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Abstract

Aims: Lipopolysaccharide (LPS) is considered a prominent pathogenic factor in inflammatory bone diseases.
LPS challenge contributes to the production of reactive oxygen species (ROS) in diverse inflammatory diseases.
However, its mechanism remains to be clarified in bone. Thus, we investigated the critical mechanism of ROS
in LPS-induced osteoclastogenesis and bone loss. Results: Antioxidant prevented LPS-induced osteoclast
formation via inhibition of nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1) and c-Fos expression in
preosteoclasts. Moreover, LPS-induced osteoclast formation via ROS was attenuated by treatment with c-Jun
N-terminal protein kinase ( JNK) inhibitor. Interestingly, LPS also activated signal transducer and activator of
transcription 3 (STAT3), which is suppressed by antioxidants. We found that knockdown of STAT3 or use of a
STAT3 inhibitor resulted in a significant reduction in interleukin-1 beta (IL-1b), interleukin-6 (IL-6), and nitric
oxide (NO) production, followed by decreased osteoclast formation by LPS. Peroxiredoxin II (PrxII) is a
member of the antioxidant enzyme family, and it plays a protective role against oxidative damage caused by
ROS. In our study, ROS production and osteoclast formation by LPS was significantly enhanced in PrxII - / -

cells. Moreover, JNK-mediated c-Fos and NFATc1 expression was promoted in PrxII - / - cells. Furthermore,
STAT3 activation and accompanying IL-1b, IL-6, and NO production was also increased in PrxII - / - cells.
Consistent with the in vitro result, PrxII-deficient mice showed increased osteoclast formation and bone loss by
LPS challenge compared with wild-type mice. Innovation: For the first time, we showed that LPS-induced ROS
signaling is dependent on the coordinated mechanism of JNK and STAT3 during osteoclastogenesis, which is
negatively regulated by PrxII. Conclusion: We suggest that PrxII could be useful in the development of a novel
target for inflammatory bone loss. Antioxid. Redox Signal. 22, 63–77.

Introduction

The skeleton is a metabolically active organ that
undergoes continuous remodeling throughout life. Bone

remodeling is the restructuring process of existing bone,
which undergoes constant resorption and formation. Bone
resorption is essential for calcium homeostasis and bone re-
modeling. However, excessive resorption is the cause of bone
loss observed in common diseases such as postmenopausal
osteoporosis, rheumatoid arthritis, and periodontitis (15).
Osteoclasts are tartrate-resistant acid phosphatase (TRAP)-

Innovation

Lipopolysaccharide (LPS) is a critical pathogenic factor
in inflammatory bone diseases. In this work, we verified
that peroxiredoxin II (PrxII)-mediated reactive oxygen
species production regulates LPS-induced osteoclast for-
mation and bone loss via c-Jun N-terminal protein kinase
( JNK) and signal transducer and activator of transcription
3 (STAT3) pathway. These findings suggest that PrxII is
an important regulator for inflammatory bone loss.
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positive multinucleated cells (MNCs) with bone resorbing
activity and are differentiated from hematopoietic cells
through a multi-step process, including proliferation, ex-
pression of TRAP, and fusion of cells (49). Receptor activator
of nuclear factor-kappaB ligand (RANKL) is an essential
osteoclastogenesis-inducing factor that is expressed as a
membrane-bound and a secreted protein by osteoblasts (6, 21,
49). Osteoclast precursors recognize RANKL through
RANK, a receptor of RANKL, and then differentiate
into osteoclasts in the presence of macrophage-colony-
stimulating factor (M-CSF). Furthermore, the binding of
RANKL to its receptor results in the recruitment of the TNF
receptor-associated factor (TRAF) family of protein, for ex-
ample, TRAF-6, which activates nuclear factor-kappaB (NF-
jB), c-Jun N-terminal kinase ( JNK), extracellular signal-
regulated kinase 1/2 (ERK1/2), and p38 mitogen-activated
protein kinase (MAPK), and, eventually, leads to the pro-
liferation, differentiation, and maturation of osteoclasts (31).

Lipopolysaccharide (LPS) is an important component of
the outer membrane of Gram-negative bacteria. LPS plays an
important role in bone loss by initiating a local host response
that involves recruitment of inflammatory cells, production
of prostanoids and cytokines, elaboration of lytic enzymes,
and activation of osteoclast formation and function (16, 35,
36). By using the C3H/HeJ mouse strain, which has a de-
fective response to LPS, toll-like receptor 4 (TLR4) has been
demonstrated to be an important sensor for LPS (40). On LPS
recognition, TLR4 undergoes oligomerization and recruits
its downstream adaptors through interactions with toll-
interleukin-1 receptor (TIR) domains in order to propagate
the signal. Adapter molecules, including myeloid differenti-
ation primary response gene 88 (MyD88), toll-interleukin 1
receptor domain containing adaptor protein (Tirap), TIR-
domain-containing adapter-inducing interferon-b (Trif), and
TRIF-related adaptor molecule (Tram), are known to be in-
volved in signaling (20, 55, 56). The adapters activate other
molecules within the cell, leading to induction of the in-
flammatory response. Recent experimental evidence has
shown that LPS-mediated inflammation is highly dependent
on reactive oxygen species (ROS) and associated signaling
pathways, such as the p38 MAPK, JNK, and ERK cascades
(39, 48, 52).

