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Abstract

Background: Lipopolysaccharide (LPS) is an endotoxin and a vital component of gram-negative bacteria’s outer

membrane. During gram-negative bacterial sepsis, LPS regulates osteoclast differentiation and activity, in addition to

increasing inflammation. This study aimed to investigate how LPS regulates osteoclast differentiation of RAW 264.7

cells in vitro.

Results: Herein, we revealed that RAW cells failed to differentiate into mature osteoclasts in vitro in the presence of

LPS. However, differentiation occurred in cells primed with receptor activator of nuclear factor-kappa-Β ligand

(RANKL) for 24 h and then treated with LPS for 48 h (henceforth, denoted as LPS-treated cells). In cells treated with

either RANKL or LPS, an increase in membrane levels of toll-like receptor 4 (TLR4) receptor was observed.

Mechanistically, an inhibitor of TLR4 (TAK-242) reduced the number of osteoclasts as well as the secretion of tumor

necrosis factor (TNF)-α in LPS-treated cells. RANKL-induced RAW cells secreted a very basal level TNF-α. TAK-242 did

not affect RANKL-induced osteoclastogenesis. Increased osteoclast differentiation in LPS-treated osteoclasts was not

associated with the RANKL/RANK/OPG axis but connected with the LPS/TLR4/TNF-α tumor necrosis factor receptor

(TNFR)-2 axis. We postulate that this is because TAK-242 and a TNF-α antibody suppress osteoclast differentiation.

Furthermore, an antibody against TNF-α reduced membrane levels of TNFR-2. Secreted TNF-α appears to function

as an autocrine/ paracrine factor in the induction of osteoclastogenesis independent of RANKL.

Conclusion: TNF-α secreted via LPS/TLR4 signaling regulates osteoclastogenesis in macrophages primed with RANK

L and then treated with LPS. Our findings suggest that TLR4/TNF-α might be a potential target to suppress bone

loss associated with inflammatory bone diseases, including periodontitis, rheumatoid arthritis, and osteoporosis.
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Background
Inflammatory osteolytic lesions, including periodontitis

and rheumatoid arthritis, impose severe health concerns.

The primary outcome of osteolytic diseases is the loss of

bone support [1, 2]. Inflammatory mediators’ infiltration

into the inflamed region helps increase differentiation

and osteoclast activity, thus increasing bone resorption

[3–5].

Osteoclasts are multinucleated giant cells with bone

resorption capabilities. These cells originate from mono-

nuclear hematopoietic cells of the monocyte lineage [6].

Osteoclasts are highly motile cells that exhibit a unique

functional cycle of migration, adhesion, and resorption

[7]. Receptor activator of nuclear factor kappa-B ligand

(RANKL) and macrophage colony-stimulating factor

(M-CSF) are primary regulators of osteoclast differenti-

ation [8, 9]. RANKL is highly expressed in osteoblasts
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[10]. Moreover, B cells, T cells, and fibroblasts of peri-

odontal ligaments can secrete RANKL in response to in-

flammation [11–13]. Osteoprotegerin (OPG), a decoy

receptor for RANKL, is secreted by osteoblasts, among

other cells, and binds with RANKL with high affinity,

thereby preventing the interaction of RANKL with its re-

ceptor RANK. Consequently, osteoclast differentiation

and activation are blocked [8].

Bacterial lipopolysaccharide (LPS) is one of the most

virulent factors triggering a local immune reaction [14].

It is a vital component of the outer membrane of gram-

negative bacteria [15]. LPS is composed of three essen-

tial parts: 1) the outermost O- antigen, 2) the core oligo-

saccharides, and 3) the bioactive region, lipid A [16].

The interaction of LPS with mammalian cells stimulates

the secretion of inflammatory cytokines, which subse-

quently leads to tissue destruction [17]. The primary cel-

lular receptor that detects and interacts with LPS is toll-

like receptor 4 (TLR4) [18].

TLRs are a class of receptors that regulate innate

immune responses [19]. These receptors are charac-

terized by their unique ability to detect various patho-

logical molecular patterns, including lipoproteins,

bacterial DNA, LPS, and double-stranded RNA. These

receptors are commonly expressed in several cell

types, including macrophages, dendritic cells, and

neutrophils [20]. However, 10 human TLRs have been

identified and named in a numerical sequence [21].

Among the TLRs, TLR4 is the primary receptor

known to interact with LPS [18]. Pronounced secre-

tion of pro-inflammatory mediators such as interleu-

kin (IL)-6, tumor necrosis factor-α (TNF-α), and IL-1

is known to occur following LPS-TLR4 interaction [5,

22].

TNF-α is the dominant player in several inflammatory

diseases, mediating innate and inflammatory responses

[23]. It is secreted by macrophages and monocytes in re-

sponse to inflammation and is implicated in many cellu-

lar events that lead to necrosis or apoptosis [24]. TNF-α

induces its action upon binding to respective surface re-

ceptors, tumor necrosis factor receptor − 1 or − 2

(TNFR-1 or TNFR-2) [24]. TNF-α and RANKL are

members of the TNF superfamily that share the same re-

ceptor family [25]. Furthermore, the signaling pathway

involved with both proteins activates similar down-

stream targets such as mitogen-activated protein kinase

(MAPK) and nuclear factor kappa B (NF-κB) [26]. Accu-

mulating evidence suggests that TNF-α also plays a dir-

ect role in osteoclastogenesis [3, 27–30]. Moreover,

numerous investigations have utilized LPS treatment to

induce osteoclast differentiation [31–33]. However, the

role of the LPS/TLR4/TNF-α axis in osteoclastogenesis

is not comprehensively understood and warrants further

elucidation.

In the present study, we revealed the potential role of

LPS in forming osteoclasts from the RAW 264.7 (hence-

forth, denoted as RAW cells) murine macrophage cell

line. LPS triggered osteoclast differentiation in RANKL-

primed RAW cells by activating TLR4. However, treat-

ment with LPS failed to induce osteoclastogenesis in a

manner completely independent of RANKL. Addition-

ally, the RANKL/RANK/OPG axis was not activated

during LPS-mediated osteoclastogenesis. In RANKL-

primed cells, the LPS-induced TNF-α secretion inde-

pendently regulated osteoclast differentiation by possibly

activating TNFR-2 but not TNFR-1. These data present

a new inflammation-mediated mechanism of osteoclas-

togenesis that could be targeted to prevent excessive

bone loss.

Results
LPS induces osteoclast differentiation in RANKL-primed

RAW cells

Osteoclasts are multinucleated giant cells derived from

the monocyte lineage [34]. RANKL is an essential medi-

ator of osteoclast differentiation [9]. In the present study,

we first evaluated the role of LPS in the induction of os-

teoclastogenesis independent of RANKL. We used the

tartrate-resistant acid phosphatase (TRAP) enzyme

staining method to detect terminally differentiated oste-

oclasts in all experiments. Undifferentiated RAW macro-

phage cells were also stained positive for TRAP because

TRAP is expressed in mononuclear macrophage cells

[35]. Accordingly, RAW cells treated with different doses

of Porphyromonas gingivalis LPS (PG-LPS) (2, 5, and

10 μg/mL in medium) for 72 h were subjected to TRAP

staining. RAW cells treated with RANKL alone were

considered the control group (Additional file 1, Figure

S1 A-C).

Various in vitro studies have used different doses of

PG-LPS, ranging from 2 μg/mL to 10 μg/mL, in their in-

vestigations [36–38]. Our results demonstrated that LPS

alone failed to form osteoclasts even at higher doses

(Additional file 1, Figure S1C). For efficient osteoclasto-

genesis, RAW cells need to be exposed to RANKL at

24 h intervals for 72 h. Therefore, we used different

conditions in which RAW cells were treated with

RANKL for 24 h (referred to as ‘primed with RANKL’)

before adding LPS (5 μg/mL) for 48 h (Fig. 1a; sche-

matic diagram). Compared with the addition of LPS

alone, this experimental condition showed a dramatic

increase in the number of osteoclasts, comparable with

the RANKL control group (Fig. 1b and c). Therefore,

for all results presented below with LPS, we followed

the same PG-LPS treatment strategy at a 5 μg/mL

concentration.

In the next set of experiments, we showed that primed

RAW cells incubated with the serum-containing
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medium for an additional 48 h failed to differentiate into

mature osteoclasts (Fig. 1f). Fully differentiated mature

osteoclasts were observed in cultures treated with

RANKL at 24 h intervals for 72 h (Fig. 1e) and in

RANKL-primed cells treated with LPS for another 48

h (Panel G). Mature TRAP-positive osteoclasts were

counted in approximately 4 to 5 fields/treatment from

three different experiments and presented as a graph

(n = 3) (Fig. 1h). The number of osteoclasts was sig-

nificantly lower in cells primed with RANKL and in-

cubated in the medium only for the next 48 h (Panels

F and H). These results demonstrated the ability of

LPS to promote osteoclast differentiation in RANKL-

primed cells independent of RANKL. Notably, the

Fig. 1 LPS induces osteoclast differentiation in RANKL-primed cells. a The diagrammatic sketch illustrates the treatment strategy related to RANKL

and RANKL-primed LPS-treated groups. b and c Representative images of TRAP stained osteoclasts in response to the treatment strategy

presented in panel A. d The diagrammatic sketch explains the treatment strategy performed to evaluate the osteoclastogenic ability of LPS. e, f,

and g Representative images of TRAP stained osteoclasts in response to the treatment strategy presented in panel D. h The number of TRAP-

positive multinucleated osteoclasts were counted in all treatment groups (n = 3). Statistical analysis was performed to compare the number of

osteoclasts in the treatment groups with the control group (RANKL). One-way ANOVA was applied, and values are expressed as mean ± standard

deviation (SD). **P < 0.01. Magnification is X100 in panels B, C, and E-G
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RANKL-primed LPS-treated condition is henceforth

denoted as ‘LPS-induced osteoclastogenesis.’

The RANK level is lower in LPS-induced osteoclasts as

compared with RANKL-induced osteoclasts

RANK is a cell surface receptor for RANKL, and osteo-

clasts differentiate primarily via RANKL/RANK signaling

[39]. Next, we sought to determine the RANK’s surface or

membrane levels by immunoblotting and immunostaining

analyses using an antibody against RANK (Fig. 2a and b).

Membrane lysates were prepared to determine the surface

or membrane levels of RANK. The immunoblotting study

demonstrated that RANK levels were significantly higher

in RANKL-induced osteoclasts (7.6-fold increase; Fig. 2a,

lane 2) than in LPS-induced osteoclasts (2.7-fold increase;

Fig. 2a, lane 3). An increase in RANK levels in LPS-

induced osteoclasts was above the basal level observed in

RAW cells (Fig. 2a; lane 1). We observed significantly

fewer osteoclasts in RANKL-primed RAW cells (Fig. 1f).

An increase in the number of osteoclasts in LPS-treated

cells (Fig. 1g and h) indirectly suggests the influence of

LPS on RANK expression (Fig. 2a, lane 3). The surface

level of RANK was observed in the following order:

RANKL>LPS> > RAW cells.

Immunostaining analyses with a RANK antibody cor-

roborated the observations determined in the immuno-

blotting study (Fig. 2b and c). Figure 2c shows RANK

staining in RAW cells (red arrows). The membrane

distribution of RANK was higher in RANKL-induced

osteoclasts (Fig. 2b, white arrow) than in LPS-induced

osteoclasts (Fig. 2c, white arrow). The intensity of

RANK was lower in membranes of osteoclasts in-

duced by LPS than in RANKL-induced osteoclasts

(Fig. 2c, white arrow). Further analyses are required

to determine whether LPS plays a role in the surface

expression of RANK.

RANKL/RANK/OPG axis is not involved in LPS-induced

osteoclastogenesis

OPG is an essential negative modulator of osteoclas-

togenesis. It binds to RANKL and thereby prevents its

interaction with RANK [40]. To further confirm

RANKL/RANK signaling’s passive role in LPS-induced

osteoclasts, we added OPG to the culture conditions

containing RANKL and LPS. A schematic diagram in

(Additional file 2, Figure S2A) shows the treatment

strategy of RAW cells with RANKL and OPG (120

ng/mL). Herein, we used two different conditions for

OPG treatment in the presence of RANKL, termed as

‘late’ and ‘early + late’ (Additional file 2, Figure S2A).

In these strategies, OPG was added for 48 h after the

24 h treatment with RANKL (late) or at the time of

RANKL addition at 0 h (early + late). The incubation

was continued for 72 h under both conditions, as

described in the Material and Methods section. OPG

was added at a 2:1 ratio with RANKL [41]. After 72 h

of incubation, cells were stained for TRAP and ana-

lyzed. As expected, OPG attenuated RANKL-induced

osteoclastogenesis (Additional file 2, Figure S2B) and

reduced the number of TRAP-positive multinucleated

osteoclasts in a time-dependent manner (Add-

itional file 2, Figure S2C).

The next objective was to determine whether the

membrane localization of RANK facilitates LPS-

mediated osteoclastogenesis. We evaluated whether the

addition of OPG and LPS at the same ratio would influ-

ence LPS-mediated osteoclastogenesis if RANK was in-

volved. RAW cells were treated with OPG and LPS, as

shown in the schematic representation (Fig. 2d). Intri-

guingly and unexpectedly, we observed a comparable

number of osteoclasts in both groups tested with and

without OPG in the presence of LPS (Fig. 2e and f).

OPG failed to inhibit LPS-induced osteoclastogenesis

(Fig. 2e). Quantitative analysis of osteoclast numbers

from three different experiments corroborated this ob-

servation between the two groups (Fig. 2f).

In the immunoblotting analysis, OPG reduced the

membrane levels of RANK (0.7-fold decrease) in the

membrane fraction of LPS +OPG-treated cells (Add-

itional file 3, Figure S3A, lanes 3 and 4); however, osteo-

clast differentiation was not affected (Fig. 2e and f).

Nevertheless, a decrease in RANK levels in RANKL+

OPG-treated cells (0.7-fold decrease; Additional file 3,

Figure S3A, lanes 1 and 2) corresponded well with de-

creased osteoclastogenesis (Additional file 2, Figure S2B

and C). These results demonstrate that LPS could induce

osteoclast differentiation in RANKL-primed cells

through different mechanisms, which may not require

the LPS-mediated RANKL/RANK/OPG axis.

Analysis of LPS mediated TLR4 activation on

osteoclastogenesis

Several reports have indicated the ability of the pro-

inflammatory cytokine TNF-α to induce osteoclast

differentiation by binding to its receptor [3, 27, 29].

Exposure of osteoclast precursors to bacterial endo-

toxins (e.g., LPS) may be one of the primary reasons

for the secretion of TNF-α by these cells [20]. TLR4

is expressed on the surface of osteoclast precursors

and is considered the primary receptor for LPS [18].

Therefore, we hypothesized that LPS binds to TLR4

in osteoclast precursors and causes the cells to se-

crete TNF-α, which mediates osteoclastogenesis in an

autocrine/paracrine manner through TNFR signaling.

To test this hypothesis, we first evaluated the mem-

brane levels of TLR4 in RANKL- and LPS-induced

osteoclasts by immunoblotting analysis. The surface

level of TLR 4 remained approximately the same in
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both the RANKL and LPS groups (Fig. 3a, lanes 2

and 3). However, both groups showed relatively

higher TLR4 expression (~ 0.5-fold increase) than

the untreated RAW cells (Fig. 3a, lane 1), which

indicates the possible involvement of TLR4 in

osteoclastogenesis.

Next, we assessed whether interfering with TLR4 sig-

naling could decrease LPS-mediated osteoclast

Fig. 2 Analysis of RANK expression in LPS- and RANKL-mediated osteoclastogenesis. a Equal amounts of membrane lysate proteins were used for

immunoblotting analyses with antibodies against RANK (~ 90 kDa) and GAPDH (loading control; ~ 37 kDa). Protein levels were quantified by

densitometry, corrected for the sample load based on the GAPDH level, and expressed as a fold increase relative to the control lane (−). The results

represent one of three experiments performed. b and c Immunostaining with an antibody against RANK was performed in non-permeabilized RANKL

(b) and LPS (c) -stimulated osteoclasts. White arrows indicate mature osteoclast. Red arrows indicate mononuclear cells. The results represent one of

three experiments performed. d Identification of the time-dependent effect of OPG on LPS-induced osteoclast differentiation. The diagrammatic

sketch demonstrates the treatment strategy of RAW cells with LPS (5 μg/mL) and OPG (120 ng/mL). e Representative images of TRAP stained

osteoclasts in response to the treatment strategy is shown in panel D. TRAP stained osteoclasts in panels A and C were imaged with a 4× objective

(magnification: 40X), and panels B and D were imaged with a 10× objective (magnification: 100X). f The number of TRAP-positive multinucleated

osteoclasts were counted in both groups from three different experiments. Statistical analysis was performed to compare the number of osteoclasts in

the LPS +OPG group with the control group (LPS). T-test was applied, and the difference between groups is not statistically significant. Scanned

uncropped autoradiograms are presented in Additional file 5, Figure S5. Corresponding immunoblots are shown in panel A
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Fig. 3 Evaluation of the involvement of TLR4 signaling in RANKL-induced osteoclastogenesis. a Immunoblotting analyses with antibodies against

TLR4 (~ 95 kDa) and GAPDH (loading control; ~ 37 kDa) are shown. Protein levels were quantified by densitometry, corrected for the sample load

based on GAPDH expression, and expressed as a fold increase relative to the control lane (−). The results represent one of three experiments

performed. b Representative images of TRAP stained osteoclasts in response to treatment with RANKL and TAK-242 (5 μM/mL). TRAP stained

osteoclasts in panels A and B were obtained with a 4× objective (magnification: 40X), while those in panels C and D were obtained with a 10×

objective (magnification: 100X). c The number of TRAP-positive multinucleated osteoclasts were counted in both groups (n = 3). Statistical analysis

was performed to compare the number of osteoclasts in the RANKL+TAK-242 group with the control group (RANKL). The t-test was applied; the

difference between groups is not statistically significant. d TRAP stained osteoclasts in response to treatment with LPS (5 μg/mL) and LPS/TAK-242

(5 μM/mL) are shown. TRAP stained osteoclasts in panels A and C were obtained with a 4× objective (magnification: 40X), while those in panels B

and D were obtained with a 10× objective (magnification: 100X). e The number of TRAP-positive multinucleated osteoclasts were counted in

both groups (n = 3). Statistical analysis was performed to compare the number of osteoclasts in the LPS + TAK-242 group with the control group

(LPS) using the t-test. **P < 0.01 vs LPS group. f Effect of TAK-242 on LPS-induced TNF-α production from RAW cells-derived osteoclast. ELISA

determined the concentrations of TNF-α in the culture medium. One-way ANOVA was applied, and values are expressed as mean ± standard

deviation (SD). **P < 0.01 vs. LPS group. Scanned uncropped autoradiograms are presented in Additional file 5, Figure S5. Corresponding

immunoblots are shown in panel A

AlQranei et al. BMC Immunology           (2021) 22:23 Page 6 of 16



formation. Therefore, we utilized TAK-242, a selective

TLR4 inhibitor [41]. RAW cells were treated with TAK-

242 (5 μM/mL) in the presence of RANKL or LPS for

48 h, as detailed in the Materials and Methods section.

TAK-242 significantly reduced LPS-induced osteoclast

formation (Fig. 3D, panels c, and d) compared with cells

treated with LPS alone (Fig. 3D, panels a and b). How-

ever, TAK-242 did not affect RANKL-induced osteoclast

formation (Fig. 3B, panels c and d). Quantitative analysis

of osteoclast numbers from three different experiments

is presented in Fig. 3c and e.

Previous investigators have revealed the osteoclasto-

genic function of the pro-inflammatory cytokine TNF-α.

Therefore, to determine whether this inhibition can be

attributed to the reduced secretion of LPS-mediated

TNF-α, we analyzed TNF-α expression levels in the LPS

and LPS + TAK-242 groups using enzyme-linked im-

munosorbent assay (ELISA) (Fig. 3f). The basal level of

TNF-α was measured in unstimulated RAW cells (−).

The control LPS group showed a dramatic increase in

TNF-α levels (Fig. 3f), which corresponded with the in-

creased number of osteoclasts (Fig. 3D, panels a and b).

However, the addition of TAK-242 significantly attenu-

ated the LPS-induced secretion of TNF-α (Fig. 3f),

explaining the reduced number of osteoclasts observed

in the same group (Fig. 3D, panels c and d). These re-

sults indicate a potential regulatory role of TLR4 in LPS-

mediated osteoclastogenesis.

TNF-α functions as an autocrine/paracrine factor in the

regulation of osteoclastogenesis in LPS-stimulated RAW

cells

Here, we performed ELISA to measure the levels of

TNF-α secreted in cultures treated with RANKL and

LPS. TNF-α was considerably more in cells treated with

LPS than untreated (−) or RANKL-treated cells (Fig. 4a).

To confirm the osteoclastogenic role of LPS-induced

TNF-α, we treated RAW cells with a neutralizing anti-

body targeting TNF-α (2 μg/mL) in the presence of LPS

in cells primed with RANKL for 24 h (Fig. 4b). A signifi-

cant decrease in the number of mature osteoclasts was

observed in osteoclasts treated with the neutralizing

antibody targeting TNF-α cells (Fig. 4C - panels c and d)

when compared with LPS-treated cells (Fig. 4C - panels

a and b). Quantitative analysis of three different experi-

ments is presented in the graph (Fig. 4d), which corrob-

orated the results shown in Fig. 4c. