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Abstract
This study sought to characterize the reduced glutathione
(GSH)/oxidized GSSG ratio during osteoclast differentiation
and determine whether changes in the intracellular redox
status regulate its differentiation through a RANKL-depen-
dent signaling pathway. A progressive decrease of the GSH/
GSSG ratio was observed during osteoclast differentiation,
and the phenomenon was dependent on a decrease in total
glutathione via downregulation of expression of the c-
glutamylcysteinyl synthetase modifier gene. Glutathione
depletion by L-buthionine-(S,R)-sulfoximine (BSO) was found
to inhibit osteoclastogenesis by blocking nuclear import of
NF-jB and AP-1 in RANKL-propagated signaling and bone pit
formation by increasing BSO concentrations in mature
osteoclasts. Furthermore, intraperitoneal injection of BSO in
mice resulted in an increase in bone density and a decrease of
the number of osteoclasts in bone. Conversely, glutathione
repletion with either N-acetylcysteine or GSH enhanced
osteoclastogenesis. These findings indicate that redox status
decreases during osteoclast differentiation and that this

modification directly regulates RANKL-induced osteoclasto-
genesis.
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Introduction

Redox status has been implicated in numerous pathological
processes, including aging, alcoholism, cancer, cirrhosis,
diabetes, neurodegenerative diseases, and viral infections.1–3

It is further known that most aging and developing cells display
redox shifts toward oxidizing environments4 and that these
changes in redox status regulate cellular development
(proliferation, differentiation, and apoptosis) through signal
transduction, enzymatic activity, cell cycle alterations, and
protein synthesis and folding.5

The balance between oxidants and antioxidants, and the
ratio of reduced glutathione (GSH) to oxidized GSSG in
particular, has been used to measure cellular redox status.
Using glutathione levels in this way is appropriate because
this antioxidant is a major determinant of redox status in
aerobic organisms and has been shown to act in several vital
functions.6,7 Glutathione scavenges reactive oxygen species
(ROS) and electrophiles and serves as an antioxidant enzyme
cofactor. This antioxidant also maintains thiol groups essential
to protein function and cellular cysteine levels. Finally,
glutathione modulates proper protein folding in the endo-
plasmic reticulum.

Several studies have recently linked ROS to bone
metabolism.8–11 Additionally, bone remodeling is known to
come about through the opposing actions of bone-forming
osteoblasts (OBs) and bone-resorbing osteoclasts (OCs).
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Multinuclear OCs are derived from the monocyte-macro-
phage lineage of hematopoietic progenitor cells through a
multistep process of cell adhesion, proliferation, motility, cell–
cell contact, and terminal fusion to form the multinucleated
giant cells.12,13 The process is initiated by binding of the
receptor activator of NF-kB ligand (RANKL; also called TNF-
related activation-induced cytokine, TRANCE) to its receptor
(RANK; also called TRANCE receptor) and subsequently
propagates by activation of several signaling cascades.14 The
activated signaling pathways include NF-kB, extracellular
signal-regulated kinase (ERK), c-Jun NH2-terminal kinase
(JNK), and p38 mitogen-activated protein kinase through
recruitment of the TNF receptor-associated factors (TRAFs).
These signaling events are intimately involved in the regula-
tion of OC differentiation and function.15 Once OCs have
differentiated, their resorption of bone could be facilitated by
ROS generated by NADPH oxidase. Inhibition of NADPH
oxidase led to reductions of ROS and bone resorption.11

These results are consistent with the theory that ROS
generation in OCs is dependent on NADPH oxidase activity
and directly related to OC function.

From the reports outlined above, we have postulated that
the cellular GSH/GSSG ratio may alter during OC differentia-
tion and that the accompanying changes in redox status may
influence OC differentiation. It is reported here that the GSH/
GSSG ratio indeed decreased in a time-dependent fashion

during OC differentiation and that its differentiation could be
modulated by changing the cellular redox status through
glutathione-depletion or glutathione-repletion. Most signifi-
cantly, regulation of OC differentiation by cellular redox status
was achieved by orchestrating the nuclear import of cytosolic
transcription factors such as NF-kB and AP-1.