ROS act as second messengers in signal transduction and
gene regulation in a variety of cell types and under several
biological conditions such as cytokine, growth factor, and
hormone treatments, ion transport, transcription, neuromo-
dulation, and apoptosis (15, 17, 30). ROS are mainly re-
presented by the superoxide radical anion (O2

� - ), hydrogen
peroxide (H2O2), and the hydroxyl radical (OH�) in cells. It is
now well established that H2O2 is the main ROS-mediating
cellular signaling because of its capacity to inhibit tyrosine
phosphatases through oxidation of cysteine residues in their
catalytic domains, which, in turn, activates tyrosine kinases
and downstream signaling (2, 51). Under normal circum-
stances, cells are able to defend themselves against ROS
damage with enzymes such as superoxide dismutases, cata-
lases, glutathione peroxidases, glutathione reductase, and
peroxiredoxins (Prxs) (13, 34, 53). Among them, Prxs con-
stitute a family of multifunctional antioxidant thiol-depen-
dent peroxidases that have been identified in a large variety of
organisms, such as bacteria, yeast, plants, and mammals.
They act as scavengers of hydrogen peroxide using reducing

equivalents provided by thiol-containing proteins such as
thioredoxin (43). The mammalian Prx family members can
be divided into six distinct groups (types I through VI). One
of the Prx family members PrxII (gene loci, PrdxII), which
belongs to the 2-cys Prx subfamily, is a prime candidate for a
regulator of H2O2 signaling initiated by cell-surface receptors
(7, 23, 32). Since PrxII recently has been identified as an
essential negative regulator of LPS-induced inflammatory
signaling (57), we investigated whether PrxII regulates LPS-
induced osteoclastogenesis. In this study, we demonstrated
that PrxII is involved in LPS-induced osteoclastogenesis
through modulation of ROS signaling.

Results

LPS induces osteoclast formation via ROS-mediated
JNK signaling pathway

LPS promotes osteoclastogenesis from RANKL-primed
precursors in vitro (22, 59). LPS induces the activation of
multiple intracellular signals that are essential for osteo-
clastogenesis, including NF-jB, p38, ERK1/2, and JNK (20).
These signals lead to osteoclast differentiation through two
essential transcription factors, c-Fos and nuclear factor of
activated T-cells, cytoplasmic 1 (NFATc1) (50). To verify
the role of ROS in LPS-induced osteoclast formation, we
assessed the effect of antioxidant N-acetyl-cysteine (NAC)
using RANKL-primed precursors as preosteoclasts. When
preosteoclasts were treated with LPS for 4 days, numerous
tartrate-resistant acid phosphatase (TRAP)-positive multi-
nucleated osteoclasts were generated. Treatment with NAC
significantly attenuated the LPS-induced osteoclast forma-
tion (Fig. 1A), suggesting that LPS mediates ROS to induce
osteoclast formation. We also found that NAC completely
blocked LPS-induced NFATc1 and c-Fos expression (Fig.
1B, C). Since NAC prevented LPS-induced activation of JNK
(Fig. 1D), we examined the involvement of JNK in LPS-
induced osteoclast formation. JNK inhibitor decreased oste-
oclast formation by LPS in a dose-dependent manner (Fig.
1E). Furthermore, JNK inhibitor attenuated NFATc1 and
c-Fos expression (Fig. 1F, G). These results indicate that ROS
mediate LPS-induced osteoclastogenesis via JNK.

LPS activates STAT3 via ROS to induce
osteoclast formation

Signal transducer and activator of transcription 3 (STAT3)
is one of the six members of a family of transcription factors.
STAT3 is activated through phosphorylation at two residues,
tyrosine 705 and serine 727. Since STAT3 plays an important
role in LPS-induced inflammation (45), we investigated the
involvement of STAT3 in LPS-induced osteoclast formation.
First, we investigated whether LPS activates STAT3 via
TLR4 in preosteoclasts using C3H/HeJ mice, which possess a
missense mutation in TLR4 gene (40). LPS increased the
level of phospho-tyrosine705 and phospho-serine727 STAT3
in cells from C3H/HeN (normal mice), but not in cells from
C3H/HeJ mice (Fig. 2A, B). Next, we examined whether LPS
activates STAT3 via ROS in preosteoclasts. We found that
phosphorylation of STAT3 by LPS was efficiently blocked
by NAC (Fig. 2C, D). To examine whether STAT3 is in-
volved in LPS-induced osteoclastogenesis, we used the
STAT3 inhibitor, stattic, and small interfering RNA (siRNA)
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targeting STAT3. As shown in Figure 3A, stattic (1 lM) re-
duced the formation of TRAP-positive MNCs. Stattic at this
concentration did not affect cell viability or morphology. In
addition, the knockdown of STAT3 with specific siRNA re-
duced the formation of multinucleated osteoclasts (Fig. 3B).
Taken together, these results suggest that LPS activates
STAT3 via ROS, which mediates osteoclast formation.

STAT3 modulates IL-1b, IL-6, and NO production
to mediate osteoclast formation by LPS.

Osteoclast development and activity are increased by
various pro-inflammatory cytokines such as interleukin-1
beta (IL-1b) and interleukin-6 (IL-6) (18, 24, 25, 27, 29, 44,
58). To verify the precise mechanism by which STAT3 me-
diates LPS-induced osteoclast formation, we examined the

involvement of IL-1b and IL-6. We found that STAT3 in-
hibitor decreased IL-1b and IL-6 expression by LPS in pre-
osteoclasts (Fig. 3C, D). The reduction in the production of
IL-1b and IL-6 by STAT3 inhibitor was also confirmed by
enzyme-linked immunosorbent assay (ELISA) (Fig. 3E, F).
Inducible nitric oxide synthase (iNOS) is also known to
mediate osteoclast formation through nitric oxide (NO)
production (11, 14). When we further investigated the in-
volvement of iNOS and NO, STAT3 inhibitor was shown to
attenuate LPS-induced iNOS expression and NO production
(Fig. 3G, H). Similar to STAT3 inhibitor, STAT3-specific
siRNA significantly reduced NO production as well as the
production of IL-1b and IL-6 compared with nontargeting
control siRNA (Fig. 3I–3K). Taken together, these results
suggest that STAT3 activation by LPS stimulates IL-1b, IL-6,
and NO production, which leads to osteoclastogenesis.

