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Lipopolysaccharide (LPS), a common bacteria-derived prod-
uct, has long been recognized as a key factor implicated in peri-
odontal bone loss. However, the precise cellular and molecular
mechanisms by which LPS induces bone loss still remains con-
troversial. Here, we show that LPS inhibited osteoclastogenesis
from freshly isolated osteoclast precursors but stimulated oste-
oclast formation from those pretreated with RANKL in vitro in
tissue culture dishes, bone slices, and a co-culture system con-
taining osteoblasts, indicating that RANKL-mediated lineage
commitment is a prerequisite for LPS-induced osteoclastogen-
esis. Moreover, the RANKL-mediated lineage commitment is
long term, irreversible, and TLR4-dependent. LPS exerts the
dual function primarily by modulating the expression of
NFATc1, a master regulator of osteoclastogenesis, in that it
abolished RANKL-induced NFATc1 expression in freshly iso-
lated osteoclast precursors but stimulated its expression in
RANKL-pretreated cells. In addition, LPS prolonged osteoclast
survival by activating the Akt, NF-�B, and ERK pathways. Our
current work has not only unambiguously defined the role of
LPS in osteoclastogenesis but also has elucidated the molecular
mechanism underlying its complex functions in osteoclast for-
mation and survival, thus laying a foundation for future delin-
eation of the precise mechanism of periodontal bone loss.

LPS,2 a common bacteria-derived product, has long been
recognized as a key factor implicated in the development of
chronic periodontitis. LPS plays an important role in periodon-
titis by initiating a local host response in gingival tissues that
involves recruitment of inflammatory cells, production of pros-
tanoids and cytokines, elaboration of lytic enzymes and activa-
tion of osteoclast formation and function to induce bone loss
(1–3).

Osteoclasts, the body’s sole bone-resorbing cells, are
multinucleated giant cells that differentiate from cells of hema-
topoietic lineage upon stimulation by two critical factors: the
macrophage/monocyte colony-forming factor (M-CSF) and
the receptor activator of NF-�B ligand (RANKL) (4–6).
RANKL exerts its effects on osteoclast formation and function
by binding to its receptor, RANK (receptor activator of NF-�B)
expressed on osteoclast precursors and mature osteoclasts
(7–9). RANKL also has a decoy receptor, osteoprotegerin,
which inhibits RANKL action by competing with RANK for
binding RANKL (10, 11).
RANK is a member of the tumor necrosis factor receptor

(TNFR) family (12). Members of the TNFR family lack intrinsic
enzymatic activity, and hence they transduce intracellular
signals by recruiting various adaptor proteins including TNF
receptor-associated factors (TRAFs) through specific motifs
in the cytoplasmic domain (13, 14). It has been established
that RANK contains three functional TRAF-binding
sites (369PFQEP373, 559PVQEET564, and 604PVQEQG609) that,
redundantly, play a role in osteoclast formation and function
(15, 16). Collectively, through these functional TRAF-binding
motifs, RANK activates six major signaling pathways, NF-�B,
JNK, ERK, p38, NFATc1, and Akt, which play important roles
in osteoclast formation, function, and/or survival (15, 17–19).
In particular, NFATc1 has been established as a master regula-
tor of osteoclast differentiation (20–22).
The involvement of osteoclasts in the pathogenesis of peri-

odontal bone loss is supported by observations that osteoclasts
are physically present and functionally involved in bone resorp-
tion in periodontal tissues (23–27). RANKL and RANK knock-
out mice develop osteopetrosis and show failure in tooth erup-
tion due to a lack of osteoclasts (24, 25, 28). Moreover, op/op
mice, in which a mutation in the coding region of the M-CSF
gene generates a stop codon that leads to premature termina-
tion of translation of M-CSF mRNA, also show osteopetrosis
and failure in tooth eruption due to a defect in osteoclast devel-
opment (26, 27).
Whereas the role of osteoclasts in periodontal disease asso-

ciated alveolar bone destruction has been well established, the
precise role of LPS in osteoclastogenesis still remains contro-
versial. The vast majority of the previous studies demonstrated
that LPS stimulates osteoclastogenesis. This is consistent with
the role that LPS, a well recognized pathogenic factor in peri-
odontitis, presumably plays in periodontal bone loss (29–33).
However, two previous studies demonstrated, surprisingly, that
LPS plays bifunctional roles in osteoclastogenesis in that
although it inhibits osteoclast formation from normal oste-
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oclast precursors, it reverses to promote osteoclastogenesis
from osteoclast precursors pretreated with RANKL (34, 35).
Given that this finding is inconsistentwith the presumed role of
LPS as a pathogenic factor in periodontal bone loss and lacks
careful and further validation, the prevalent view is still that
LPS stimulates osteoclastogenesis (1–3). Importantly, if LPS
indeed has a dual function in osteoclastogenesis, the molecular
mechanism by which LPS exerts a dual effect on osteoclasto-
genesis need to be further elucidated.
In the present work, using various in vitro assays, we have

demonstrated independently that LPS inhibits osteoclastogen-
esis from normal osteoclast precursors but promotes the devel-
opment of osteoclasts from RANKL-pretreated cells in tissue
culture dishes and bone slices in single-cell and co-culture set-
tings, confirming the two previous observations that LPS play a
bifunctional role in osteoclastogenesis (34, 35). Moreover, we
have further shown that theRANKL-mediated lineage commit-
ment is long term and irreversible in LPS-mediated osteoclas-
togenesis.More importantly, we have revealed that LPS inhibits
osteoclastogenesis by suppressingNFATc1 expression and JNK
activation while it prolongs osteoclast survival by activating the
Akt, NF-�B, and ERK pathways. These studies have not only
unambiguously and precisely defined the role of LPS in oste-
oclastogenesis but, more importantly, may also lead to a para-
digm shift in future investigation of the molecular mechanism
of periodontal bone loss.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—Chemicals were purchased from
Sigma unless indicated otherwise. Ultra-pure LPS and standard
LPS were purchased from InvivoGen (San Diego, CA). The fol-
lowing antibodies were purchased from Cell Signaling Tech-
nology, Inc. (Beverly,MA): antibodies against I�B� (catalogNo.
9242), phospho-I�B� (2859s), p44/42ERK (9102), phospho-
p44/42ERK (9101s), JNK (9252), phospho-JNK (9251s), p38
(9212), phospho-p38 (9211s), Akt (9272), and phospho-Akt
(9275s). Antibodies against NFATc1 (sc-7294) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Alexa Fluor-
488 phalloidin (A12379) andHoechst-33258 (H1398)were pur-
chased from Invitrogen.
In Vitro Mouse Osteoclastogenesis Assays—Male C57BL/6

mice at different ages, as indicated in individual experiments,
were purchased from Harlan Industries (Indianapolis, IN).
TLR4�/� breeding pairs were obtained under amaterials trans-
fer agreement fromDr. ShikuoAkira (OsakaUniversity, Osaka,
Japan). Bonemarrowmacrophages (BMMs) were isolated from
long bones of mice as described previously (36) and cultured in
�-MEM containing 10% heat-inactivated fetal bovine serum in
the presence of M-CSF. To generate osteoclasts from BMMs
with M-CSF and RANKL treatment, 5 � 104 cells were plated
per well in 24-well plates and cultured in the presence of 44
ng/ml M-CSF and various concentrations of purified glutathi-
one S-transferase-RANKL as indicated in individual experi-
ments (37). Osteoclasts were stained for TRAP expression with
a leukocyte acid phosphatase kit (387-A) from Sigma. To gen-
erate osteoclasts in vitro using the co-culture systems, BMMs
were co-cultured in �-MEM containing 10% heat-inactivated
fetal bovine serum with osteoblasts isolated from newborn

mice calvarias in 24-well tissue culture plates (5 � 104 BMMs
and 5 � 103 osteoblasts/well). The co-cultures are treated
with 20 nM 1,25-dihydroxyvitamin D3 and 100 nM dexameth-
asone. Under these conditions, osteoclasts began to form at
days 6 to 7. The cultures were stained for TRAP activity at
days 8–10 with a leukocyte acid phosphatase kit (387-A)
from Sigma.
In Vitro Bone Resorption Assays—5� 104 BMMswere plated

on bovine cortical bone slices in 24-well plates, and the cultures
were treated with M-CSF (44 ng/ml) and RANKL (100 ng/ml)
for 4 days to stimulate osteoclast formation. The cultures were
then continued for 3 more days to allow osteoclasts to resorb
bone. In bone resorption assays involving co-cultures, BMMs
were co-cultured with osteoblasts in �-MEM containing 10%
heat-inactivated fetal bovine serum on bone slices in 24-well
tissue culture plates (5 � 104 BMMs and 5 � 103 osteoblasts/
well) in the presence of 20 nM 1,25-dihydroxyvitamin D3 and
100 nM dexamethasone for 11 days. Then, bone slices were har-
vested and cells removed from the bone slices with 0.25 M
ammonium hydroxide and mechanical agitation. Bone slices
were then subjected to scanning electron microscopy (SEM)
using a Philips 515 SEM (Materials Engineering Department,
University of Alabama at Birmingham). The data were quanti-
fied bymeasuring the percentage of the pits area in four random
resorption sites. The percentage of the pits areawas determined
using ImageJ analysis software obtained from National Insti-
tutes of Health.
Immunofluorescence Assays—5 � 104 BMMs were plated on

bovine cortical bone slices in 24-well plates, and the cultures
were treated with M-CSF (44 ng/ml) and RANKL (100 ng/ml)
for 5 days to stimulate osteoclast formation. Bone slices were
then fixedwith 3.7% formaldehyde solution in PBS for 10min at
room temperature, and each bone slice was placed in 0.1% Tri-
ton X-100 in PBS for 8 min and then stained with Alexa-488
phalloidin and Hoechst-33258 for 15 min for actin ring and
nucleic staining, respectively. Bone slices were then subjected
to confocal imaging using a Leica DMIRBE inverted UV SP1
confocalmicroscope systemwith Leica confocal software at the
University of Alabama at Birmingham imaging facility.
Western Blot—BMMs were cultured in serum-free �-MEM

in the absence ofM-CSF for 16 h before treatmentwith RANKL
and/or LPS for various times as indicated in the individual
experiments. For assays involving osteoclasts, BMMs were
treated with M-CSF (44 ng/ml) and RANKL (100 ng/ml) for 4
days to stimulate osteoclast formation. After osteoclasts were
formed, the cultures were then treated with PBS or RANKL for
4 h. BMMs or mature osteoclasts were washed twice with ice-
cold PBS and then lysed in lysis buffer fromCell SignalingTech-
nology (catalog No. 9803), 1� protease inhibitor mixture 1
(Sigma, P-2850), and 1� protease inhibitor mixture 2 (Sigma,
P-5726). 25 �g of cell lysates was boiled in the presence of SDS
sample buffer (0.5 M Tris-HCl, pH 6.8, 10% (w/v) SDS, 10%
glycerol, 0.05% (w/v) bromphenol blue) for 5min and loaded for
electrophoresis on 10% SDS-PAGE. Proteins were transferred
to nitrocellulose membranes (catalog No. 162-0147) from Bio-
Rad using a semidry blotter (Bio-Rad). Membranes were
blocked in blocking solution (5% nonfat dry milk in TBS con-
taining 0.1% Tween 20) for 1 h to prevent nonspecific binding
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and then washed three times with TBS-T (TBS containing 0.1%
Tween 20). Membranes were incubated primary antibodies in
TBS-T containing 5% bovine serum albumin (Sigma, A-7030)
overnight at 4 °C. Next day, membranes were then washed
three timeswithTBS-T and incubatedwith secondary antibody
in TBS-T containing 5% nonfat dry milk for 1 h. Membranes
were washed extensively, and an enhanced chemiluminescence
(ECL) detection assay was performed using the SuperSignal
West Dura kit from Pierce.

RESULTS

LPSPlays aBifunctional Role inOsteoclastogenesis—The role
of LPS in osteoclastogenesis still remains controversial. To fur-
ther address the issue, we independently and carefully carried
out numerous assays to examine the role of LPS in osteoclasto-
genesis. First, we determined whether LPS could promote oste-
oclast formation in the presence of M-CSF. To this end, pri-
mary BMMs (namely primary osteoclast precursors) from
6-week-old male C57BL/6 mice were treated with M-CSF and
different doses of LPS (5 ng/ml–10 �g/ml) for 4 days (Fig. 1A).
The assays were performed with both standard LPS and ultra-
pure LPS from InvivoGen. Standard LPS contains other bacte-
rial components such as lipopeptides, thus targeting bothTLR4
and TLR2. Ultra-pure LPS is further purified using a protocol
developed by Hirschfeld et al. (38) and therefore activates only
TLR4. As control, BMMs treated with M-CSF and RANKL
formed numerous typical osteoclasts (Fig. 1A). However, cells
treated with M-CSF and LPS at concentrations as high as 10
�g/ml failed to form any osteoclasts (Fig. 1A), indicating that
LPS cannot replace RANKL in osteoclastogenesis. This finding
is consistent with the current notion that osteoclastogenesis
requires two essential factors,M-CSF andRANKL (24–27).We
then determined whether LPS could additively or synergisti-
cally promote osteoclastogenesis with RANKL. Hence, we
treated BMMswithM-CSF, RANKL, and different doses of LPS
for 4 days (Fig. 1B). The control cultures containing no LPS
formed numerous osteoclasts, but LPS at concentrations as low
as 10 ng/ml totally abolished osteoclast formation (Fig. 1B),
revealing that LPS inhibits RANKL-mediated osteoclastogen-
esis from freshly isolated BMMs rather than additively or syn-
ergistically stimulating osteoclastogenesis with RANKL. This
finding is in agreement with two previously documented obser-
vations (34, 35).
Next, we examined the effect of LPS on osteoclastogenesis

from BMMs that were pretreated with RANKL. BMMs were
treated with M-CSF and RANKL for 24 h, and then different
doses of LPSwere added to the cultures to complete the process
(Fig. 1C). Our finding is consistent with previous reports that
once osteoclast precursors are pretreated with RANKL, the
inhibitory effect of LPS on RANKL-mediated osteoclastogen-
esis is significantly reduced (Fig. 1C) (34, 35).We then took one
more step to investigate whether LPS and M-CSF could pro-
mote osteoclastogenesis fromRANKL-pretreated BMMs in the
absence of RANKL. Significantly, our assays demonstrated that
LPS and M-CSF, without RANKL, are sufficient to promote
osteoclastogenesis from RANKL-pretreated BMMs in a dose-
dependent manner (Fig. 1D).

As shown in Fig. 1C, high doses of LPS (100 ng/ml or higher),
especially standard LPS, can still exert a significant inhibitory
effect on osteoclastogenesis fromRANKL-pretreated BMMs. It
has been postulated previously that RANKLpretreatment com-
mit BMMs to the osteoclast lineage (39, 40). It is likely that 24-h
RANKL pretreatment is not long enough to fully commit
BMMs and/or to commit all of the BMMs in the cultures, and
therefore this treatment would fail to completely abolish the
inhibitory effect. We addressed the possibility by pretreating
BMMs with M-CSF and RANKL for various times followed by
addition of high dose LPS (10 �g/ml) (Fig. 1E). The data
revealed that a longer RANKL pretreatment (36 h or longer)
fully abrogated the inhibitory effect of a high dose of LPS (10
�g/ml) on osteoclastogenesis, supporting the prospect that
36-h pretreatment of BMMby RANKL at 100 ng/ml fully com-
mits all BMMs in the cultures into the osteoclast lineage.More-
over, it was also noted that only high doses of LPS (100 ng/ml or
higher) promoted osteoclastogenesis from RANKL-pretreated
BMMs in the presence of M-CSF (Fig. 1D). This is once again
likely the result of incomplete commitment of BMMs by the
24-h RANKL treatment. To test this possibility, BMMs pre-
treatedwith RANKL for 36 h, as shown in Fig. 1E, were cultured
in the presence of M-CSF and LPS to promote osteoclastogen-
esis. Our results demonstrate that BMMs pretreated with
RANKL for a longer time (36 h) became capable of differenti-
ating into osteoclasts in response to LPS at concentrations as
low as 5 ng/ml (Fig. 1F), indicating that the RANKL-mediated
full commitment of BMMs into the osteoclast lineage is critical
for subsequent differentiation into osteoclast in response to
LPS stimulation. Taken together, these data support the finding
that LPS plays a bifunctional role in osteoclastogenesis in tissue
culture dish in vitro.

Thus far, all of the osteoclastogenesis assays undertaken to
investigate the role of LPS in osteoclastogenesis, including
ours shown above and those done previously by others (34,
35), have been performed to assess the effect of LPS on oste-
oclastogenesis in tissue culture dishes. To obtain more phys-
iologically relevant data, we further asked whether we could
recapitulate the dual role of LPS in osteoclastogenesis on
bone slices. Toward this end, we repeated the key osteoclas-
togenesis assays on bone slices (Fig. 2). As control, BMMs
grown on bone slices in the presence of M-CSF alone were
mononuclear and did not form an actin ring (Fig. 2A, top row,
first three panels from left). More importantly, no bone
resorption was detected (Fig. 2A, right panel). M-CSF and
RANKL were sufficient to promote osteoclast formation on
bone slices from fresh BMMs (Fig. 2A, second row from top),
indicated by the presence of two important structural fea-
tures of osteoclasts, actin ring formation visualized by phal-
loidin staining (leftmost panel) and multinucleation revealed
by Hoechst staining (second panel from left), in the majority
of cells attached on bone slices. The overlay of the two dif-
ferent staining images further highlights the multinucleated
cells with typical actin ring (Fig. 2A, third panel from left).
The formation of osteoclasts on the bone slices were even-
tually confirmed by revelation of bone resorption activities
on bone slices (Fig. 2A, rightmost panel). In contrast, M-CSF
and LPS (10 �g/ml) failed to promote osteoclastogenesis on
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bone slices from fresh BMMs, as
indicated by the absence of
multinucleated cells with actin
rings on the bone slices and lack of
bone resorption activity (Fig. 2A,
third row from top). Moreover, 5
ng/ml LPS completely blocked
RANKL-mediated osteoclastogen-
esis on bone slices from freshBMMs
(Fig. 2A, fourth row from top).
Importantly, 10 �g/ml LPS not only
was unable to inhibit RANKL-
mediated osteoclastogenesis from
RANKL-pretreated BMMs on bone
slices (Fig. 2A, fifth row from top)
but also was capable of stimulating
osteoclastogenesis from RANKL-
pretreated BMMs on bone slices in
the presence ofM-CSF (Fig. 2A, bot-
tom row). The bone resorption
assays are quantified in Fig. 2B.
These data further substantiate that
LPS plays a bifunctional role in
osteoclastogenesis.
RANKL-mediated Osteoclast Lin-

eage Commitment is Long Term—
Having demonstrated that LPS
promotes osteoclastogenesis from
BMMs precommitted by RANKL,
we next determined whether the
RANKL-mediated lineage commit-
ment was transient or long term.
We treated BMMs withM-CSF and
RANKL for 36 h. RANKL was then
removed, and the cultures were
continued with M-CSF alone (serv-
ing as a proliferating and surviving
factor) on an untreated culture dish
for 24, 48, 72, or 96 h (Fig. 3). BMMs
were lifted and replated in 24-well
treated tissue culture plates and cul-
tured withM-CSF and RANKL plus
different doses of ultra-pure LPS for
4 days (Fig. 3A) or with M-CSF and
different doses of ultra-pure LPS for
4 days (Fig. 3B). In Fig. 1E, we show
that, immediately following pre-
treatment of BMMs with RANKL
for 36 h, LPS was no longer able to
inhibit RANKL-mediated oste-
oclastogenesis. Fig. 3A further dem-
onstrates that as long as 48 h after
the 36-h RANKL pretreatment, LPS
was still unable to completely block
RANKL-mediated osteoclastogenesis, indicating that the
RANKL-mediated lineage commitment can persist for at least
48 h. Moreover, as shown in Fig. 3B, LPS was still capable of
promoting osteoclastogenesis from the RANKL-pretreated

BMMs 48 h after the completion of the 36-h RANKL pretreat-
ment, further supporting the idea that the RANKL-mediated
lineage commitment is durable. Similar results were obtained
with standard LPS (data not shown).
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The Inhibitory Effect of LPS on Osteoclastogenesis Is Irrevers-
ible and Dominant over That of RANKL—As shown above, LPS
is not only unable to stimulate osteoclastogenesis from fresh
BMMs in the presence of M-CSF (Fig. 1A), but LPS actually
inhibits RANKL-mediated osteoclastogenesis when LPS and
RANKL were simultaneously added to the cultures (Fig. 1B).
These findings raise another question: can RANKL mediate
osteoclastogenesis from BMMs pre-exposed to LPS? To
address this issue, we pretreated BMMs with different doses of
LPS in the presence of M-CSF for 24 h. Then, RANKL (100
ng/ml) was added into the cultures. As shown in Fig. 4A, pre-
treatment of BMMs with LPS as low as 5 ng/ml ultra-pure LPS
or standard LPS blocked osteoclastogenesis in response to sub-
sequent RANKL stimulation, suggesting that LPS pretreatment
permanently prevents BMMs from differentiating into oste-
oclasts. To further investigate this issue, we treated BMMswith
M-CSF, LPS (10 ng/ml), and increasing concentrations of
RANKL. As shown in Fig. 4B, as high a concentration as 400
ng/ml RANKL still could not promote osteoclast formation in
the presence of 10 ng/ml LPS, indicating that the inhibitory
effect of LPS on osteoclastogenesis overrides that of RANKL.
LPSAlso Plays aBifunctional Role inOsteoclastogenesis in the

Co-culture System—Up to the present time, all our experiments
have been performed in single cell-type cultures that contain
only BMMs. It has been shown that osteoblasts are indirectly
involved in LPS-mediated osteoclast formation by producing
numerous osteoclastogenic factors including RANKL in
response to LPS stimulation (1, 41). Thus, we further examined
the role of LPS in osteoclastogenesis in co-culture systems con-
taining osteoblasts as described previously (36). In our co-cul-
ture experiments, we used BMMs pretreated with RANKL (100
ng/ml) for 36 h or fresh BMMs (Fig. 5A). The co-culture assays
were treated with ultra-pure or standard LPS (10 ng/ml). These
co-culture assays show that although BMMs failed to form
osteoclasts in the co-culture systems containing fresh BMMs in
response to LPS treatment, the co-culture assays containing
RANKL-pretreated BMMs formed osteoclasts in response to
LPS (Fig. 5A, first column from left), indicating that LPS plays a
bifunctional role in osteoclastogenesis in the co-culture sys-
tems. We next determined whether LPS played a bifunctional
role in osteoclastogenesis on bone slices in the co-culture sys-

tems by repeating the same set of the assays on bone slices. The
osteoclast formation on the bone slices was assessed by visual-
ization of actin ring formation and multinucleation (Fig. 5A,
columns 2–4 from left) and bone resorption activity (Fig. 5A,
rightmost column). Our data demonstrate that whereas no
multinucleated cells with actin ring and bone resorption activ-
ity were seen on bone slices from the co-culture systems con-
taining fresh BMMs in response to LPS treatment (Fig. 5A, top
two rows), the co-culture assays containing RANKL-pretreated
BMMs had formed multinucleated cells with an actin ring and
exhibited bone resorption activity in response to LPS (Fig. 5A,
bottom two rows). The bone resorption assays in Fig. 5A are
quantified in Fig. 5B. Taken together, these co-culture assays
demonstrate that the dual effect of LPS on osteoclastogenesis
seen in the tissue culture plates can be recapitulated on bone
slices.
TLR4 Primarily Mediates the Complex Roles of LPS in Oste-

oclast Formation and Survival—Both TLR2 and TLR4 are
expressed on BMMs (34). Although TLR4 is a primary receptor
for LPS, a few studies suggest that TLR2 is also potentially
involved in LPS signaling (42, 43). To determine whether TLR4
is solely responsible for the role of LPS in osteoclast formation
and survival, we performed the following experiments with
BMMs fromwild-type (WT)orTLR4knock-outmice (TLR4�/�).
As shown in Fig. 6A, we treated freshly isolated WT or
TLR4�/� BMMs with M-CSF, RANKL, and LPS to promote
osteoclastogenesis. Although WT BMMs failed to form oste-
oclasts, TLR4�/� BMMs were fully capable of forming oste-
oclasts in response to M-CSF and RANKL in the presence of
ultra-pure LPS, indicating that the LPS-activated inhibitory
effect in fresh BMMs is mediated by TLR4.Moreover, standard
LPS at a high concentration can still inhibit osteoclastogenesis
in TLR4�/� BMMs, indicating that although TLR4 is a pre-
dominant receptor for LPS, TLR2 can also mediate the effect.
Next, we repeated the assay using WT and TLR4�/� BMMs
pretreated with RANKL. The data again indicate that LPS-ac-
tivated stimulatory effect in RANKL-pretreated BMMs is also
mediated primarily via TLR4 (Fig. 6B). Next, we repeated the
assay shown in Fig. 6B on bone slices to investigate whether
TLR4 is predominantly involved in mediating the LPS-induced
osteoclastogenesis on bone slices from RANKL-pretreated

FIGURE 1. LPS plays a bifunctional role in osteoclastogenesis in a tissue culture dish. A, LPS is incapable of promoting osteoclastogenesis in the presence
of M-CSF. BMMs were treated with 44 ng/ml M-CSF and increasing concentrations of LPS (5 ng/ml, 10 ng/ml, 100 ng/ml, 1 �g/ml, and 10 �g/ml) for 4 days. As
control, BMMs were treated with 44 ng/ml M-CSF and 100 ng/ml RANKL for 4 days. The cultures were then stained for TRAP activity. Each condition had three
replicates (wells). A representative area of the cultures from each condition is shown. U-LPS, ultra-pure LPS; S-LPS, standard LPS. B, LPS inhibits RANKL-mediated
osteoclastogenesis from freshly isolated BMMs. BMMs were treated with 44 ng/ml M-CSF and 100 ng/ml RANKL in the absence of LPS as control or in the
presence of increasing concentrations of LPS (2.5 ng/ml, 5 ng/ml, 10 ng/ml, 100 ng/ml, and 1 �g/ml) for 4 days. The cultures were then stained for TRAP activity.
Each condition had three replicates (wells). A representative area of the cultures from each condition is shown. C, LPS stimulates osteoclastogenesis from BMMs
that are pretreated with RANKL. BMMs were pretreated with 44 ng/ml M-CSF and 100 ng/ml RANKL for 24 h. Different doses of LPS (0, 5 ng/ml, 10 ng/ml, 100
ng/ml, 1 �g/ml, and 10 �g/ml) were then added to the cultures, and the cultures were continued for 4 more days. The cultures were stained for TRAP activity.
Each condition had three replicates (wells). A representative area of the cultures from each condition is shown. D, LPS and M-CSF can promote osteoclasto-
genesis from RANKL-pretreated BMMs. BMMs were pretreated with 44 ng/ml M-CSF and 100 ng/ml RANKL for 24 h. The cultures were then continued with 44
ng/ml M-CSF and different doses of LPS (5 ng/ml, 10 ng/ml, 100 ng/ml, 1 �g/ml and 10 �g/ml) for 4 more days. As control, the cultures were continued with 44
ng/ml M-CSF and 100 ng/ml RANKL for 4 more days. The cultures were stained for TRAP activity. Each condition had three replicates (wells). A representative
area of the cultures from each condition is shown. E, pretreatment of BMM by RANKL for as short as 36 h fully commits BMMs into the osteoclast lineage. BMMs
were pretreated with 44 ng/ml M-CSF and 100 ng/ml RANKL for different times (0, 12, 24, 36, 48, or 60 h). LPS (10 �g/ml) was then added to the cultures, which
were continued for 4 more days. The cultures were stained for TRAP activity. Each condition had three replicates (wells). A representative area of the cultures
from each condition is shown. F, RANKL-mediated full commitment of BMMs into the osteoclast lineage is a prerequisite for subsequent differentiation into
osteoclast in response to LPS stimulation. BMMs were pretreated with 44 ng/ml M-CSF and 100 ng/ml RANKL for 36 h. The cultures were then continued with
44 ng/ml M-CSF and different doses of LPS (0, 5, 10 or 100 ng/ml) for 4 more days. The cultures were stained for TRAP activity. Each condition had three
replicates (wells). A representative area of the cultures from each condition is shown.

Role of Lipopolysaccharide in Osteoclastogenesis

12516 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 18 • MAY 1, 2009



BMMs.Our data indicate that TLR4 plays amajor role inmedi-
ating the stimulatory effect of LPS on osteoclastogenesis from
RANKL-pretreated BMMs on the physiologic substratum (Fig.