Results and discussion

Decrease of GSH/GSSG ratio during OC
differentiation

Several studies have reported that redox status generally
decreases during cellular development; this study targeted
redox status changes specifically during OC differentiation.
To that end, murine macrophage RAW264.7 cells and bone
marrow-derived monocytes (BMMs) were differentiated
into OCs in the presence of RANKL and macrophage
colony-stimulating factor (M-CSF) plus RANKL, respectively.
Differentiation of both cell types was associated with a time-
dependent decrease in the GSH/GSSG ratio (Figure 1a and
d). Theoretically, the ratio would be altered by changes in
either total glutathione (GSHþGSSG) or GSSG contents; in
this study, however, changes in redox status during OC
differentiation were dependent on total glutathione contents
(Figure 1b and e). A change in the total cellular glutathione
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Figure 1 Glutathione status during OC differentiation. (a) GSH/GSSG ratio change and (b) total glutathione (GSHþGSSG) level during OC differentiation from
RAW264.7 cells. Cells were collected at 1-day intervals for 4 days after RANKL-induced OC differentiation. The GSH/GSSG ratio and total glutathione content were
measured in these cells’ cytosolic fractions. (c) Measurement of GCS-M mRNA level by real-time PCR during OC differentiation from RAW264.7 cells. GCS-M mRNA
quantification was determined by RT-PCR (insets) and real-time PCR. Insets: The expected fragment sizes were 449 bp for GCS-M and 177 bp for HPRT. Data are
expressed as mean7S.D. (n¼ 3). (d) GSH/GSSG ratio change and (e) total glutathione level during OC differentiation from BMMs. OC precursors derived from BMMs
of C57BL/6 mice were cultured in media containing M-CSF and RANKL for 4 days with collection at 1-day intervals. (f) Measurement of GCS-M mRNA level by real-time
PCR during OC differentiation from BMMs. The assay conditions were the same as those in (c). Data are expressed as mean7S.D. (n¼ 3)

Redox status-dependent osteoclast differentiation
Y-J Huh et al

1139

Cell Death and Differentiation



level could be effected by diverse cellular actions,6,7 including
glutathione synthesis by g-glutamylcysteinyl synthetase
(g-GCS), a glutathione synthesis rate-limiting enzyme; export
of cellular GSSG by a transporter; and degradation of
extracellular GSSG by g-glutamyltranspeptidase. This study
examined modulation of g-GCS expression during OC
differentiation in an effort to explain the observed gradual
decrease in total glutathione.
g-GCS is a heterodimeric enzyme composed of catalytic

(GCS-C) and modifier subunits (GCS-M).16 Regulation of
expression of the modifier subunit gene is known to principally
control the activities of both g-GCS subunits. In the present
study, the GCS-M mRNA level was observed to be down-
regulated during OC differentiation using a reverse transcrip-
tion-polymerase chain reaction (RT-PCR) (Figure 1c and f,
insets) and real-time PCR. Taken together, these data
indicate that the decrease in the GSH/GSSG ratio during
OC differentiation was caused by downregulation of the
GCS-M gene involved in glutathione synthesis.

Effects of an oxidizing or reducing cellular redox
status on OC differentiation

Herein, OCs were observed to undergo redox shifts toward
more oxidizing environments during their differentiation.
Previous reports suggest that ROS, such as hydrogen
peroxide and superoxide, enhance bone resorption8,9 and
that the partial depletion of glutathione brought on by
treatment with a small amount of L-buthionine-(S,R)-sulfoxi-

mine (BSO, 10 mM), a specific inhibitor of g-GCS, stimulates
RANKL-induced OC differentiation.17 These results suggest
that the severe depletion and adequate repletion of glu-
tathione at the period of RANKL-induced glutathione reduc-
tion could have an effect on OC differentiation. It was thus
speculated that a perturbation in redox status could result in
mis-regulation of OC differentiation. Several redox modifiers
were employed to test this hypothesis. Reduced GSH; BSO;
and N-acetylcysteine (NAC), a glutathione precursor, were all
introduced prior to RANKL-induced OC differentiation. It was
discovered that intracellular glutathione levels could be
modulated by adjusting the exposure time and concentration
of the redox modifier used.

With a 15-h pretreatment with 300mM BSO, total glu-
tathione contents in RAW264.7 cells declined from
101.51712.84 to 10.1472.08 nmol/mg of protein. While
glutathione depletion by BSO inhibited formation of tartrate-
resistant acid phosphatase-positive multinuclear cells
(TRAP(þ ) MNCs), glutathione repletion by NAC or GSH
increased the number of TRAP(þ ) MNCs (Figure 2) and
TRAP activity (data not shown) compared with a RANKL-only
control.

Cell growth is vital to OC differentiation,18 so the influence
of redox modifiers on cell growth was also evaluated. None
of the redox modifiers themselves introduced during OC
differentiation had any effect on cell viability. This was
determined using the trypan blue exclusion method and a
colorimetric MTT-based assay (data not shown). The sup-
pressive or stimulatory effects of a redox modifier on OC
differentiation do not appear, therefore, to be related to
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Figure 2 The effects of endogenous glutathione modification on OC differentiation. (a) Photographs and (b) the number of TRAP-positive OC-like cells. RAW264.7
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*Po0.01 versus RANKL alone. Bar, 100 mm

Redox status-dependent osteoclast differentiation
Y-J Huh et al

1140

Cell Death and Differentiation



differences in cell viability. Taken together, these observa-
tions indicate that OC differentiation can be regulated through
redox-dependent mechanisms.

Correlation of redox status and cellular signaling
in OC differentiation

A growing body of studies reports that RANKL-induced OC
differentiation relies on a signal by a TRAF by way of
downstream signal activations such as mitogen-activated
protein kinases (MAPKs) and NF-kB. In examining whether
RANKL-dependent signaling could be regulated by redox
status, redox modifiers were found to have no effect on MAPK
(ERK, JNK, and p38) signaling or IkBa degradation from an
NF-kB/IkB complex (Figure 3a). When an NF-kB- or AP-1-
dependent luciferase reporter plasmid was transfected into
RAW264.7 cells and stimulated with RANKL in the presence
of BSO, NAC, or GSH, luciferase activity varied according to
redox status. While luciferase activity of the RANKL-stimu-
lated cells in the presence of BSO was similar to that of the
untreated control (Figure 3b, column 3), the activity of the
RANKL-stimulated cells in the presence of NAC or GSH was
significantly higher than that of the RANKL-only cells
(Figure 3b, columns 4 and 5). These results were confirmed
by electrophoretic mobility shift assay (EMSA) analysis
showing that BSO resulted in a decrease of NF-kB and
AP-1 DNA binding affinity in nuclear extracts (Figure 3c).

The observed events could be caused by three cellular
mechanisms: (i) a more oxidizing environment created by
the presence of BSO could inhibit NF-kB and AP-1 gene
expression, (ii) a low redox status could decrease nuclear
import of transcription factors, or (iii) oxidized and/or mis-
folded transcription factors in a less reduced state could
exhibit low DNA-binding affinity. Immunoblot analysis was
performed to verify or disprove these possible mechanisms.
The expression of p65 for NF-kB and of c-Jun for AP-1 was
found to be identical in whole-cell lysates (Figure 4a). This
suggests that the activities of these transcription factors were
unrelated to their levels of expression in the cell. Additionally,
Figure 3a suggests that NF-kB activities had no connection to
the release of activated NF-kB from the NF-kB/IkB complex.
Despite these findings, the possibility that intracellular redox
status may be important to nuclear translocation of these
transcription factors cannot be excluded. As a result of this
potential regulatory role, the present study also examined
redox-dependent mechanisms of modulating subcellular
localization of transcription factors. Subcellular fractionation
(Figure 4b) and confocal microscopic analysis (Figure 4c)
revealed that nuclear translocation of NF-kB and AP-1 by
RANKL was inhibited by preincubation with BSO. These
findings indicate that nuclear translocation of the transcription
factors during osteoclastogenesis could be regulated by
cellular redox status. Consistent with this study’s results,
numerous reports have placed nuclear localization of a variety
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Figure 3 Changes in RANKL-induced signaling for differing redox status. (a) Immunoblot analysis. RAW264.7 cells (2� 105 cells/60-mm dish) were pretreated with
BSO, NAC, and GSH for 2 days and then stimulated with RANKL for 20 min. Cytosolic fractions (25 mg/lane) were subjected to immunoblot analysis for detection of p-
ERK, ERK, p-JNK, JNK, p-p38, p38, IkBa, and b-actin. (b) Luciferase reporter assay. NF-kB- or AP-1-dependent reporter plasmids were transfected into RAW264.7
cells (2� 104 cells/well), whose selected ones were then treated with either BSO, NAC, or GSH for 2 days, and the remaining cells untreated. Cells, excluding control
cells, were then stimulated with RANKL for one additional day and lysed, and assayed for luciferase activity as described in ‘Materials and Methods’. *Po0.01 versus
RANKL-untreated control. wPo0.05 versus RANKL alone. (c) EMSA analysis. RAW264.7 cells (1� 106 cells/100-mm dish) were treated as described in (a). Nuclear
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of transcription factors under strict controlle of cellular redox
status.19–21 Changes in nuclear translocation of these
transcription factors could be regulated by extent of imports
to nucleus and exports from nucleus and the retention time in
nucleus. Although the precise mechanisms of translocation of
nuclear transcription factors are currently unclear, it could be
associated with differences in culture conditions and/or cell
types.