FIG. 1. Antioxidant inhibits LPS-
induced osteoclastogenesis via JNK
signaling pathways. (A, E) Pre-
osteoclasts were treated with 1 lg/ml
LPS in the absence or presence of NAC
(antioxidant, 20 mM) or SP600125
(JNK inhibitor, 20 lM). On day 4, cells
were fixed and stained for TRAP. Cell
morphology was examined by light
microscopy, and TRAP-positive MNCs
having more than three nuclei (arrows)
were counted. (B–D, F, G) Pre-
osteoclasts were serum starved for 12 h
and stimulated with 1 lg/ml LPS in the
absence or presence of NAC (20 mM)
or SP600125 (20 lM). After 24 h,
whole-cell extracts were harvested from
cultured cells and subjected to SDS-
PAGE and Western blot analysis to
detect p-JNK, NFATc1, or c-Fos. An-
tibodies specific for JNK and b-actin
were used to normalize the cell extracts.
All values are the mean – SD of three
independent experiments. *p < 0.05,
**p < 0.01, and ***p < 0.005; scale
bar = 200 lm. JNK, c-Jun N-terminal
protein kinase; LPS, lipopolysaccha-
ride; MNCs, multinucleated cells;
NAC, N-acetyl-cysteine; NFATc1, nu-
clear factor of activated T-cells, cyto-
plasmic 1; SD, standard deviation;
SDS-PAGE, sodium dodecyl sulfate–
polyacrylamide gel electrophoresis;
TRAP, tartrate-resistant acid phospha-
tase.
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PrxII deficiency facilitates LPS-induced
osteoclast formation

PrxII is a thiol-based peroxide reductase that clears cellular
H2O2 and other free radicals to reduce cellular ROS (32).
Since ROS mediates LPS-induced osteoclastogenesis, we
verified the role of PrxII in LPS-induced osteoclastogenesis
using PrxII - / - mice. First, we measured the amount of in-
tracellular ROS in preosteoclasts. On LPS stimulation,
PrxII - / - preosteoclasts produced significantly higher levels
of ROS than PrxII + / + cells (Fig. 4A). Next, we examined the
osteoclast differentiation using PrxII + / + and PrxII - / - cells.
When preosteoclasts were treated with LPS, osteoclast for-
mation was enhanced in PrxII-deficient cells in a dose-
dependent manner (Fig. 4B). To examine whether the effect
of PrxII on osteoclast formation could be reflected in the
osteoclastic activity, we performed an in vitro resorption pit
assay. Pit formation was accelerated in the wells of PrxII - / -

cells treated with LPS (Fig. 4C). To further determine the role
of PrxII in osteoclast differentiation, we examined the gene
expression of cathepsin K (CTK), calcitonin receptor (CTR),
dendritic cell-specific transmembrane protein (DC-STAMP),
V-ATPase d2 (ATP6v0d2), and b3-integrin, all of which are
marker genes of osteoclasts. Quantitative real-time poly-
merase chain reaction (PCR) analysis showed that LPS-
induced expression levels of osteoclastic markers were
promoted in PrxII-deficient cells, which is consistent with the
increased osteoclastogenesis. (Fig. 4D). Furthermore, the
overexpression of PrxII in preosteoclasts decreased LPS-
induced osteoclast formation by 50% (Fig. 4E). These results
clearly indicate that PrxII negatively regulates LPS-induced
osteoclastogenesis via ROS.

PrxII regulates LPS-induced osteoclastogenesis
through JNK-NFATc1 pathway

To investigate the molecular mechanism by which PrxII
regulates LPS-induced osteoclastogenesis, we next exam-
ined the LPS-mediated signaling for osteoclastogenesis in
PrxII-deficient cells. The transcription factor NFATc1
plays a central role in osteoclast formation, and its ex-
pression is regulated by c-Fos (50). We, therefore, exam-
ined the expression of c-Fos and NFATc1 induced by
LPS. Western blot analysis revealed that PrxII deficiency
promoted LPS-induced expression of NFATc1 and c-Fos
(Fig. 5A, B). When we further investigated the osteoclas-
togenesis-related signaling, we found that JNK activation
was significantly increased in response to LPS in PrxII - / -

cells compared with PrxII + / + cells (Fig. 5C). No significant
differences between PrxII - / - and PrxII + / + cells were ob-
served in other signaling pathways such as ERK, p38, NF-
jB, phospholipase-C gamma-1 (PLCc-1), and cAMP re-
sponse element-binding protein (CREB) (data not shown).
These data revealed that PrxII negatively regulates LPS-
induced osteoclastogenesis by hindering the JNK-NFATc1
pathway.

PrxII controls STAT3-mediated IL-1b, IL-6, and NO
production during LPS-induced osteoclastogenesis

To further probe the signaling pathway linking PrxII
to osteoclastogenesis, we tested whether PrxII modifies
STAT3 activation during LPS-induced osteoclastogenesis.
The phosphorylation of STAT3 at both Tyr705 and Ser727
was increased in PrxII - / - cells (Fig. 6A, B), indicating that

