order to biosynthesize
the components demanded for differentiation.

Another study reported that high metabolic activity
and ATP production could be required for the serial
processes of osteoclast differentiation, including
proliferation, migration, and fusion to form multinuclear
cells, as well as for bone resorption in mature osteoclasts.
This possibility is consistent with the following evidence:
(i) exogenous ATP stimulated osteoclast formation and
resorption pit formation [9], (ii) that osteoclasts have
abundant mitochondria [10], (iii) that metabolic enzymes
involved in the citric acid cycle and oxidative
phosphorylation were upregulated during osteoclast
differentiation [11], and (iv) that a large amount of ATP is
used by vacuolar-type H+-ATPases in mature osteoclasts
to pump protons into an extracellular resorption area [10].
These events lead to an acidification that dissolves apatite

crystal and degrades organic bone matrix.
Although metabolic changes in bone-relating cells

appear to be implicated in bone remodeling, little is known
about endogenous metabolic regulation at the early stages
of osteoclast differentiation. The goal of our study was
to examine how metabolism is regulated during osteoclast
differentiation and whether metabolic substrates and
disturbances can modulate osteoclast differentiation. Our
findings demonstrate that glucose metabolism, such as
glycolysis and mitochondrial respiration, is accelerated at
an early stage of the receptor activator of nuclear factor-
κB ligand (RANKL)-induced osteoclast differentiation.
In addition, we found that metabolic alterations could
modify osteoclast differentiation.

Materials and Methods

Cell culture
The murine monocytic RAW264.7 cell line is capable of

differentiating into osteoclasts by stimulation with RANKL.
We maintained this cell line under a humidified atmosphere of
5% CO2 at 37°C in Dulbecco’s Modified Eagle’s Medium
(DMEM) containing 25 mM glucose (Invitrogen, cat. no. 11971,
Carlsbad, CA), 10% fetal bovine serum (FBS), and antibiotics.

Osteoclast differentiation
Bone marrow-derived monocytes were isolated from the

tibia and femur of 6-week-old C57BL/6 female mice by flushing
the bone marrow cavity with minimum essential medium-alpha
(α-MEM) containing 5.5 mM glucose and 1 mM pyruvate
(Invitrogen, cat. no. 12571). The cells were centrifuged and the
red blood cells were removed by a treatment with ACK buffer
(0.15 mM NH4Cl, 1 mM KCO3, and 0.1 mM EDTA, pH 7.4) for 30
sec. The remaining cells were then washed with α-MEM. Next,
the harvested cells were cultured with α-MEM containing 10%
FBS and 5 ng/ml macrophage colony-stimulating factor (M-
CSF, Genetics Institute, Cambridge, MA) for 12 h. The non-
adherent cells were collected, seeded on a 24-well culture plate
at 5 × 104 cells /well, and incubated for 3 days with α-MEM
containing 30 ng/ml M-CSF to generate bone marrow-derived
macrophages (BMMφ) into osteoclast precursors. In our study,
glucose and pyruvate-free DMEM (Invitrogen, cat. no. 11966)
was used to assess the effects of metabolic substrates on
osteoclast differentiation. We called this medium DMEM-W/
O. BMMφ were adapted in DMEM-W/O with either glucose
only (5 mM or 40 mM) or glucose plus pyruvate (1 mM)
containing 30 ng/ml M-CSF and 10% FBS that had been dialyzed
for 24 h with phosphate-buffered saline (PBS) to remove
metabolites, such as glucose and pyruvate. Cells were then
cultured with soluble RANKL (100 ng/ml), which is a key factor
stimulating the differentiation of osteoclasts [12], for 4 days to
generate osteoclasts. The media were changed on day 2.

To induce differentiation of RAW264.7 macrophage-like
cells into osteoclasts, the cells were cultured in the presence of
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100 ng/ml RANKL for 4 days. In addition, to test the effects of
metabolic substrates on differentiation, cells at a concentration
of 1.5 x 104 cells/1 ml were seeded on 24-well culture plates and
maintained for 24 h in culture media containing 10% dialyzed
FBS and glucose ranging in concentrations from 0 mM to 100
mM, glucose (5 mM or 40 mM), or glucose plus pyruvate (5
mM). Afterwards, cells were cultured with RANKL for 4 days.
Fresh media were administered on day 2.