Inhibitory effect of combined RANKL and BSO on
cell growth

Previous studies reported that endogenously generated and
exogenously treated oxidative stress can induce a cell phase
transition from a quiescent to a proliferative or apoptotic
state.22 These findings were tested here by quantifying free
thiol groups in the cytosolic fractions (Figure 5a) and
correlating these data with cell growth pattern (trypan blue
exclusion method; Figure 5b) and flow cytometer analysis
(propidium iodide staining; data not shown). While treatment
with RANKL alone did not affect cell growth, RANKL-only
treatment did induce intracellular peroxide accumulation (data
not shown) and thus a decrease in redox status compared
with the control (Figure 5a, column 2).

Treatment with BSO was also observed to decrease redox
status, but it did not affect cell growth (Figure 5a and b, column
3). It was theorized that redox status would be yet further
decreased by a combination of BSO and RANKL compared
with either compound alone. In fact, BSO-mediated glu-
tathione depletion displayed significantly increased cell
susceptibility to RANKL-generated ROS (Figure 5b, column
4) and resulted in retarded cell growth (G2/M arrest, data not
shown). In contrast, RANKL treatment in the presence of NAC
or GSH maintained a higher redox status than with RANKL

alone (Figure 5a, columns 5 and 6) and increased the
formation of RANKL-induced TRAP(þ ) MNCs (Figure 2).
Taken together, these results suggest that a higher redox
status leads to increased OC differentiation and formation.

Inhibition of bone-resorbing activity in BSO-
treated mature OCs and reduction of the number of
OCs in BSO-treated mice

We investigated whether BSO can regulate bone-resorbing
activity. When mature OCs were cultured on an OAAS plate
coated with carbonated calcium phosphate, pit formation was
gradually decreased by BSO in a dose-dependent manner
(Figure 6a). This study then examined the effects of BSO on
bone mineral density in vivo. When BSO (8 mmol/kg) was
injected intraperitoneally into C57BL/6 mice at 4-day intervals
for 4 weeks, the total and trabecular bone densities were
significantly increased when compared with the PBS-admi-
nistered mice (Table 1 and Figure 6b). To analyze the effects
of BSO on bone loss in vivo, the mice were subjected to
ovariectomies (OVXs). An increase in bone density by BSO
was associated with a decrease in the number of OCs
(Figure 6c). However, no significant difference of OB
formation was seen in either BSO or OVX, or in both
(Figure 6d). BSO-administered mice were normal in appear-
ance with a body size similar to naı̈ve mice, and the BSO had
no effect on body weight. These findings suggest that cellular
redox status can regulate both bone resorption and OC
formation.

Regulation of OC differentiation plays an important role
in maintaining bone homeostasis and contributes to under-
standing pathogenesis and therapy of bone diseases such
as osteoporosis and osteopetrosis. Recent reports implicate
OC-generated superoxide derived from NADPH oxidase in

a
RANKL

BSO
NAC
GSH

- + + + +
- - + - -
- - - + -
- - - - +

Whole lysates

p65

β-actin

β-actin

c-Jun

TFIIB

- + + + +
- - + - -
- - - + -
- - - - +

Cytosol Nucleusb
RANKL

BSO
NAC
GSH

- + + + +
- - + - -
- - - + -
- - - - +

p65

c-Jun

TFIIB

c

RANKL

Contrast FITC DAPI Merged

NF-κB (p65)

Control

AP-1 (c-Jun)

Contrast FITC DAPI Merged

BSO
+

RANKL

NAC
+

RANKL

GSH
+

RANKL

Figure 4 Inhibition of nuclear import of transcription factors by glutathione depletion. (a) Immunoblot analysis for p65 and c-Jun in whole lysates. After cells were
treated as described in Figure 3a, whole-cell lysates were prepared and subjected to immunoblot analysis using a specific antibody to p65, c-Jun, b-actin, or TFIIB to
confirm consistent application of nuclear extracts. Transcription factor distribution was characterized by immunoblot analysis of subcellular fractions (b) and confocal
microscopy (c). Bar, 25 mm

Redox status-dependent osteoclast differentiation
Y-J Huh et al

1142

Cell Death and Differentiation



OC formation and bone resorption.8,9,11,17 Overexpression of
catalase10 and treatment with DPI,11 a specific NADPH
oxidase inhibitor, have indeed been shown to decrease
superoxide production in OCs and block OC formation and
bone resorption. In addition, it has been reported that a small
amount of H2O2 (1 mM) and a partial depletion of the
intracellular glutathione pool by BSO (10mM) enhance
RANKL-induced OC differentiation via NF-kB activation.17

It is well known that ROS are linked with cellular signaling
as second messengers.23,24 Thus, transient elevation of
endogenously generated ROS and an appropriate amount
of exogenously treated ROS are essential to mediating signal
transduction. Together, these previous reports indicate that
various oxidative stresses are responsible for cellular tran-
scription factor activation.

In the present study, it was observed that severe
glutathione depletion by BSO (300 mM) inhibited RANKL-
mediated OC differentiation by blocking nuclear import of the
cellular transcription factors. This suggests that transcription
factor action in RANKL-mediated signaling could be positively
or negatively controlled by cellular redox status. Thus,
moderate and severe oxidative stress could act as dual
functions in osteoclastogenesis. Opposing effects as men-
tioned above may result from fluctuating redox status, which
itself depends on time and concentration of oxidant exposure.
Fundamentally, this study suggests that functional activities
of the transcription factors investigated, including nuclear
import, were precisely controlled by cellular redox status.

Several studies have sought to identify molecular targets for
the prevention of pathological bone resorption. Recently,
selective blocking of NF-kB, including deletion of specific NF-
kB family subunits;25 inhibition of the IKK complex by the
NF-kB essential modulator-binding domain;26 and overex-
pression of dominant-negative IkBa,27 has been shown to
inhibit RANKL-induced OC differentiation and bone loss in
vivo. Among others, we here have put forth NF-kB and AP-1,
both dependent on redox-signaling via RANKL-mediated OC
differentiation, as promising targets for bone disease therapy.

The findings of this study demonstrate that (i) a decrease in
the GSH/GSSG ratio and an accumulation of ROS during
osteoclastogenesis led to this reduction in redox status; (ii)
glutathione depletion by BSO blocked OC differentiation by
inhibiting the nuclear import of transcription factors related to
RANKL-dependent signaling and bone-resorbing activity in
mature OCs; (iii) intraperitoneal injections of BSO in mice
resulted in increased bone density and decreased OC
formation in the bone. Conversely, glutathione repletion with
NAC or GSH in vitro enhanced OC formation by RANKL.
Taken together, our results indicate that a redox shift toward a
more oxidizing environment during OC differentiation is
important to its differentiation and bone remodeling. ROS
transiently generated by RANKL activate transcription factors
NF-kB and AP-1 at early stages of differentiation and induce
differentiation-linked gene expression. A lowered redox status
in subsequent stages, resulting from accumulation of RANKL-
generated ROS and decreased glutathione synthesis, may
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Figure 5 The effects of combined BSO and RANKL treatment on cell growth and cellular redox status. (a) Free thiol group content. RAW264.7 cells (2� 105 cells/60-
mm dish) were seeded; pretreated for 15 h with BSO, NAC, and GSH; and then treated for 2 days with RANKL. Cytosolic extracts were prepared and assayed for free
thiol groups with DTNB. (b) Cell viability. After RAW264.7 cells were treated as described in (a), cells excluding trypan blue were counted after detachment by
trypsinization. Data are expressed as percentages of the value for untreated cells (mean7S.D., n¼ 3). *Po0.01 versus RANKL alone

Table 1 Increase in the bone mineral density of mice administered by BSO

Total bone density Trabecular bone density

Control BSO Control BSO

389.71711.33 (F) 402.8275.27 (F)* 215.5579.09 (F) 230.3076.10 (F)*
342.5774.93 (M) 356.9677.27 (M)* 243.3979.06 (M) 265.7178.44 (M)w

BSO (8 mmol/kg) was administered by intraperitoneal injection of C57BL/6 mice (4-week old, n¼ 7 in each group) at 4-day intervals for 4 weeks to examine BSO
effects on bone density. Bone mineral density (mg/cm2) of the tibia was analyzed with pQCT by XCT research SA (STRATEC). *Po0.05 versus control. wPo0.01
versus control. M, male; F, female
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delay RANKL-induced OC differentiation because nuclear
import of transcription factors is inhibited. We reported here
that there is indeed a close relationship between redox status
and OC differentiation.

Materials and Methods

Cell cultures

Prior to OC differentiation, the murine monocytic RAW264. 7 cell line
that can differentiate into OC-like cells in the presence of RANKL was
maintained under a humidified atmosphere of 5% CO2 at 371C in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen) supplemented
with antibiotics and 10% fetal bovine serum (FBS).

OC differentiation

OC differentiation from BMMs was achieved as reported by Wani et al.28

Briefly, BMMs 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 (a-MEM; Invitrogen). The cells were then centrifuged,
exposed to hypotonic ACK buffer (0.15 mM NH4Cl, 1 mM KCO3, and
0.1 mM EDTA, pH 7.4) at room temperature for 30 s to remove red blood

cells,29 and incubated with a-MEM containing M-CSF (5 ng/ml, Genetics
Institute) for 12 h to separate adherent and nonadherent cells.
Nonadherent cells were collected, suspended in a-MEM containing
antibiotics and 10% FBS, counted, seeded on a 60-mm culture dish at
1� 106 cells/dish, and cultured in a-MEM containing M-CSF (30 ng/ml) for
2 days to generate OC precursors. Floating cells were removed from the
culture by aspiration and further incubated with media containing M-CSF
(30 ng/ml) and RANKL (300 ng/ml) for 4 days to allow differentiation of
these precursors into OCs. Fresh media was applied at day 3. RAW264.7
cells were differentiated into OCs by a similar process: cells were cultured
(2� 105 cells/60-mm dish) in a-MEM containing RANKL (300 ng/ml),
fresh media containing RANKL was applied after 3 days, and the cells
were incubated for an additional 24 h.

Measurement of GSH/GSSG ratio

After RAW264.7. cells were cultured with RANKL and OC precursors with
M-CSF and RANKL, cells were harvested at 1-day intervals for 4 days and
stored at �701C until use. The GSH/GSSG ratio was measured with
the glutathione reductase/5,50-dithiobis-(2-nitrobenzoic acid) (DTNB)
recycling assay kit (BIOXYTECHs GSH-412t OXIS International) under
the conditions recommended by the manufacturer. Total glutathione and
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Figure 6 Assessment of the effect of BSO on bone resorption and density. (a) Inhibition of bone resorption by BSO. After mature OC formation on OAAS plates, cells
were treated with BSO (0–300 mM) and cultured for an additional 2 days. The pit area was analyzed as described in the Materials and Methods section. Data are
expressed as mean7S.D. (n¼ 3). Bar, 1 mm. (b) Bone density by BSO in mice. Naı̈ve mice were injected intraperitoneally with or without BSO (8 mmol/kg) at 4-day
intervals for 4 weeks. Bone from the tibia was X-rayed using of a SOFTEX CMB-2 (SOFTEX, Japan). (c) Inhibitory effect of BSO on naı̈ve or OVX-induced OC formation
in mice. After microscope sections (4 mm) of tibia from mice treated as described in (b), bone tissue was subjected to histological analysis by staining with TRAP to detect
OC formation. Data are expressed as percentages of the value for BSO-untreated naı̈ve mice (mean7S.D., n¼ 4). *Po0.05. **Po0.01. (d) Effect of BSO on naı̈ve or
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naı̈ve mice (mean7S.D., n¼ 4)
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GSSG contents were analyzed from GSH and GSSG standard curves.
Concentrations were converted to nmol/mg of protein, and reduced GSH
concentrations were found by subtracting GSSG from total glutathione.
Finally, the GSH/GSSG ratio was calculated by dividing the difference
between total glutathione and GSSG concentrations by the GSSG
concentration (ratio¼ ((total glutathione)�2(GSSG))/(GSSG)).

RT-PCR and real-time quantitative PCR

GCS-M mRNA levels were determined by RT-PCR. Total RNA was
reverse transcribed to cDNA, which allowed for PCR amplification of
GCS-M and hypoxanthine-guanine phosphoribosyltransferase (HPRT)
(30 cycles of denaturation at 941C for 1 min, annealing at 571C for 30 s,
and extension at 721C for 1 min). The GCS-M primers were designed from
the catalogued sequence for this gene: 50-CATGCAGTGGAGAAG-30 and
50-CTTGCCTCAGAGAGC-30. HPRT primers for normalization of the
expression level were also prepared: 50-GTAATGATCAGTCAACGGGG
GAC-30 and 50-CCAGCAAGCTTGCAACCTTAACCA-30. Also, real-time
RT-PCR was carried out using the 7500 Real-time PCR System (Applied
Biosystems). GCS-M (GenBank accession no. NM_008129) and HPRT
(GenBank accession no. NM_013556) primers were designed as follows:
forward for GCS-M, 50-CAGTTGGAGCAGCTGTATCAGT-30; reverse for
GCS-M, 50-TTGTTTAGCAAAGGCAGTCAAA-30; forward for HPRT,
50-CCTAAGATGAGCGCAAGTTGAA-30; reverse for HPRT, 50-CCACAG
GACTAGAACACCTGCTAA-30. The cDNA was prepared using reverse
transcriptase (Invitrogen) and a random hexamer, and then subjected to
real-time PCR amplification using SYBRs Green PCR Master Mix
(Applied Biosystems). This contained a 300 nM final concentration of each
primer and cDNA, corresponding to 100 ng of total RNA. After incubation
at 501C for 2 min and 951C for 10 min, the PCR cycling was as follows: 40
cycles at 951C for 15 s and 601C for 1 min. To analyze the data, cycle
threshold values were determined by automated threshold analysis with
Sequenced Detection Software version 1.3, after which the calculated
cycle threshold values were exported to Microsoft Excel for analysis. The
relative expression of GCS-M mRNA was calculated using the
comparative cycle threshold method according to the manufacturer’s
procedures (Applied Biosystems).

Luciferase reporter assay

RAW264.7. cells were suspended in DMEM containing 10% FBS, seeded
on 24-well culture plates at 2� 104 cells/well, and adapted for 12 h. Cells
were incubated for 1 h with a total of 2 mg of plasmid (1 mg of NF-kB- or
AP-1-dependent luciferase reporter and 1 mg of pcDNA3-b-gal), 6 ml of
Tfxt-50 reagent (Promega), and 200 ml of serum-free a-MEM. In all,
800ml of a-MEM containing FBS was then added and incubation
continued. After 6-h incubation, cells were treated with redox modifiers
(300mM BSO, 4 mM NAC, and 4 mM GSH) for 2 days and stimulated
with RANKL. Luciferase activity was determined after 24-h of RANKL
treatment, using a Bright-Glot luciferase assay system (Promega) and a
luminometer (Turner Designs Instrument), and then normalized with
respect to b-galactosidase activity.

Electrophoretic mobility shift assay

Preparation of nuclear extracts and EMSA analysis were performed as
described by Jeong et al.30 Briefly, RAW264.7 cells (1� 106 cells/100-mm
dish) were adapted for 12 h; pretreated with BSO, NAC, or GSH for 2 days;
and then stimulated with 300 ng/ml RANKL for 20 min. After washing with
ice-cold PBS, nuclear extracts were prepared. EMSA analysis was

performed with nuclear extracts and specific double-stranded oligonucleo-
tides containing the consensus DNA-binding site (underlined) for either
NF-kB or AP-1 purchased from Santa Cruz Biotechnology: NF-kB,
50-AGTTGAGGGGACTTTCCCAGGC-30; mutant NF-kB, 50-AGTT-
GAGGCGACTTTCCCAGGC-30; AP-1, 50-CGCTTGATGACTCAGCCGG
AA-30; mutant AP-1, 50-CGCTTGATGACTTGGCCGGAA-30. After nuclear
extract proteins had reacted with the 32P-labeled oligonucleotide, DNA–
protein complexes were separated from free oligonucleotides on a native
5% polyacrylamide gel in 0.5� Tris-borate/EDTA buffer. The gels were
then dried and photographed.

Immunoblot and confocal microscopic analyses

Nuclear and cytosolic fractions from RAW264.7. cells exposed to various
conditions were prepared as described previously.30 A lysis buffer (50 mM
Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.1%
SDS, and 1� protease inhibitor cocktail) was used to obtain whole-cell
lysates from intact cells. The samples were fractionated by 10% SDS-
polyacrylamide gel electrophoresis and the separated proteins were
blotted onto an Immobilon-P membrane (Millipore). Probing was with
rabbit antibodies to MAPKs (ERK, phospho-ERK, JNK, phospho-JNK,
p38, and phospho-p38; Cell Signaling), IkBa (Cell Signaling), p65 (for
NF-kB), c-Jun (for AP-1, Santa Cruz Biotechnology), and b-actin (Sigma)
as well as mouse antibodies to TFIIB (BD Biosciences). All blots were
overlaid with appropriate HRP-conjugated secondary antibodies and
developed by ECL.

For confocal microscopy,31 RAW264.7 cells were seeded on glass
coverslips and cultured in a-MEM media containing BSO, NAC, or GSH for
2 days. Cells were then stimulated with RANKL (300 ng/ml) for 20 min,
fixed with 3.7% paraformamide at room temperature, and permeabilized
with 0.5% (w/v) saponin. After washing with PBS and blocking with PBS
containing 4% sheep serum for 30 min, cells were incubated with rabbit
antibodies to p65 (100:1) and to c-Jun (500:1) for 1 h and stained with
FITC-conjugated sheep anti-rabbit IgG (Sigma). Nuclei were counter-
stained with DAPI, and the images were analyzed under an LSM510 meta
confocal microscope (Carl Zeiss).

Cell proliferation and viability

Cell proliferation and viability after exposure to various conditions were
determined by trypan blue exclusion assessment as reported by Jeong
et al.32

Free thiol quantification

Intracellular thiol contents of cytosolic extracts were determined using both
DTNB exposure and optical density measurements at 412 nm as
described previously.33 GSH was used as the calibration standard.

Bone resorption assay

BMMs (3� 104 cells/1 ml/well) were seeded in 24-well OAAS plates
(Osteogenic Core Technologies, Korea) and cultured as described in the
OC differentiation section. After the formation of mature OCs in the
presence of M-CSF and RANKL, the cells were further cultured with or
without BSO for 2 days. Then, the OAAS plates were treated with 5%
sodium hypochlorite for 5 min, washed with distilled water, and air-dried.
The resorption area was photographed through a light microscope and
calculated using Image-Pro Plus version 4.5 (Media Cybernetics).
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