FIG. 2. Antioxidant prevents
STAT3 activation during LPS-
induced osteoclastogenesis. (A, B)
Preosteoclasts from toll-like receptor-
4-mutant (C3H/HeJ) and wild-type
(C3H/HeN) mice were serum starved
for 12 h and stimulated with 1 lg/ml
LPS. (C, D) Preosteoclasts were se-
rum starved for 12 h and stimulated
with 1 lg/ml LPS in the absence or
presence of NAC (20 mM). Whole-
cell extracts were harvested from
cultured cells and subjected to SDS-
PAGE and Western blot analysis to
detect phosphorylated STAT3 at
Tyr705 (A, C) or Ser727 (B, D). An-
tibodies specific for STAT3 were used
to normalize the cell extracts. All
values are the mean – SD of three in-
dependent experiments. *p < 0.05,
**p < 0.01. STAT3, signal transducer
and activator of transcription 3.
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FIG. 3. Inhibition of STAT3 attenuates LPS-induced osteoclastogenesis by blocking IL-1b, IL-6, and NO pro-
duction. (A) Preosteoclasts were treated with 1 lg/ml LPS in the absence or presence of stattic (STAT3 inhibitor, 1 lM). On
day 4, cells were fixed and stained for TRAP, and TRAP-positive MNCs having more than three nuclei were counted. (B)
One hundred nanomolars siRNA-transfected preosteoclasts were cultured for an additional 4 days with 1 lg/ml LPS. Cells
were fixed and stained for TRAP, and TRAP-positive MNCs having more than three nuclei were counted. (C, D) Pre-
osteoclasts were serum starved for 12 h and stimulated with 1 lg/ml LPS in the absence or presence of stattic (1 lM). After
6 h, whole-cell extracts were harvested from cultured cells and subjected to SDS-PAGE and Western blot analysis to detect
IL-1b or IL-6. (E, F) Preosteoclasts were serum starved for 12 h and stimulated with 1 lg/ml LPS in the absence or presence
of stattic (1 lM). The supernatants were harvested at 24 h. IL-1b and IL-6 concentration was measured in cell supernatants
using ELISA. (G) Preosteoclasts were serum starved for 12 h and stimulated with 1 lg/ml LPS in the absence or presence of
stattic (1 lM). After 24 h, whole-cell extracts were harvested from cultured cells and subjected to SDS-PAGE and Western
blot analysis to detect iNOS expression. (H) Preosteoclasts were cultured for 4 days with 1 lg/ml LPS. Cell supernatants
were harvested, and NO production was measured as nitrite using the Griess reagent. (I–K) One hundred nanomolars
siRNA-transfected preosteoclasts were cultured for 24 h with 1 lg/ml LPS. IL-1b and IL-6 concentration was measured in
cell supernatants using ELISA. The supernatant NO production was analyzed by the Griess method. The detection of b-actin
in each sample serves as a loading control. All values are the mean – SD of three independent experiments.*p < 0.05,
**p < 0.01, and ***p < 0.005. ELISA, enzyme-linked immunosorbent assay; IL-1b, interleukin-1 beta; IL-6, interleukin-6;
iNOS, inducible nitric oxide synthase; NO, nitric oxide; siRNA, small interfering RNA.
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PrxII regulates osteoclast formation by modulating STAT3
activation.

Since production of the pro-inflammatory cytokines IL-1b
and IL-6 was affected by STAT3 (Fig. 3), we measured the
levels of IL-1b and IL-6 in PrxII - / - and PrxII + / + pre-
osteoclasts. We found that IL-1b and IL-6 production was
enhanced in PrxII-deficient cells (Fig. 6C–F). Furthermore,
iNOS expression and NO production were also enhanced in
PrxII-deficient cells (Fig. 6G, H). These results showed that
PrxII controls STAT3-mediated IL-1b, IL-6, and NO pro-
duction during LPS-induced osteoclastogenesis.

PrxII - / - mice show increased osteoclast formation
and bone loss when challenged by LPS

We next verified the role of PrxII in vivo. At first, we
administered LPS to mouse calvaria to check osteoclast
formation in two types of mice. Consistent with the in vitro
study, LPS treatment led to more TRAP-stained osteoclast
formation in PrxII - / - mice (Fig. 7A). Micro-CT analysis of
calvariae demonstrated that PrxII - / - mice showed more
severe bone destruction by LPS compared with PrxII + / +

mice (Fig. 7B). We next examined the LPS-induced bone

FIG. 4. PrxII deficiency
enhances LPS-induced os-
teoclastogenesis. (A) Pre-
osteoclasts were preloaded
with 50 lM DCFH-DA and
treated with 1 lg/ml LPS for
1 h. Intracellular ROS were
measured by DCF fluores-
cence using a CytoFluor 4000
plate reader (488 nm excita-
tion, 530 nm emission). (B)
Preosteoclasts were incubated
with 1 lg/ml LPS. On day 4,
cells were fixed and stained
for TRAP. The number of
TRAP-positive MNCs having
more than three nuclei was
counted. (C) Preosteoclasts
were placed on dentin slices
and cultured with 1 lg/ml LPS
for 6 days. The remaining
cells were removed and
stained with toluidine blue.
The resorbed pit numbers
were counted. (D) Pre-
osteoclasts were incubated
with 1 lg/ml LPS for 4 days.
mRNA expression of various
osteoclastogenic genes was
determined by quantitative
real-time PCR with GAPDH
mRNA as an endogenous
control. (E) Mock- and PrxII-
transduced preosteoclasts
were cultured with 1 lg/ml
LPS for 4 days. Cells were
fixed and stained for TRAP,
and TRAP-positive MNCs
having more than three nuclei
were counted. Mock, pool
of empty vector-transfected
cells; PrxII, pool of cells
overexpressing PrxII. All
values are the mean – SD of
three independent experi-
ments. *p < 0.05, **p < 0.01,
and ***p < 0.005. DCFH-DA,
2¢,7¢-dichlorofluorescin-diace-
tate; GAPDH, glyceraldehyde
3-phophate dehydrogenase;
PCR, polymerase chain reac-
tion; PrxII, peroxiredoxin II;
ROS, reactive oxygen species.
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loss. PrxII + / + and PrxII - / - mice were injected i.p. twice
with LPS over an 8-day period. Bone mineral density (BMD)
of femur was measured by dual X-ray absorptiometry (DXA)
analysis. While LPS treatment led to a significant bone loss
in both PrxII + / + and PrxII - / - mice, PrxII - / - mice have

significantly lower BMD (Fig. 8A). A micro-CT analysis of
the metaphyseal region of the femur consistently showed that
the trabecular bone volume per tissue volume (BV/TV) was
significantly lower in PrxII - / - mice than in PrxII + / + mice
after LPS injection (Fig. 8B). Two other indices related to
BV/TV—the trabecular thickness (Tb.Th) and the trabecular
number (Tb.N; linear density of trabecular bone)—were also
reduced in PrxII - / - mice compared with PrxII + / + mice after
LPS injection (Fig. 8C, D). In addition, the higher structure
model index (SMI) number, an indicator of increased fra-
gility, was significantly increased in LPS-injected PrxII - / -

mice, while the SMI of LPS-injected PrxII + / + mice was
unchanged (Fig. 8E). Consistent with these results, three-
dimensional visualization of the femoral area clearly showed
that the massive loss of trabecular bone after LPS treatment
was much higher in PrxII - / - mice compared with PrxII + / +

mice (Fig. 8F). These results indicate that PrxII negatively
regulates LPS-induced bone loss via modulation of osteoclast
differentiation.

Discussion

Many kinds of inflammatory bone diseases are associated
with excessive bone resorption induced by LPS (36). During
inflammatory response, LPS significantly contributes to the
production of ROS (4). Prxs are a class of thiol peroxidases
that degrade hydroperoxides to water (42, 54). Catalase and
glutathione peroxidases also remove hydroperoxides, and
these enzymes have been considered the major enzymes that
are responsible for protecting cells against hydroperoxides.
However, recent data on the reactivity and abundance of the
Prxs have revealed them to also be prominent members of the
antioxidant defense network (41). Recently, the physiologi-
cal role of PrxII in bone has been suggested (26). Deletion of
PrxII causes a decrease in bone density possibly by increasing
ROS concentration and calcium oscillation. Since the path-
ological role of PrxII in bone is poorly understood, we in-
vestigated the role of PrxII in ROS signaling during LPS-
induced bone loss.

LPS accelerates osteoclast differentiation and activity
(47). According to our results, ROS production was increased
by LPS, and antioxidant inhibited LPS-induced osteoclast
formation (Fig. 1). Furthermore, lack of PrxII increased
osteoclast formation by LPS (Fig. 4). The increased LPS-
induced osteoclastogenesis from PrxII-deficient pre-
osteoclasts appears to be linked to the antioxidant activity of
PrxII, given that the overall levels of ROS were significantly
higher in PrxII-deficient cells after LPS stimulation than
those in WT cells (Fig. 4). The overexpression of PrxII in
preosteoclasts effectively but not completely attenuated LPS-
induced osteoclast formation (Fig. 4). Given that six isoforms
of Prxs (PrxI–VI) are expressed in preosteoclasts (data not
shown), PrxII may act in balance with other Prxs in LPS-
induced osteoclastogenesis.

Consistent with the increase in LPS-induced osteoclast
formation, PrxII-deficient mice showed increased inflam-
matory bone loss in vivo (Figs. 7 and 8). Therefore, we
concluded that the antioxidant enzyme PrxII negatively
regulates LPS-induced bone loss via ROS signaling. ROS
have many sources, including the mitochondrial electron
transport chain, xanthine oxidase, cytochrome P-450 en-
zymes, uncoupled NO synthases, and NADPH oxidases. The

FIG. 5. PrxII deficiency enhances LPS-induced c-Fos
and NFATc1 expression through JNK pathway. (A–C)
Preosteoclasts were serum starved for 12 h and stimulated
with 1 lg/ml LPS for the indicated time. Whole-cell extracts
were harvested from cultured cells and subjected to SDS-
PAGE and Western blot analysis to detect NFATc1, c-Fos,
and p-JNK. The detection of b-actin and JNK in each
sample serves as a loading control. All values are the
mean – SD of three independent experiments. *p < 0.05.
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FIG. 6. PrxII deficiency promotes STAT3-mediated IL-1b, IL-6, and NO production during LPS-induced osteo-
clastogenesis. (A, B) Preosteoclasts were serum starved for 12 h and stimulated with 1 lg/ml LPS for the indicated time.
Whole-cell extracts were harvested from cultured cells and subjected to SDS-PAGE and Western blot analysis to detect
phosphorylated STAT3 at Tyr705 (A) and Ser727 (B). Antibodies specific for STAT3 were used to normalize the cell
extracts. (C, D) Preosteoclasts were serum starved for 12 h and stimulated with 1 lg/ml LPS for the indicated time. Whole-
cell extracts were harvested from cultured cells and subjected to SDS-PAGE and Western blot analysis to detect IL-1b and
IL-6. (E, F) Preosteoclasts were serum starved for 12 h and stimulated with 1 lg/ml LPS for the indicated time. IL-1b and
IL-6 concentration was measured in cell supernatants using ELISA method. (G) Preosteoclasts were serum starved for 12 h
and stimulated with 1 lg/ml LPS for the indicated time. After incubation, whole-cell extracts were harvested from cultured
cells and subjected to SDS-PAGE and Western blot analysis to detect iNOS expression. (H) Preosteoclasts were stimulated
with LPS for the indicated time, after which cell supernatants were harvested and NO production was measured as nitrite
using the Griess reagent. The detection of b-actin in each sample serves as a loading control. Data represent the means – SD
of three independent experiments. *p < 0.05, ***p < 0.005.
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mitochondrial electron transport chain is an important
source of ROS in cells undergoing aerobic metabolism, and
mitochondria are quite susceptible to oxidative damage,
which can result in enhanced mitochondrial ROS produc-
tion (3, 8). NADPH oxidase is also an important source of
ROS in macrophages (5). A previous study has shown that
NADPH oxidase and mitochondrion-dependent ROS gen-
eration may play important roles in PrxII regulation of LPS-
induced inflammatory responses in macrophages (57). Thus,
PrxII may regulate LPS-induced bone loss via NADPH
oxidase and mitochondrial ROS generation. Further study is
needed to reveal the precise mechanism by which PrxII
regulates the LPS-induced bone loss in the context of ROS
generation.

Next, we considered which signaling molecules affect
PrxII-mediated ROS signaling in osteoclastogenesis. Several
intracellular signals are essential for osteoclast formation,
including NF-jB, JNK, ERK, and p38 MAPK. JNK activity,
in particular, is required to maintain the committed status
during osteoclastogenesis (9). We found that ROS mediate
LPS-induced osteoclast formation via JNK (Fig. 1). Con-
sistent with these results, lack of PrxII accelerated LPS-
induced JNK phosphorylation, which results in the promotion
of c-Fos and NFATc1 expression (Fig. 5). Lack of PrxII
failed to exert any effects on NF-jB, ERK, and p38 MAPK
(data not shown). These results suggest that PrxII regulates
LPS-induced osteoclastogenesis through JNK-c-Fos-
NFATc1 signaling pathways. Yang et al. have previously
reported that LPS induces substantially enhanced activation
of NF-jB and MAPK in PrxII-deficient macrophages (57).
Given that the characteristics of RANKL-primed osteoclast

precursors are different from those of macrophages (9, 33),
PrxII-mediated signaling pathways seem to depend on the
cell type.

Moreover, we identified another signaling molecule
STAT3 that is critically involved in ROS signaling during
LPS-induced osteoclastogenesis (Fig. 2). This study showed
that LPS increases STAT3 phosphorylation via ROS in pre-
osteoclasts. Our data verified that STAT3 regulates the LPS-
induced expression of pro-inflammatory cytokines IL-1b and
IL-6. In addition, STAT3 regulated the expression of iNOS
and NO production by LPS (Fig. 3). IL-1b and IL-6 are
known to be involved in the pathogenesis of diverse in-
flammatory disorders, including bone diseases (27, 44).
Furthermore, pro-inflammatory cytokines have been known
to produce NO (12), which may enhance osteoclastogenesis
by mediating cell fusion (37). Thus, STAT3 might be in-
volved in ROS-mediated signaling by LPS, which regulates
cell–cell fusion to mature osteoclasts. Although the role of
STAT3 in osteoclasts is somewhat controversial, many
studies have demonstrated the importance of STAT3 in bone
physiology. Protein inhibitor of activated STAT3 (PIAS3)
has been known to negatively regulate RANKL-mediated
osteoclastogenesis (19). Furthermore, knock-in gp130 mu-
tant mice, which are unable to elicit gp130-dependent
STAT1/3 activation, exhibit inhibited osteoclastogenesis
(46). In osteoblasts, STAT3 activation leads to the production
of RANKL for induction of osteoclastogenesis (38). These
results support our suggestion that STAT3 activation by ROS
plays a critical role in LPS-induced osteoclast formation.
Furthermore, one of the most noteworthy findings of this
study is that LPS-induced STAT3 signaling is dependent on

FIG. 7. PrxII-deficient mice show
enhanced osteoclast formation by
LPS in vivo. LPS or PBS was directly
injected into calvariae. After 6 days,
mice were sacrificed. (A) Extracted
calvariae were fixed in 4% parafor-
maldehyde for 24 h at 4�C and then
stained for TRAP. (B) Micro-CT
images of whole calvariae are pre-
sented in which dark spots indicate
eroded surfaces. n = 3; **p < 0.01,
***p < 0.005. PBS, phosphate-buffered
saline.
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PrxII, which critically mediates the production of proin-
flammatory cytokines and NO (Fig. 6). Our study provides
important insights into the involvement of PrxII-dependent
STAT3 in LPS-induced osteoclastogenesis.

In summary, we verified that LPS-induced ROS signaling
is dependent on the coordinated mechanism of JNK and
STAT3, which is critically mediated by PrxII (Fig. 9). Sev-
eral in vitro and in vivo studies have implicated PrxII as either
a therapeutic target or a diagnostic biomarker for major dis-
eases. For example, a previous study showing the specific
involvement of PrxII in smooth muscle cell proliferation
suggests the potential therapeutic use of PrxII for the inhi-
bition of atherogenic lesion progression (10). In addition,
PrxII has been identified as a novel predictive biomarker of
the response to induction chemotherapy in patients with os-
teosarcoma (28). Our data imply the negative role of PrxII in
the regulation of LPS-induced bone loss, which could be
useful in the development of a novel treatment for patients
with inflammatory bone loss.

Materials and Methods

Mouse models

PrxII knock-out mice were provided by Dr. Dae-Yeul Yu
of the Korea Research Institute of Bioscience and Bio-
technology (KRIBB). C3H/HeN mice (carrying wild-type
TLR4) and C3H/HeJ mice (carrying mutated TLR4) were
obtained from Central Lab. Animal, Inc. (Seoul, Korea). All
mice were maintained in the animal facility of the Sook-
myung Women’s University on a 12:12-h light-dark cycle,
and were allowed food and water ad libitum. All experiments
were performed in accordance with institutional guidelines
approved by the Sookmyung Women’s University Animal
Care and Use Committee.

Preparation of preosteoclasts

Total spleen cells were isolated from 12-week-old mice
and cultured for 1 day in a-MEM (WelGENE, Inc., Daegu,

FIG. 8. PrxII-deficient mice show
accelerated bone loss by LPS chal-
lenge. Twelve-week-old PrxII + / + and
PrxII - / - mice were injected i.p. with
5 mg/kg LPS on days 0 and 4 and then
sacrificed on day 8. (A) BMD (g/cm2)
of femur from PrxII + / + and PrxII - / -

mice was analyzed by DXA. (B–F)
BV/TV, % (B), Tb.Th (C), Tb.N (D),
SMI (E), and three-dimensional micro-
CT images of the distal metaphyses of
the femora (F). n = 7; *p < 0.05,
**p < 0.01. Scale bar 1.0 mm. BMD,
bone mineral density; BV/TV, bone
volume per tissue volume; DXA, dual
X-ray absorptiometry; SMI, structure
model index; Tb.N, trabecular number;
Tb.Th, trabecular thickness.
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Korea) containing 10% fetal bovine serum (WelGENE) at
37�C in a humidified atmosphere under 5% CO2. Non-
adherent cells were collected and further cultured for 6 days
in the presence of 30 ng/ml recombinant murine macrophage-
colony-stimulating factor (rmM-CSF) (R&D Systems, Min-
neapolis, MN) (1). Adherent cells (osteoclast precursors)
were cultured for an additional 1.5 days in 30 ng/ml rmM-
CSF and 100 ng/ml mRANKL (PeproTech, Inc., Rocky Hill,
NJ) to generate preosteoclasts.

Osteoclast differentiation in vitro

Preosteoclasts were plated into 96-well culture plates
(1.5 · 104 cells/well) and cultured with 1 lg/ml LPS from
Escherichia coli (Sigma-Aldrich, St. Louis, MO) in the
presence of 30 ng/ml rmM-CSF. After 3–4 days in culture,
TRAP staining was performed and TRAP-positive multinu-
cleate cells with more than three nuclei were counted.

TRAP staining of osteoclasts

Osteoclasts were observed by staining tartrate-resistant
acid phosphatase (TRAP) activity. Cultured cells were fixed
with 10% formalin for 10 min, permeabilized with etha-
nol:acetone (50:50 v/v) for 1 min at room temperature, and
incubated in acetate buffer (pH 5.2) containing naphthol AS-
MX phosphate (Sigma-Aldrich) as the substrate and Fast Red
Violet LB salt (Sigma-Aldrich) as the dye for the reaction
product in the presence of 50 nM sodium tartrate. After
washing with distilled water and drying, TRAP-positive
MNCs (n > 3) were counted using a light microscope. The
data were expressed as mean – standard deviation (SD).

Bone resorption assay

Preosteoclasts were differentiated on dentin slices with
rmM-CSF (30 ng/ml) and LPS (1 lg/ml) for 6 days. The cells

were removed from the dentin slice by wiping its surface;
then, slices were stained with toluidine blue (1 lg/ml; J.T.
Baker, London, United Kingdom). The numbers of pits
formed by bone resorption on the dentin slices were counted.

Retroviral gene transfer

To generate retroviral stocks, pMX-IRES-PrxII was
transfected into the packaging cell line Plat-E. Viral super-
natant was collected from culture media at 48 h after trans-
fection. For infection with retroviruses, osteoclast precursors
were incubated with the viral supernatant (4 ml/dish), poly-
brene (10 lg/ml) (Millipore, Billerica, MA), and rmM-CSF
(30 ng/ml) for 2 day, and selected by puromycin (Sigma-
Aldrich; 10 lg/ml) for an additional 48 h.

siRNA transfection

Osteoclast precursors were plated on 48-well plates at a
density of 3.5 · 104 cells/well with 30 ng/ml rmM-CSF. After
24 h, cells were transfected with 100 nM mouse STAT3 on-
target plus smart pool siRNAs (cat. No. L-040794-01-0005;
accession numbers: NM_011486) (Dharmacon, Chicago, IL)
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) ac-
cording to the manufacturer’s instructions. The control con-
tained 100 nM nontargeting siRNA (Dharmacon). The
transfection took place in 2.5 ml of serum free media for 6 h;
the cells were then cultured for 1.5 days in complete media
containing 30 ng/ml rmM-CSF and 100 ng/ml mRANKL to
make preosteoclasts.

Immunoblot analysis

Cells were lysed in lysis buffer (50 mM Tris HCl, pH 7.5,
150 mM NaCl, 1% NP-40, 1 mM EDTA, 0.25% SDS, 1 mM
NaF, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride,
pepstatin, leupeptin, and aprotinin) and were clarified by
centrifugation. Protein was measured by Bradford assay
(Bio-Rad Laboratories, Inc., Benicia, CA), and equal
amounts of protein were separated on sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto polyvinylidene fluoride (PVDF) membrane
(Immobilon-P; Millipore). The membranes were blocked
with 5% nonfat-milk in phosphate-buffered saline with 0.1%
Tween 20 (PBS-T) and then immunostained with the indi-
cated antibody. The membranes were developed using an
enhanced chemiluminescence detection kit (Amersham
Biosciences, Buckinghamshire, United Kingdom).

Antibodies

Specific antibodies against NFATc1, b-actin, and sec-
ondary horseradish peroxidase-IgG were obtained from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Specific
antibodies against IL-1b and IL-6 were purchased from R&D
Systems. Others were purchased from Cell Signaling Tech-
nology (Irvine, CA). Each antibody was used at the con-
centration recommended by its manufacturer.

RNA extraction and real-time PCR assays

Total RNA was purified with easy-BLUE (iNtRON Bio-
technology, Seoul, Korea), and cDNA was prepared from
1 lg of RNA using RevertAid First-Strand cDNA Synthesis

FIG. 9. A schematic model for the role of PrxII in LPS-
induced osteoclastogenesis. In preosteoclast, PrxII inhibits
ROS-mediated JNK and STAT3 activity, resulting in at-
tenuation of osteoclastogenesis by LPS.
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Kit (Fermentas, Hanover, MD). The PCR primer sequences
used were as follows: CTR (F) 5¢-TTTCAAGAACCTT
AGCT GCCAGAG-3¢, (R) 5¢-CAAGGCACGGACAA TGT
TGAGAAG-3¢; CTK (F) 5¢-ACGGAGGCATT GA
CTCTGAAGATA-3¢, (R) 5¢-GTTGTTCTTATTCCGAGCC
AAGAG-3¢; ATP6v0d2 (F) 5¢-TCAGATCT CTTCAA
GGCTGTGCTG-3¢, (R) 5¢-GTGCC AAATGAGTTCAGA
GTGATG-3¢; DC-STAMP (F) 5¢-TGGAAGTTCACTTG
AAACTACGTG-3¢, (R) 5¢-CTCGGT TTCCCTCAGCCT
CTCTC-3¢; b3-Integrin (F) 5¢-GATGACA TCGAGCAG
GTGAAAGAG-3¢, (R) 5¢-CCGGTCATGAATGGTGATG
AGTAG-3¢; GAPDH (F) 5¢-TGCACCACCAACTGCTTA
GC-3¢, (R) 5¢-GGCATGGACTGTGGTCATGAG-3¢. Real-
time PCR reactions with the primers mentioned earlier were
performed in a total volume of 20 ll using SYBR� Green
PCR Master Mix (Applied Biosystems, Foster City, CA)
according to the manufacturer’s protocol. Thermocycling
was performed using a 7500 Real-Time PCR System (Ap-
plied Biosystems) with the following conditions: initial hold
95�C for 10 min, followed by 40 cycles of denaturation at
95�C for 15 s, annealing at 58�C, and extension at 60�C for
1 min. Data were analyzed using 7500 System Sequence
Detection Software version (Applied Biosystems). An index
mRNA level was assessed using a threshold cycle (Ct) value
and normalized against glyceraldehyde 3-phophate dehy-
drogenase (GAPDH) expression.