TRAP staining and activity
Cells were fixed and stained for tartrate-resistant acid

phosphatase (TRAP) and tartrate-resistant acid phosphatase-
positive multinucleated (> 3 nuclei) cells (TRAP(+) MNCs).
Positive staining cells were counted as osteoclasts under a
light microscope. The specific TRAP activity was determined
as described elsewhere by measuring the absorbance of the
stained cells at 405 nm [13].

MTT assay
RAW264.7 cells were plated at a density of 1 x 103 cells/

well/100 µl on 96-well culture plates at various medium
conditions, including broad range of glucose concentrations
from 0 mM to 100 mM and the combination of glucose and
pyruvate. The cells were also incubated for 30 min in a
colorimetric substrate MTT (3-(4,5-dimethylthiazol-2-thiazolyl)-
2,5-diphenyltetrazolium bromide; Sigma, St. Louis, MO) at a
final concentration of 500 µg/ml. After washing with PBS, the
cells were dissolved in dimethyl sulfoxide and the cell viability
was examined by reading the absorbance of each sample at 570
nm.

Measurements of glucose and lactate contents in culture
media
RAW264.7 cells and BMMφ were cultured in various

conditions for the indicated times. Glucose concentrations in
the conditioned medium were determined by using a Glucose
(GO) Assay Kit (Sigma). To measure lactate contents in the
conditioned medium, the medium was heat-inactivated at 80°C
for 10 min and centrifuged at 12,000 x g for 10 min at 4°C. A 500
µl reaction mixture containing 0.32 mM glycine (pH 9.2), 0.32
mM hydrazine, 9.6 mM nicotinamide adenine dinucleotide, and
3 U/ml lactate dehydrogenase (Sigma) was incubated at room
temperature for 2 min, after which the reaction was started by
adding 500 µl of the prepared medium. Lactate concentration
was measured by reading the absorbance increase at 340 nm
using a DU® 650 spectrophotometer (Beckman Coulter, Fullerton,
CA). This reading reflected the reduction of nicotinamide
adenine dinucleotide in the sample.

Oxygen consumption
RAW264.7 cells and BMMφ (5 x 104 cells/well/200 µl)

were seeded into a 96-well plate with the BDTM Oxygen Biosensor
System (BD Biosciences, Franklin Lakes, NJ). After plating,
cells were adapted for 12 h and cultured in various conditioned
media. The amount of fluorescence was analyzed at the indicated
times by a Fluostar Optima (BMG Labtechnologies, Durham,
NC) with an excitation at 485 nm and an emission at 590 nm.

Measurement of intracellular peroxides and free thiol
groups
Intracellular peroxides and free thiol groups were analyzed

with 2´,7´-dichlorofluorescin diacetate (Sigma) and 5,5´-
dithiobis-(2-nitrobenzoic acid) (Sigma), as described elsewhere
[14].

Western blot analysis
RAW264.7 cells (2 x 105 cells /60-mm dish) were cultured

with glucose alone (5 mM or 40 mM) or with the combination of
glucose and pyruvate (5 mM) for 24 h. After stimulation with
100 ng/ml RANKL for 10 min, whole cell lysates were prepared
with a lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1
mM EDTA, 1% Nonidet P-40, 0.1% SDS, 2 mM Na3VO4, 1 mM
glycerol phosphate, and 1X protease inhibitor cocktail). The
resulting supernatant was collected by centrifugation and
fractionated by electrophoresis on a 10% SDS-polyacrylamide
gel. The separated proteins were transferred onto an Immobilon-
P membrane (Millipore, Bedford, MA) and probed with rabbit
antibodies against mitogen-activated protein kinases (MAPKs),
extracellular signal-regulated kinase (ERK), phospho-ERK, c-
Jun NH2-terminal kinase (JNK), phospho-JNK, p38, and
phospho-p38 (Cell Signaling, Beverly, MA). All blots were then
probed with a rabbit HRP-conjugated secondary antibody (Cell
Signaling) and developed by ECL (Lab Frontier, Korea). The
relative phosphorylated protein levels were determined as
follows. First, the densitometric intensities of the
phosphorylated target protein or its total counterpart from the
western blots were measured with a LAS-1000 Plus (Fuji Photo
film, Japan). The ratio of the target protein to the total protein
levels in each sample was then calculated to correct for
differences in protein loading. To obtain the relative levels of
protein, this ratio was normalized to the phosphorylated target
protein divided by the total counterpart negative control ratio.