6C). Finally, we performed the oste-
oclast survival assays with WT and
TLR4�/� BMMs. The results from
the survival assays confirmed that
TLR4 is mainly responsible for
mediating LPS-stimulated surviving
signaling pathway(s) inmature oste-
oclasts (Fig. 6D).
LPS Inhibits Osteoclastogenesis

from Fresh BMMs by Suppressing
RANKL-mediated JNK Activation
and NFATc1 Expression—We next
set out to delineate the molecular
mechanism by which LPS exerts a
dual effect on osteoclastogenesis.
RANKLhas been shown to promote
osteoclastogenesis by activating
various intracellular signaling path-
ways in BMMs including NF-�B (7,
44), JNK (7, 45), ERK (7, 46), and
p38 (46–48). In addition, RANKL
also stimulates the expression of
NFATc1 in BMMs, which is an
essential factor for osteoclastogen-
esis (20–22). Thus, we investigated
whether LPS regulates osteoclasto-
genesis via interference with these
signaling pathways and/or the
expression of the critical transcrip-
tion factor.
To this end, we treated freshly

isolated BMMs with RANKL for 0,
5, or 10 min in the absence or pres-
ence of LPS, and the activation of
the NF-�B, ERK JNK, and p38 path-
ways was determined by Western
analysis (Fig. 7A, left panel). This set
of assays was also repeated with
BMMs pretreated with RANKL for
24 h (Fig. 7A, right panel). LPS had
no effect on RANKL-mediated
activation of the NF-�B or ERK
pathways in fresh BMMs (Fig. 7A,
lane 2 versus lanes 3 and 4; or lane 5
versus lanes 6 and 7). Additionally,
LPS did not have any significant
effect on the RANKL-mediated
ERK activation in RANKL-pre-
treated BMMs as well (Fig. 7A, lane
9 versus lanes 10 and 11; or lane 12
versus lanes 13 and 14). Interest-
ingly, LPS enhanced RANKL-
dependent NF-�B activation in
RANKL-pretreated BMMs (Fig. 7A,
lane 12 versus lanes 13 and 14).

These data indicate that LPS does not block osteoclastogenesis
through suppression of RANKL-mediated activation of the
NF-�B or ERK pathway. Moreover, LPS was able to transiently

FIGURE 2. LPS plays a bifunctional role in osteoclastogenesis on bone slices. A, BMMs were cultured on bone
slices in 24-well tissue culture plates with M-CSF (44 ng/ml) alone, M-CSF (44 ng/ml) and RANKL (100 ng/ml), M-CSF
(44 ng/ml), and ultra-pure LPS (10 �g/ml) or M-CSF (44 ng/ml) and RANKL (100 ng/ml) plus ultrapure LPS (5 ng/ml)
for 5 days to promote osteoclastogenesis. At day 5, a portion of bone slices were stained for actin ring formation
(alexa-488-phalloidin) and multinucleation (Hoechst-33258), two important features of osteoclasts. The remaining
cultures were continued for 3 additional days, and bone slices were then harvested for SEM scanning to visualize
bone resorption cavities. In addition, BMMs were cultured on bone slices with M-CSF (44 ng/ml) plus RANKL (100
ng/ml) for 36 h, and the cultures were then continued with M-CSF (44 ng/ml) and RANKL (100 ng/ml) plus ultra-pure
LPS (10 �g/ml) or with M-CSF (44 ng/ml) plus ultra-pure LPS (10 �g/ml) for an additional 5 days. Similarly, at day 5, a
portion of bone slices were stained for actin ring formation and multinucleation. The remaining cultures were
continued for 3 additional days, and bone slices were then harvested for SEM. Each condition had three replicates
(wells); a representative area of the phalloidin, Hoechst staining, and the SEM image is shown. A representative cell
is shown at higher magnification in inserts (top right corners). Osteoclasts are indicated by arrows. U-LPS, ultra-pure
LPS. B, quantification of the bone resorption assays. Four areas in bone slices from each bone resorption assay (BR-1,
BR-2, BR-3, BR-4, BR-5, and BR-6) shown in A were chosen randomly, and the percentage of resorbed area was
determined as described under “Experimental Procedures.” Bars show averages � S.D.

Role of Lipopolysaccharide in Osteoclastogenesis

MAY 1, 2009 • VOLUME 284 • NUMBER 18 JOURNAL OF BIOLOGICAL CHEMISTRY 12517



enhance RANKL-dependent activa-
tion of the p38 pathway in both
fresh BMMs (Fig. 7A, lane 2 versus
lanes 3 and 4) and RANKL-pre-
treated BMMs (lane 9 versus lanes
10 and 11), ruling out the possibility
that LPS inhibits osteoclastogenesis
by blocking RANKL-mediated p38
activation. Significantly, we found
that LPS suppresses RANKL-medi-
ated activation of the JNK pathway
in fresh BMMs (Fig. 7A, lane 5 ver-
sus lanes 6 and 7) but not in
RANKL-pretreated BMMs (lane 12
versus lanes 13 and 14), supporting
the idea that LPS inhibits osteoclas-
togenesis in part by suppressing
RANKL-mediated activation of the
JNK pathway.
We next examined the impact of

LPS treatment on RANKL-induced
expression of NFATc1. We found
that LPS significantly suppresses
RANKL-induced NFATc1 expres-
sion in fresh BMMs (Fig. 7B, lane 2
versus lanes 3 and 4). More impor-
tantly, the suppression was not seen
in assays with RANKL-pretreated
BMMs (Fig. 7B, lane 9 versus lanes
10 and 11). These data support the
idea that LPS inhibits osteoclasto-
genesis from fresh BMMs in part by

suppressing RANKL-induced NFATc1 expression. Once
BMMs are pretreated with RANKL, LPS is no longer able to
exert an inhibitory effect on RANKL-induced NFATc1 expres-
sion and therefore cannot block osteoclastogenesis from
RANKL-pretreated BMMs. Moreover, we also revealed that
although LPS is incapable of inducing NFATc1 expression in
fresh BMMs (Fig. 7B, lanes 5 and 6), they are as potent as
RANKL in up-regulating NFATc1 expression in RANKL-pre-
treated BMMs (lane 8 versus lanes 12 and 13). This finding is
consistent with the observation that LPS can promote oste-
oclastogenesis from RANKL-pretreated BMMs in the presence
of M-CSF (Fig. 1, D and F).

As shown in Fig. 4A, LPS-pretreated BMMs failed to form
osteoclasts in response to RANKL, raising the possibility that
the failure of RANKL in promoting osteoclastogenesis from
LPS-pretreated BMMs results from its inability to induce
NFATc1 expression in these cells. To address this possibility,
we examined the ability of RANKL to induce NFATc1 expres-
sion in BMMs that are pretreated with LPS for various times
(Fig. 7C). Our data demonstrate that not only RANKL is unable
to induce NFATc1 expression in LPS-pretreated BMMs but
also that LPS pretreatment for as little as 2 h completely BMMs
renders unresponsive to RANKL in inducing NFATc1 expres-
sion (Fig. 7C, top and bottom panels, lane 2 versus lane 3). More
interestingly, longer pretreatment of BMMs with LPS induces
the expression of proteinswith slowermobility (Fig. 7C, top and

FIGURE 3. The RANKL-mediated osteoclast lineage commitment is long term. A, 48 h after the 36-h
RANKL pretreatment, BMMs can still form osteoclasts in response to M-CSF, RANKL, and LPS. BMMs were
treated with 44 ng/ml M-CSF and 100 ng/ml RANKL for 36 h. RANKL was then removed, and the cultures
were continued with 44 ng/ml M-CSF alone for 24, 48, 72, or 96 h. BMMs were treated with 44 ng/ml M-CSF,
100 ng/ml RANKL plus different doses of ultra-pure LPS for 2 days (0, 5 ng/ml, 10 ng/ml, 100 ng/ml, 1
�g/ml, or 10 �g/ml). The cultures were stained for TRAP. Each condition had three replicates (wells), and
a representative area is shown. U-LPS, ultra-pure LPS. B, 48 h after the 36-h RANKL pretreatment, BMMs can
still form osteoclasts in response to M-CSF and LPS. BMMs pretreated with 44 ng/ml M-CSF and 100 ng/ml
RANKL for 36 h were continued with 44 ng/ml M-CSF alone for 24, 48, 72, or 96 h. BMMs were then treated
with 44 ng/ml M-CSF and different doses of ultra-pure LPS for 2 days (0, 5 ng/ml, 10 ng/ml, 100 ng/ml, 1
�g/ml, or 10 �g/ml). The cultures were stained for TRAP. Each condition had three replicates (wells), and
a representative area is shown.

FIGURE 4. The inhibitory effect of LPS on osteoclastogenesis is irre-
versible and dominant over that of RANKL. A, BMMs pre-exposed to LPS
cannot form osteoclasts in response to RANKL treatment. As shown in the
left panel, BMMs were pretreated with 44 ng/ml M-CSF and different doses
of LPS (5 ng/ml or 10 ng/ml) for 24 h. LPS was then removed, and the
cultures were continued with 44 ng/ml M-CSF and 100 ng/ml RANKL for 4
days. As control, BMMs without LPS pretreatment were treated with 44
ng/ml M-CSF and 100 ng/ml RANKL for 4 days. The cultures were stained
for TRAP. Each condition had three replicates (wells), and a representative
area is shown. U-LPS, ultra-pure LPS; S-LPS, standard LPS. B, high RANKL
concentrations cannot reverse the inhibitory effect of LPS in osteoclasto-
genesis. BMMs were treated with 44 ng/ml M-CSF, 10 ng/ml LPS, and
increasing concentrations of RANKL (100, 200, 300, and 400 ng/ml) for 4
days. The cultures were stained for TRAP. Each condition had three repli-
cates (wells), and a representative area is shown.
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bottom panels, lanes 5 and 6, New Bands), the identities of
which are unknown, but they represent either LPS-induced
new proteins or LPS-induced modification of NFATc1. Future
studies aimed at elucidation and characterization of the pro-
teins/modifications may lead to a better understanding of the
molecular mechanism underlying the dual function of LPS in
osteoclastogenesis. Nonetheless, collectively, the data from
these current studies support the idea that LPS blocks oste-
oclastogenesis from fresh BMMs by suppressing RANKL-in-
duced JNK activation and NFATc1 expression.
LPS Promotes Osteoclast Survival by Activating the Akt,

NF-�B, and ERK Pathways—To delineate themolecular mech-
anism by which LPS stimulates osteoclast survival, we investi-
gated whether LPS activates three known pathways (Akt,
NF-�B, and ERK) in osteoclasts for two reasons: 1) these path-
ways have been shown previously to play a role in regulating
osteoclast survival (16, 44, 49, 50); and 2) TLR4 has been impli-
cated in the activation of the NF-�B, Akt, andMAPK pathways
(JNK, ERK, and p38) (23, 51–54). As depicted in Fig. 8A, we
prepared osteoclasts by treating BMMs with M-CSF and
RANKL for 4 days. Mature osteoclasts were then cultured with
medium containing M-CSF alone for 4 h prior to LPS treat-
ment. The activation of the Akt, NF-�B, and ERK pathways by
LPSwas determined byWestern analysis. These assays demon-
strate that LPS significantly activates the Akt pathway (Fig. 8B,

lane 1 versus lanes 2 and 3), the
NF-�B pathway (Fig. 8C, lane 1 ver-
sus lanes 4 and 5), and the ERKpath-
way (Fig. 8D, lane 1 versus lanes 2
and 3) in osteoclasts, indicating that
LPS prolongs osteoclast survival by
activating these three signaling
pathways.

DISCUSSION

It has been well established that
periodontitis is initiated by specific
oral pathogens that colonize and
invade the oral tissues (1, 2, 55).
Over 600 different bacteria are able
to colonize the human oral cavity,
and on average most individuals
typically harbor 15–200 different
types of bacteria (57). Among these,
about 15–20 are believed to play a
pathological role in the initiation of
periodontitis (58–60). The main
complication of periodontitis is pro-
gressive loss of bone, which may in
turn result in tooth loss if left
untreated (61, 62). However, the
development of periodontal bone
loss cannot be explained by the
mere existence of bacteria, and it is
now widely believed that the host
response to the microbial antigens
is a major determinant of disease
progression (3, 62, 63).

As a common bacteria-derived product, LPS has been widely
recognized as a key factor implicated in the development of
chronic periodontitis (1–3). Supporting this notion, the vast
majority of previous studies showed that LPS stimulates oste-
oclastogenesis and/or bone resorption in in vitro assays and in
animal models (29–33, 64–70). However, we have long been
puzzled by this widely held view on the role of LPS in osteoclas-
togenesis. For instance, in our laboratory, to generate good
osteoclasts in vitro, we have always taken extra precautions to
prevent bacteria or LPS contamination, which has detrimental
effects on in vitro osteoclast generation.We keep a separate set
of glassware, such as medium bottles specifically reserved for
osteoclast work, to prevent LPS contamination.
Interestingly, two papers published in 2002 reported that

LPS potently inhibits osteoclast formation (34, 35). Moreover,
one of these groups further shows that LPS-mediated inhibitory
effect on osteoclastogenesis is abolished in osteoclast precur-
sors pretreated with RANKL (35). However, this intriguing
finding has not thus far received enough attention, as almost
every recent review paper on periodontal bone loss still empha-
sizes that LPS simply plays a stimulatory role in osteoclast for-
mation (3, 29–31). The failure in further validation and prompt
recognition of this interesting finding is likely to result from the
fact that a stimulatory effect of LPS on osteoclast formation is
contradictory to the well established stimulatory role of LPS in

FIGURE 5. LPS also plays a bifunctional role in osteoclastogenesis in the co-culture systems. A, BMMs were
treated with M-CSF (44 ng/ml) alone for 36 h (No RANKL Pretreatment) or with M-CSF (44 ng/ml) and RANKL (100
ng/ml) for 36 h (36h RANKL Pretreatment). These cells were then co-cultured with osteoblasts as described
under “Experimental Procedures” in the presence of standard (S-LPS) or ultra-pure LPS (U-LPS) for 10 days
before staining for TRAP activity (left column). In addition, the untreated BMMs and RANKL-pretreated BMMs
were used to perform co-culture assays on bone slices. At day 7, a portion of bone slices were stained for actin
ring formation and multinucleation. The remaining cultures were continued for three additional days, and
bone slices were then harvested for SEM. A representative area of the staining or SEM image from each
condition is shown. Osteoclasts are indicated by arrows. B, bone resorption assays (BR-1, BR-2, BR-3, and BR-4)
shown in A were quantified as described in the legend for Fig. 2.
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development of periodontal bone loss. Nonetheless, the
reported inhibitory effect of LPS on osteoclastogenesis sup-
ports our routine laboratory observation that LPS contamina-
tion inevitably leads to a disastrous consequence in in vitro

osteoclast generation. We feel that
the newly revealed dual effect of LPS
on osteoclastogenesis may truly
represent the complex actions of
LPS in osteoclastogenesis but, more
significantly, may also have the
potential to lead to a paradigm shift
in the understanding of the mecha-
nism underlying development of
periodontal bone loss. Specifically,
the dual effect of LPS on osteoclas-
togenesis may help explain why the
mere existence of bacteria does not
always lead to periodontal bone loss
and how the host response to
microbial antigens dictates disease
progression.
To establish the paradigm shift, it

is first very critical to further and
independently validate the previous
finding. To this end, we carried out
various assays tomore precisely and
convincingly investigate the role of
LPS in osteoclastogenesis. Our first
set of assays was carefully planned
andperformed to examine the effect
of LPS treatment on osteoclasto-
genesis in tissue culture dishes (Fig.
1). Our data recapitulated the key
findings reported previously by two
other groups that LPS inhibits oste-
oclastogenesis from fresh osteoclast
precursors but the inhibition is
attenuated once osteoclast precur-
sors are pretreated with RANKL
(34, 35). Importantly, we also dem-
onstrated that RANKL pretreat-
ment of osteoclast precursors for as
little as 36 h renders them fully
capable of differentiating into oste-
oclasts in response to LPS and
M-CSF. Moreover, we examined
the effect of LPS stimulation on
osteoclastogenesis on bone slices
(Fig. 2). Our assays indicate that LPS
exerts the same effects on osteoclas-
togenesis on the physiologic sub-
stratum, further confirming that
LPS plays a biphasic role in oste-
oclastogenesis. More importantly,
we further revealed that LPS is still
able to mediate osteoclastogenesis
from RANKL-pretreated BMMs
48 h after the completion of RANKL

pretreatment (Fig. 3), supporting the idea that the RANKL-
mediated lineage commitment is durable. Finally, we also
showed that the pretreatment of osteoclast precursorswith LPS
totally abolishes the stimulatory effect of RANKL on osteoclas-

FIGURE 6. TLR4 primarily mediates the complex role of LPS in osteoclast formation and survival. A, TLR4
is predominantly involved in the LPS-mediated inhibition of osteoclastogenesis from fresh BMMs. BMMs from
WT or TLR4 knock-out (TLR4�/�) mice were treated with M-CSF (44 ng/ml) and RANKL (100 ng/ml) plus LPS (5
ng/ml or 10 �g/ml) for 4 days. The cultures were then stained for TRAP activity. Each condition had three
replicates (wells). A representative area of the cultures from each condition is shown. B, TLR4 is also primarily
involved in LPS-mediated osteoclastogenesis from RANKL-pretreated BMMs. BMMs from WT or TLR4�/� mice
were treated with M-CSF (44 ng/ml) and RANKL (100 ng/ml) for 36 h, and then the cultures were continued with
M-CSF (44 ng/ml) and LPS (5 ng/ml or 10 �g/ml) for 4 days. The cultures were then stained for TRAP activity.
Each condition had three replicates (wells). A representative area of the cultures from each condition is shown.
C, TLR4, for the most part, mediates LPS-dependent osteoclastogenesis from RANKL-pretreated BMMs on bone
slices. The assays described in B were repeated on bone slices, and bone resorption cavities were examined by
SEM. A representative area of the SEM image from each condition is shown. The bone resorption assays,
quantified as described in the legend for Fig. 2, are shown in graph form below the images. D, TLR4 is mainly
responsible for mediating the LPS-stimulated signaling pathway(s) in mature osteoclasts. BMMs from WT or
TLR4�/� mice were treated with M-CSF (44 ng/ml) and RANKL (100 ng/ml) for 4 days and then continued with
M-CSF (44 ng/ml) and LPS (5 ng/ml or 10 �g/ml) for 2 days. The cultures were then stained for TRAP activity.
Each condition had three replicates (wells). A representative area of the cultures from each condition is shown.
U-LPS, ultra-pure LPS; S-LPS, standard LPS.
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togenesis (Fig. 4A) and that the inhibitory effect of LPS on oste-
oclastogenesis cannot be reversed by high concentration of
RANKL (Fig. 4B). Taken together, these studies support the

proposal that BMMs have two fates:
they function as phagocytes in
response to agents such as LPS, or
alternatively they differentiate into
osteoclasts upon RANKL stimula-
tion. Once RANKL commits BMMs
to the osteoclast lineage, they will
inevitably choose the destination.
Conversely, the exposure of uncom-
mitted BMMs to LPS keeps the cells
as phagocytes. Importantly, once a
fate is chosen, it is no longer revers-
ible. More importantly, the effect of
LPS on cell fate determination
appears to supersede that of
RANKL, because the simultaneous
treatment of BMMs with both
RANKL and LPS leads to inhibition
of osteoclastogenesis.
Although our current studies, in

combination with previous studies
from other groups, have unambigu-
ously established the role of LPS in
osteoclastogenesis, the molecular
mechanism underlying the dual
function of LPS has not been fully
and convincingly elucidated. Upon
discovery of the dual function of
LPS in osteoclastogenesis, Zou and
Bar-Shavit (35) further investigated
the potential molecular mechanism
underlying the unexpected and

intriguing effects of LPS on osteoclastogenesis and showed that
LPS inhibits RANKL-mediated osteoclastogenesis by down-
regulating the expression of c-fms and RANK, the receptors for
M-CSF and RANKL, respectively. Although LPS appears to
exert an inhibitory effect on c-fms and RANK expression, the
kinetics and magnitude of the inhibition is not sufficient to
explain the striking inhibitory effect of LPS on osteoclastogen-
esis. For instance, LPS treatment progressively suppresses the
expression of RANK and c-fms genes with a kinetics of 20–30%
reduction for every 24-h treatment (35). In our assays, pretreat-
ment of BMMswith LPS for 24 h completely blocked osteoclas-
togenesis (Fig. 4A). It is unlikely that a 20–30% decrease in
RANKand c-fms levels can give rise to such dramatic inhibition
of osteoclastogenesis. Moreover, we showed that once BMMs
were pretreated with RANKL for 36 h, LPS was no longer able
to inhibit osteoclastogenesis (Fig. 1E). It is noteworthy to men-
tion that LPS was present in the entire culture period (4 days)
after the pretreatment (Fig. 1E) and therefore LPS should exert
the same kinetics and magnitude of the inhibition on RANK
and c-fms expression as in the osteoclastogenic cultures involv-
ing fresh BMMs. Based on these observations, we reasoned that
LPS exerts a potent inhibitory effect on osteoclastogenesis by
targeting the intracellular signaling pathways. Thus, we inves-
tigated the effect of LPS on the known signaling pathways acti-
vated by RANKL to promote osteoclastogenesis: NF-�B (7, 44),
JNK (7, 45), ERK (7, 46), and p38 (46–48). Our data indicate

FIGURE 7. LPS inhibits osteoclastogenesis from fresh BMMs by suppressing RANKL-mediated JNK acti-
vation and NFATc1 expression. A, LPS exerts an inhibitory effect on RANKL-mediated activation of the JNK
pathway. Fresh BMMs or BMM pretreated with RANKL for 24 h were cultured with serum-free media for 16 h
prior to treatment with RANKL for 0, 5, or 10 min in the absence or presence of ultra-pure LPS (U-LPS) or
standard LPS (S-LPS). Activation of the NF-�B, ERK, JNK, and p38 pathways was assessed as phosphorylation of
I�B, ERK, JNK, and p38 using Western analysis with antibodies against phospho-I�B, phospho-ERK, phospho-
JNK, and phospho-p38. The same volume of lysates was run and then probed with antibodies against I�B, ERK,
JNK, and p38 as loading control. RL, RANKL. B, LPS inhibits RANKL-mediated NFAFc1 expression in fresh BMMs
but stimulates NFATc1 expression in RANKL-pretreated BMMs. Fresh BMMs or BMM pretreated with RANKL for
24 h were treated with RANKL for 24 h in the absence or presence of ultrapure LPS or standard LPS. C, lane 7,
BMMs were cultured with M-CSF (44 ng/ml) alone for 48 h. Lane 8, BMMs were pretreated with 44 ng/ml M-CSF
and RANKL for 24 h and then with 44 ng/ml alone for an additional 24 h. Both served as important controls.
NFATc1 expression was assessed by using Western analysis with an antibody against NFATc1. Blots were
stripped and then reprobed with �-actin antibody as loading control. Pretreat, pretreatment. C, LPS pretreat-
ment of BMMs blocks RANKL-mediated NFATc1 expression. BMMs were pretreated with 10 ng/ml ultra-pure
LPS or standard LPS for various times and then treated with RANKL (100 ng/ml) for 24 h. NFATc1 expression was
determined as described in B.

FIGURE 8. LPS promotes osteoclast survival by activating the Akt, NF-�B
and ERK pathways. A, experimental procedures for assessing activation of
the Akt, NF-�B, and ERK pathways in mature osteoclasts. BMMs were treated
with M-CSF (44 ng/ml) and RANKL (100 ng/ml) for 4 days to promote oste-
oclasts. Osteoclasts were then cultured in media containing 44 ng/ml M-CSF
for 4 h prior to treatment with 1 �g/ml ultra-pure LPS (U-LPS) or standard LPS
(S-LPS) for 5, 10, or 30 min. Cells were then lysed for Western blot analysis.
B, LPS activates the Akt pathway in mature osteoclasts. The cell lysates from A
were used to assess Akt activation as described in the legend for Fig. 7A. C, LPS
stimulates the NF-�B pathway in mature osteoclasts. The cell lysates from A
were used to assess NF-�B activation as described in the legend for Fig. 7A.
D, LPS activates the ERK pathway in mature osteoclasts. The cell lysates from
A were used to assess ERK activation as described in the legend for Fig. 7A.
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that LPS strongly inhibits RANKL-induced expression of
NFATc1 while slightly suppressing RANKL-mediated JNK
activation in BMMs (Fig. 7A). Because JNK activation is only
slightly down-regulated by LPS, the suppression of JNK activa-
tion contributes to the LPS-mediated inhibition of osteoclasto-
genesis but does not play a decisive role in the process. In
contrast, given that LPS significantly suppresses RANKL-
induced NFATc1 expression and that NFATc1 has been well
established as a master regulator of osteoclastogenesis (20–
22), we conclude that LPS inhibits osteoclastogenesis from
fresh BMMs primarily by suppressing RANKL-mediated
NFATc1 expression. Consistent with the functional assays,
we found that the LPS-mediated suppression of NFATc1
expression is abolished in RANKL-pretreated BMMs (Fig.
7B) and that prior treatment of BMMs with LPS totally abro-
gates the RANKL-induced expression of NFATc1 (Fig. 7C),
further supporting a critical role of NFATc1 in LPS-medi-
ated inhibition of osteoclastogenesis.
To reconcile the inhibitory effect of LPS on osteoclastogen-

esis in in vitro assays with its well established role in the devel-
opment of periodontal bone loss, it was argued that the inhibi-
tory effect of LPS on osteoclastogenesis observed in in vitro
studiesmay not recapitulate the in vivo role of LPS in osteoclas-
togenesis because the in vivo action of LPS may involve cells
other than osteoclast precursors, including osteoblasts, fibro-
blasts, and T-cells (34, 35). In particular, osteoblasts, fibroblasts
(gingival fibroblasts and periodontal ligament fibroblasts), and
T-cells have been implicated in periodontal bone loss by serving
as a source of M-CSF and also by producing RANKL in
response to LPS (3, 56). It is possible that osteoblasts, fibro-
blasts, and/or T-cells may indirectly regulate osteoclastogen-
esis by increasing the local concentration of RANKL and/or
M-CSF, therefore altering the outcome. To test this possibility,
we repeated our assays in co-culture systems containing oste-
oclast precursors and osteoblasts. Our data show that LPS
inhibits osteoclastogenesis from fresh osteoclast precursors but
stimulates osteoclastogenesis from those pretreated with
RANKL in the co-culture assays (Fig. 5), indicating that the
involvement of other cell types may not be sufficient to explain
the discrepancy. This finding is consistent with our data show-
ing that high doses of RANKL failed to reverse the LPS-medi-
ated inhibitory effect on osteoclastogenesis (Fig. 4B).
Based on these findings, we propose the following model to

explain the discrepancy between the inhibitory effect of LPS on
osteoclastogenesis observed from in vitro assays and its estab-
lished role in periodontal bone loss as well as why the mere
existence of bacteria does not always lead to periodontal bone
loss. The commitment status of osteoclast precursors deter-
mines the role of LPS in osteoclastogenesis and subsequently its
role in the development of periodontal bone loss. More specif-
ically, in healthy individuals, osteoclast precursors are not
abnormally or prematurely committed to the osteoclast line-
age. Thus, even though these individualsmay harbor bacteria in
their oral cavities, LPS derived from the microbial pathogens
are unable to promote osteoclastogenesis, and as a matter of
fact, LPS inhibits osteoclastogenesis. However, when these
individuals develop certain pathological conditions in which
osteoclast precursors are committed to osteoclast lineage by

RANKL before they migrate into periodontal tissues, LPS
stimulates osteoclast formation leading to periodontal bone
loss. Thus, it is the factor that is intrinsic to the host (namely,
the commitment status of osteoclast precursors) that deter-
mines the outcome of LPS action in vivo in relation to
osteoclastogenesis.
In summary, our present work has more convincingly and

precisely defined the role of LPS in osteoclast biology and pro-
vided new insights into the mechanisms underlying the dual
action of LPS in osteoclastogenesis. More significantly, based
on these studies, we propose a newmodel that may explain the
discrepancy between the inhibitory effect of LPS on osteoclas-
togenesis and its established role in the development of peri-
odontal bone loss. Future investigation aimed at establishing
this newmodel will enable us to fully understand themolecular
mechanism underlying the pathogenesis of periodontal bone
loss and will also elucidate novel diagnostic methods and ther-
apeutic targets.
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