Enzyme-linked immunosorbent assay

Preosteoclasts were incubated with 30 ng/ml rmM-CSF
and 1 lg/ml LPS for the indicated time, and cell supernatant
was collected to determine the levels of IL-1b and IL-6 using
a commercially available ELISA kit (Biolegend, San Diego,
CA) according to the manufacturer’s instructions. Assays
were performed in triplicate for each specimen, and the data
were converted to pg/ml or ng/ml.

Measurement of intracellular ROS

To monitor the intracellular ROS, 2¢,7¢-dichlorofluorescin-
diacetate (DCFH-DA) (Sigma-Aldrich) were used as cell-
permeable probes. Nonfluorescent DCFH-DA, hydrolyzed to
DCFH inside of cells, yields highly fluorescent DCF in the
presence of intracellular hydrogen peroxide and related per-
oxides. Preosteoclasts were washed once with PBS, then in-
cubated in growth media containing 50 lM DCFH-DA for
30 min at 37�C, and finally incubated with 1 lg/ml LPS for
the indicated time. DCF fluorescence was measured at an
excitation wavelength of 488 nm and an emission of 515–
540 nm.

Measurement of NO

Nitrite concentration was used as an assessment of NO
production. Nitrite, a stable end-product of NO oxidation,
was measured in cell culture supernatant by Griess assay.
Preosteoclasts were incubated with 30 ng/ml rmM-CSF and
1 lg/ml LPS for the indicated time, and cell supernatant was
collected to measure nitrite concentration using the Griess
reaction by adding 100 ll of Griess reagent (0.1% naphthyl-
ethylene-diamide dihydrochloride in H2O and 1% sulfanil-
amide in 5% concentrated phosphoric acid) to 100 ll of
sample. Absorbance was then measured at 540 nm, and nitrite

concentration was calculated by a comparison with sodium
nitrite standards (5–80 lg/ml).

Osteoclast formation in vivo

To investigate the contribution of PrxII to LPS-induced os-
teoclast formation in vivo, 12-week-old PrxII + / + and PrxII- / -

female mice were directly injected with 0.5 mg/mouse LPS on
calvarial bone. After 6 days, mice were sacrificed; whole cal-
varia were fixed in 4% paraformaldehyde for 24 h and then
stained with TRAP. Image analysis was accomplished by Im-
ageJ software (version 1.32; National Institutes of Health,
Bethesda, MD) according to the manufacturer’s protocol.

Analysis of bone

PrxII + / + and PrxII - / - female mice (12-week old) were
i.p. injected with LPS (5 mg/kg of body weight) on day 0 and
4. Mice in the control group were injected with saline only.
On day 8, the femurs were collected. Isolated femurs were
stored in 70% ethanol at 4�C until analysis. BMD (g/cm2) of
femurs was measured and analyzed by the dual X-ray ab-
sorptiometry (DXA) instrument PIXIMUS (GE Lunar, Ma-
dison, WI). Three-dimensional measurement was performed
with a micro-CT scanner and associated analysis software
(Model 1076; Skyscan, Antwerp, Belgium) at 9-mm voxel
size. Image acquisition was performed at 35 kV of energy and
220 mA of intensity. The threshold was set to segment the
bone from the background, and the same threshold setting
was used for all samples.

Statistical analysis

The descriptive statistics provide data as the mean (SD).
Means were compared with those of a Student’s t-test (for
comparison of two means) or an ANOVA (for multiple
comparison) with a least-significant-difference post hoc test.
A p-value < 0.05 was considered significant. Calculations
were done with the software package SPSS (Ver. 21.0 for
windows; SPSS, Inc., Chicago, IL).
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Abbreviations Used

ATP6v0d2¼V-ATPase d2
BMD¼ bone mineral density

BV/TV¼ bone volume per tissue volume
CREB¼ cAMP response element-binding protein

CTK¼ cathepsin K
CTR¼ calcitonin receptor

DC-STAMP¼ dendritic cell-specific transmembrane
protein
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Abbreviations Used (Cont.)

DXA¼ dual X-ray absorptiometry
ELISA¼ enzyme-linked immunosorbent assay

ERK1/2¼ extracellular signal-regulated kinase 1/2
GAPDH¼ glyceraldehyde 3-phophate dehydrogenase

IL-1b¼ interleukin-1 beta
IL-6¼ interleukin-6

iNOS¼ inducible nitric oxide synthase
JNK¼ c-Jun N-terminal protein kinase
LPS¼ lipopolysaccharide

MAPK¼mitogen-activated protein kinase
M-CSF¼macrophage-colony-stimulating factor
MNCs¼multinucleated cells

MyD88¼myeloid differentiation primary response
gene 88

NAC¼N-acetyl-cysteine
NFATc1¼ nuclear factor of activated T-cells,

cytoplasmic 1
NF-jB¼ nuclear factor-kappaB

NO¼ nitric oxide
PBS-T¼ phosphate-buffered saline with 0.1%

Tween 20
PCR¼ polymerase chain reaction

PIAS3¼ protein inhibitor of activated STAT3
PLCc-1¼ phospholipase-C gamma-1

PrxII¼ peroxiredoxin II

Prxs¼ peroxiredoxins
RANK¼ receptor activator of nuclear factor-kappaB

RANKL¼ receptor activator of nuclear factor-kappaB
ligand

rmM-CSF¼ recombinant murine macrophage-
colony-stimulating factor

ROS¼ reactive oxygen species
SD¼ standard deviation

SDS-PAGE¼ sodium dodecyl sulfate–polyacrylamide
gel electrophoresis

siRNA¼ small interfering RNA
SMI¼ structure model index

STAT3¼ signal transducer and activator
of transcription 3

Tb.N¼ trabecular number
Tb.Th¼ trabecular thickness

TIR¼ toll-interleukin-1 receptor
Tirap¼ toll-interleukin 1 receptor domain

containing adaptor protein
TLR4¼ toll-like receptor 4

TNF¼ tumor necrosis factor
TRAF-6¼TNF receptor-associated factor 6

Tram¼TRIF-related adaptor molecule
TRAP¼ tartrate-resistant acid phosphatase

Trif¼TIR-domain-containing adapter-inducing
interferon-b
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