Statistical analysis
Data were evaluated by analysis of variance using the

STATISTICA 6.0 software package. When significant
differences were found, pair wise comparisons were performed
using Scheffe’s adjustment. Differences were considered
statistically significant if their associated p-values were less
than 0.05.

Results

Metabolic switch to accelerated glycolysis and
mitochondrial respiration during RANKL-
stimulated osteoclast differentiation
The main energy source for cell function,

proliferation, and differentiation is ATP. ATP is generated
by metabolic pathways, such as glycolysis in the cytosol
and the citric acid cycle and oxidative phosphorylation in
the mitochondria. A large ATP content is required for the
serial stages of osteoclast differentiation, cell proliferation,

Metabolic Changes in Osteoclastogenesis Cell Physiol Biochem 2007;20:935-946
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migration, and the final fusion of mononucleated cells to
form multinucleated cells. To test whether metabolic
pathways could be altered during RANKL-stimulated
osteoclast differentiation, we assessed cellular glycolytic
activity by measuring glucose consumption and lactate
accumulation in cell culture media. We also determined
cellular oxygen consumption in order to analyze
mitochondrial oxidative phosphorylation. After RANKL
treatment, RAW264.7 cells (Fig. 1A) and BMMφ (Fig.
1C) both had gradual, time-dependent increases in glucose
consumption and lactate accumulation. Moreover,
RANKL-stimulated cells had accelerated mitochondrial
respiration compared with RANKL-untreated control
cells (Fig. 1B, D). Our experimental system has no
influence on cell growth for the indicated times (data not
shown), indicating that metabolic shift is not due to the
effect of cell damage.

Reactive oxygen species are caused by electron
leakage via mitochondrial electron transport [15, 16], and
intracellular and extracellular acidosis are mainly
originated in lactic acid generated from glycolysis [17].
To confirm high cellular metabolic activity, we determined
the cellular redox status and pH alterations in the culture
media. RAW264.7 cells were cultured in the absence or
presence of RANKL for 12 h to measure intracellular
peroxides and for 48 h to analyze total thiol groups.
Treatment of RANKL significantly increased the level
of intracellular peroxides (Fig. 2A, left panel) and
subsequent thiol oxidation. These events eventually
resulted in a decreased cytosolic thiol content (Fig. 2A,
right panel). When extracellular pH changes in the culture
media were monitored directly by a pH meter after
transfer of the cells to a HCO3

--free incubator, the
extracellular pH of RANKL-treated cells was significantly

Kim/Jeong/Kang/Jung/Kang/Min

Fig. 1. Metabolic changes during RANKL-stimulated osteoclast differentiation. A and C: Glucose consumption and lactate
accumulation in culture media. RAW264.7 cells (2 x 105 cells /60-mm dish) and BMMφ (0.5 x 106 cells /60-mm dish) were cultured
in DMEM-W/O containing 10% dialyzed FBS and 5 mM glucose and in α-MEM containing 10% dialyzed FBS and 30 ng/ml M-
CSF in the absence or presence of RANKL, respectively. Glucose and lactate contents were assayed in the medium at the
indicated times. Data are expressed as the mean ± S.D. (n = 3) from a representative experiment of three independent experiments.
B and D: Oxygen consumption. RAW264.7 cells and BMMφ were seeded into 96-well Oxygen Biosensor plates, cultured, and
fluorescence intensity was measured at the indicated times. Assay conditions were the same as in (A) and (C). Data are expressed
as the mean ± S.D. (n = 4).   , Control;    , RANKL.

Cell Physiol Biochem 2007;20:935-946
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lower than the extracellular pH of RANKL-untreated
control cells. This decrease in extracellular pH occurred
in a time-dependent manner (Fig. 2B). Our results indicate
that immature osteoclasts display high rates of glycolysis
and mitochondrial respiration in an early stage of
RANKL-stimulated osteoclastogenesis.

Fig. 2. Physiological changes in response to RANKL. A:
Determination of the intracellular redox status. RAW264.7 cells
were cultured in the absence or presence of RANKL for 12 h to
measure intracellular peroxides (left panel) and for 48 h to analyze
total thiol groups (right panel) as described in the Figure 1A
legend. The contents of intracellular peroxides and total thiol
groups were determined in the cytosolic fractions. *P < 0.01
versus RANKL-untreated control. **P < 0.05 versus RANKL-
untreated control. B: pH changes in the culture media.
RAW264.7 cells (1x106 cells /60-mm dish/4 ml) were adapted
under an HCO3

--supplied incubator for 6 h and washed with
PBS. Cells were then cultured in 1 mM HEPES-buffered DMEM
[Since Invitrogen company had no the conditioned medium
without sodium bicarbonate, glucose, and pyruvate, we
exceptionally used DMEM (Invitrogen cat. no. 31600) without
sodium bicarbonate and with 5.5 mM glucose and 1 mM
pyruvate to test pH alteration within a narrow range.] and
adjusted to a pH 7.5 with NaOH in the absence or presence of
RANKL. After transferring to HCO3

--free incubator, the pH of
the culture media was directly measured using a pH meter
(Thermo Orion Model 420) at the indicated times. Data are
expressed as the mean ± S.D. (n = 3) from a representative
experiment of three independent determinations. Δ, medium
alone;   , control;   , RANKL.

Fig. 3. Effect of metabolic substrates on osteoclast
differentiation. A: Effect of various glucose concentrations on
cell growth and differentiation. RAW264.7 cells (1 x 103 cells/
well) were seeded into a 96-well culture plate and cultured in
DMEM-W/O with various concentrations of glucose in the
absence (upper panel) or presence (lower panel) of RANKL.
On day 5, the extent of cell growth and differentiation was
determined by a colorimetric MTT assay (upper panel) and
TRAP activity (lower panel), respectively. Data are expressed
as the mean ± S.D. (n = 4). B: Synergistic effect of pyruvate on
osteoclast differentiation. RAW264.7 cells and BMMφ were
seeded and then cultured in DMEM-W/O with glucose only (5
mM or 40 mM) or glucose plus pyruvate (5 mM in RAW264.7
cells; 1 mM in BMMφ) as described in the “Materials and
Methods” section. After incubation with RANKL (RAW264.7
cells) or M-CSF plus RANKL (osteoclast precursors) for 4 days,
the number of TRAP(+) MNCs was counted under a light
microscope. Data are expressed as the mean ± S.D. (n = 3). *P
< 0.01 versus 5 mM glucose-treated cells. **P < 0.05 versus 5
mM glucose-treated cells.

Regulation of RANKL-stimulated osteoclast
differentiation by metabolites
Progressive osteoblast differentiation coincides with

changes in cellular metabolism and mitochondrial activity.
Thus, these changes likely play a key role in osteoblast
function [8]. Our study shows that immature osteoclasts

Metabolic Changes in Osteoclastogenesis Cell Physiol Biochem 2007;20:935-946
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display high rates of glycolysis and mitochondrial
respiration. To test whether metabolites could regulate
RANKL-stimulated osteoclast differentiation, we studied
the effects of various glucose concentrations and the
combination of glucose and pyruvate on
osteoclastogenesis. Cell growth increased in a dose-
dependent manner for glucose concentrations up to 20
mM. However, cells treated with glucose concentrations
over 20 mM had a sequential decrease in cell growth
(Fig. 3A, upper panel). TRAP activity, which is a hallmark
of osteoclastogenesis, was also maximally increased
when cells were treated with 5 mM of glucose. This TRAP
activity gradually decreased with glucose concentrations
over 5 mM (Fig. 3A, lower panel). While similar growth
patterns were observed in cells treated with either 5 mM
or 40 mM glucose, the extent of osteoclast differentiation
with the 40 mM glucose treatment was significantly lower
than the amount of differentiation observed with the 5
mM glucose treatment. We also confirmed that the growth
of cells treated with 5 mM glucose is analogous to that of
cells treated with 40 mM glucose, determining via the
trypan blue method (data not shown). As shown in Figure
1 and Figure 3A, the data suggest a possibility that
RANKL-stimulated osteoclastogenesis could be regulated
by metabolic shifts. To manipulate cellular metabolism,
cultured cells were treated with pyruvate, a compound
which accelerates mitochondrial respiration (Fig. 4) [18].
The number of TRAP(+) MNCs generated from
RAW264.7 cells and BMMφ in the presence of RANKL
increased significantly more when cells were cultured in
5 mM glucose than when the cells were cultured in 40
mM glucose. When the cells were exposed to a
combination of glucose and pyruvate, the number of
TRAP(+) MNCs was synergistically increased
compared to the number of cells generated by treatments
with glucose alone (Fig. 3B). To examine whether
RANKL-stimulated osteoclast differentiation could be
controlled by osmotic stress, we counted the number of
TRAP(+) MNCs after treating RAW264.7 cells for 4
days with either 40 mM glucose consisting of 5 mM D-
glucose and 35 mM L-glucose, 5 mM D-glucose, or 40
mM D-glucose in the presence of RANKL. The number
of TRAP(+) MNCs generated under conditions of 40
mM glucose containing both 5 mM D-glucose and 35
mM L-glucose was similar to the number of TRAP(+)
MNCs generated with 5 mM D-glucose. However, the
number of cells generated under both these conditions
was significantly higher than when cells were cultured
with 40 mM D-glucose (data not shown), suggesting that

osmotic stress has no influence on osteoclast
differentiation.

To confirm whether the addition of both glucose and
pyruvate to the culture medium can lead to an altered
metabolism, we analyzed metabolic shifts. At 5 mM
glucose concentrations, the glucose metabolism (glucose
consumption and lactate accumulation in culture media)
in both RANKL-treated and -untreated cells was
diminished by the addition of pyruvate to the cultures (Fig.
5A). Similarly, extracellular pH decreased in RANKL-
treated cells at both the 5.5 mM and the 40 mM glucose
concentrations, while the addition of pyruvate significantly
induced the increase of the extracellular pH at both
glucose concentrations in RANKL-treated and -untreated
cells (Fig. 5B). These results are consistent with an
increase in both glucose consumption and lactate
accumulation in culture media that can be attributed to
the addition of pyruvate to the cultures. Although glucose
consumption at 40 mM glucose concentration levels could
not be distinguished between RANKL-treated and -
untreated cells, lactate accumulation and pH alterations
in the culture media had similar patterns in cells treated
with 5 mM glucose (Fig. 5A , B). In addition, after a 30 h
incubation with pyruvate, cellular oxygen consumption
increased in a time-dependent manner (Fig. 5C and

Kim/Jeong/Kang/Jung/Kang/Min

Fig. 4. Changes in oxygen consumption by pyruvate.
RAW264.7 cells (5 x 104 cells/well) were seeded into 96-well
Oxygen Biosensor plates, adapted for 12 h, and cultured further
in DMEM-W/O with either glucose alone (5 mM) or glucose
(5 mM) plus pyruvate (5 mM) in the absence of RANKL.
Fluorescence intensity was measured at the indicated times.
  , glucose alone;   , glucose plus pyruvate.

Cell Physiol Biochem 2007;20:935-946
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Fig. 4). This result is consistent with previous observations
[18]. Moreover, we observed that oxygen consumption
was decreased in cells treated with 40 mM glucose
compared to cells treated with 5 mM glucose (Fig. 5C).
These results indicate that high glucose levels suppress
mitochondrial respiration and that pyruvate treatment leads
to metabolic shifts in glycolysis toward oxidative
phosphorylation. However, cellular redox status was not
significantly different in our model system (Fig. 5D). These
cumulative data suggest the possibility that metabolic shifts
can regulate osteoclastogenesis.

Metabolic shifts regulate RANKL-induced
osteoclast differentiation signaling events
Elevated extracellular glucose levels activate p38

MAPK in osteoblasts and endothelial cells [19, 20], but
fail to change ERK and JNK activities. Additionally,
pyruvate stimulates JNK1 activity but not JNK2 and p38
activities; however, in HeLa cells, pyruvate induces a small
increase in ERK activity [21]. Because the activation of
metabolite-induced signaling is cell type dependent, we
determined whether metabolic shifts in RAW264.7 cells
could regulate RANKL-stimulated signals, including the

Metabolic Changes in Osteoclastogenesis

Fig. 5. Physiological changes in response to metabolic substrates. A: Glucose consumption and lactate accumulation. RAW264.7
cells were seeded as described in the Figure 1A legend and adapted in DMEM-W/O containing either glucose alone (5 mM or 40
mM) or the combination of pyruvate (5 mM) for 24 h. Cells were further cultured in the absence or presence of RANKL for 24 h.
Glucose consumption (upper panel) and lactate accumulation (lower panel) were assessed in the cell culture medium. Data are
expressed as the mean ± S.D. (n = 3). *P < 0.01. **P < 0.05. B: pH changes in the cell culture medium. Cells were adapted to the
culture medium for 6 h before a 24 h incubation in 1 mM HEPES-buffered DMEM (pH 7.5) with either 0 and 34.5 mM glucose (final
concentrations equal to 5.5 and 40 mM glucose) or 0 and 4 mM pyruvate (final concentrations equal to 1 and 5 mM pyruvate)
under an HCO3

--free incubator. The pH in the culture medium was monitored with a pH meter 24 h after RANKL stimulation. A
white bar (  ) indicates medium alone. Data are expressed as the mean ± S.D. (n = 3). ND; not determined. *P < 0.01. C: Oxygen
consumption. RAW264.7 cells (5 x 104 cells/well) were seeded into a 96-well Oxygen Biosensor plate. Oxygen consumption was
measured 30 h after the initial culture as in A. D: determination of the intracellular redox status. The contents of the intracellular
peroxides and total free thiol groups were assessed as in Figure 2A. ND: not determined.

Cell Physiol Biochem 2007;20:935-946
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signals from MAPKs (ERK, JNK, and p38) that are
necessary for osteoclastogenesis. The phosphorylation
of ERK and JNK was notably enhanced by RANKL
treatment at 5 mM compared with 40 mM glucose
concentrations. In addition, ERK and JNK activation
increased further by pyruvate treatment. Although p38
phosphorylation was enhanced by RANKL, this
phosphorylation was not affected by either of the different
glucose concentrations or the combination of glucose and
pyruvate (Fig. 6). Taken together, these results indicate
that metabolic shifts are partially correlated to the
alteration of RANKL-induced signaling transmission.

Blocking ATP generation decreases RANKL-
stimulated osteoclast differentiation
Osteoclastic bone resorption requires high ATP

contents [10, 22, 23]. Our study shows that glucose
metabolism and mitochondrial respiration were enhanced
at an early stage of RANKL-stimulated
osteoclastogenesis, ultimately leading to accelerated
metabolic shifts toward high ATP production. Additionally,
metabolic shifts to respiration by pyruvate induced
increased osteoclastogenesis. Therefore, we evaluated
the effect of ATP modulation by treating RAW264.7 cells
with mitochondrial complex inhibitors (complex I,
rotenone; complex II, thenoyltrifluoroacetone; complex

III, antimycin A) or oligomycin, an inhibitor of F0/F1-
ATPase. This treatment depleted ATP by inhibiting its
production. As shown in Figure 7A, treatment of the
inhibitors of complexes I and III decreased the number
of TRAP(+) MNCs in a dose-dependent manner, but not
that of complex II, known as a minor pathway in
mitochondrial electron streams. The number of TRAP(+)
MNCs generated by oligomycin were notably decreased
in a dose-dependent manner (Fig. 7B). These results are
consistent with results obtained with inhibitors of the
mitochondrial complexes I and III. The inhibitors did not
affect cell growth when they were used at the indicated
concentrations and times (data not shown), suggesting
that the differential osteoclast formation via ATP content
alteration is not caused by cellular cytotoxicity. Taken
together, these results indicate that blocking ATP
generation significantly decreases RANKL-stimulated
osteoclast differentiation.

Discussion

In general, cellular metabolism is very flexible and
meets various physiological demands by altering energy
and metabolic substrate utilization. Because mature
osteoclasts require high ATP demands to support bone

Fig. 6. Effect of a metabolic substrate on RANKL-
stimulated signaling. RANKL-stimulated
signaling. After RAW264.7 cells (2 x 105 cells /60-
mm dish) were adapted for 24 h in DMEM-W/O
with glucose (5 mM or 40 mM) and the combination
of glucose and pyruvate (5 mM), the cells were
stimulated with RANKL for 10 min. Whole-cell
lysates were generated and immunoblotted with
specific antibodies to p-ERK, ERK, p-JNK, JNK,
p-p38, and p38. Data are representative of at least
three independent experiments.

Kim/Jeong/Kang/Jung/Kang/MinCell Physiol Biochem 2007;20:935-946
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resorption and biosynthetic intermediates to supply many
cellular constituents [10, 22] and because the formation
of mature osteoclasts are achieved in at least three stages
(including proliferation, migration, and fusion to form
multinucleated giant cells), the generation of high ATP
levels and other biosynthetic intermediates through
metabolic pathways might be required for serial osteoclast
differentiation. Here, we observed that metabolic
pathways switched to an accelerated glycolytic and
oxidative metabolism at an early stage of
osteoclastogenesis and that a metabolic shift toward
oxidative phosphorylation potentiated RANKL-stimulated
osteoclast differentiation.

Osteoclast precursors may undergo differential
metabolic shifts at various stages during their
differentiation in order to provide the cells with energy
and biosynthetic intermediates. Previous report has
identified that potential metabolic changes may arise from
post-differentiation osteoclastic processes. For example,
when comparing mRNA and protein expression profiles
occurring during RANKL-stimulated osteoclastogenesis,
Czupalla et al. [11] identified upregulated metabolic
enzymes related to citric acid cycle, citrate synthase,
aconitase, isocitrate dehydrogenase, fumarate hydratase,
and malate dehydrogenase, thereby leading to an
increased synthesis of ATP. In addition, we here observed
that RANKL stimulation induced increased protein levels
in the cytosolic fractions (Fig. 8), thus supplying special
biosynthetic substrates necessary for the cells to function
in a particular proliferation, migration, and fusion stage.
Furthermore, glucose consumption and lactate production
in RANKL-stimulated cells were higher than that in non-
stimulated control cells, representing a high glycolytic rate.

Fig. 8. Profiles for cell proliferation and protein content by
RANKL stimulation. A: Changes in cell proliferation. RAW264.7
cells (2 x 105 cells/60-mm dish) were cultured in DMEM-W/O
containing 5 mM glucose plus or minus RANKL. Cells were
harvested by trypsinization and the number of viable cells were
counted after trypan blue exclusion at the indicated times. B:
Profiles for protein expression. The assay conditions were the
same as in A. Cells were resuspended in a lysis buffer (50 mM
Tris-HCl, pH 8.0, l mM MgCl2, 4 mM EDTA, and 1 mM DTT),
homogenized, and cytosolic fractions were prepared by
centrifugation. Protein content was determined using a
Bradford reagent (BioRad, Hercules, CA).

synthase inhibition on osteoclast differentiation. Cells were cultured for 4 days in DMEM-W/O containing 5 mM glucose in the
presence of the mitochondrial ATPase blocker oligomycin and RANKL. Data are expressed as the mean ± S.D. (n = 3).

Metabolic Changes in Osteoclastogenesis

Fig. 7. Effect of ATP modulation on osteoclast
differentiation. A: Action of mitochondrial
complex inhibitors in osteoclast differentiation.
RAW264.7 cells (1.5 x 104 cells /well in a 24-well
plate) were differentiated into osteoclasts for 4
days in DMEM-W/O containing 5 mM glucose
in the presence of mitochondrial complex
inhibitors ( , rotenone for complex I; Δ,
thenoyltrifluoroacetone for complex II;    ,
antimycin A for complex III) and RANKL. After
staining with TRAP, the number of TRAP(+)
MNCs was assessed as described in the
“Materials and Methods” section. Data are
expressed as the mean ± S.D. (n = 3). B:
Suppressive effect of mitochondrial ATP
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Finally, RANKL-treated cells displayed a heightened
respiration rate compared with that of untreated control
cells. Together, these results demonstrate that a
simultaneous activation of glycolytic and oxidative
metabolism is necessary for efficient energy and
biosynthetic substrate production from glucose. The
present findings agree with previous reports that oxidative
phosphorylation is increased to support high ATP demands
during differentiation of various cell types, including human
placental trophoblasts, nerve cells, and human colon
adenocarcinoma cells [24-26].

Here, we also showed that the RANKL stimulation
that is necessary for inducing osteoclastogenesis was also
capable of increasing glucose transport. Others have
reported that the entry of glucose into the cell is mediated
by the facilitative glucose transporter (GLUT) family [27,
28]. To find which GLUT family is expressed in the
osteoclast precursor RAW264.7 cells, we determined the
expression of GLUT1, 2, 3 and 4 by a reverse
transcription-polymerase chain reaction. We detected
GLUT1 and GLUT3, but not GLUT2 and GLUT4 in
RAW264.7 cells (Fig. 9A). These results are consistent
with the GLUT expression pattern in osteoblasts [29].
Additionally, both GLUT1 and GLUT3 expression was
not increased by RANKL stimulation, suggesting that
GLUT1/3 levels were constitutively maintained during
osteoclastogenesis (Fig. 9B). The efficiency of glucose

transport could possibly be regulated by the extent of
transcriptional and translational activities of GLUT and
by the glucose affinity to GLUT [30]. From these results,
an elevation of glucose transport from an extracellular
compartment to the cytosolic space by RANKL could be
explained by an increased glucose affinity to GLUT1/3.

The mechanism by which metabolites in glucose and
pyruvate modulate MAPKs has not been fully elucidated.
The RANKL-stimulated ERK and JNK activation in cells
treated with a moderate concentration of glucose (5 mM)
was reduced in cells treated with a high glucose
concentration (40 mM). A previous study reported that
elevated glucose activates protein tyrosine phosphatases,
thus inactivating MAPKs [31]. Since MAPK activity is
reciprocally coordinated by tyrosine phosphatase activity,
elevated glucose may possibly induce the inactivation of
MAPKs by activating protein tyrosine phosphatases. We
also observed that pyruvate stimulates ERK and JNK
activities in the presence of RANKL in a synergistic
fashion. Despite these findings, the roles of metabolites
in RANKL-induced signal activation could not be
completely understood until now. In the future, a
comprehensive study of metabolite activities in
osteoclastogenesis will provide us with more effective
solutions for understanding the coordination between
metabolic diseases, diabetes and tumors, and bone-related
diseases, osteopetrosis and osteoporosis [3-7].

Fig. 9.  Expression of GLUT in osteoclast precursor RAW264.7
cells in the absence or presence of RANKL. A: Expression
pattern for GLUT1 to 4. cDNA was constructed using
polymerase chain reaction amplification on total RNA isolated
from RAW264.7 cells. Polymerase chain reaction conditions
were 30 cycles of the following: denaturation at 94°C for 1 min,
annealing at 57°C for 30 sec, and extension at 72°C for 1 min.
The specific primers used were as follows: GLUT1, 5´-TGT GTA
CTG CGG CCT GAC TAC TG-3´ and 5´-AAC AGC TCC AAG
ATG GTG ACC TTC-3´; GLUT2, 5´-TTC GGC TAT GAC ATC
GGT GTG-3´ and 5´-AGC TGA GGC CAG CAA TCT GAC-3´;
GLUT3, 5´-GTC AAC TTG CTG GCC ATC ATT G-3´ and 5´-
TGA GAC AGC TGG AGG ACA ATG G-3´; GLUT4, 5´-AAG
ATG GCC ACG GAG AGA G-3´ and 5´-GTG GGT TGT GGC AGT
GAG TC-3´; HPRT, 5´-CCT AAG ATG AGC GCA AGT TGA A-3´
and 5´-CCA CAG GAC TAG AAC ACC TGC TAA -3´. The
amplified band was fractionated on a 1% agarose gel, stained
with ethidium bromide, and visualized with UV illumination. B:
Comparison of GLUT1/3 mRNA levels between RANKL-
untreated and -treated cells. The expression pattern for GLUT1/
3 mRNAs in the the absence or presence of RANKL was
analyzed at the indicated times. Co-amplification of the HPRT
gene was performed in order to confirm relative expression
levels.

Kim/Jeong/Kang/Jung/Kang/MinCell Physiol Biochem 2007;20:935-946



945

References

1 Finkel T, Holbrook NJ: Oxidants,
oxidative stress and the biology of ageing.
Nature 2000;408:239-247.
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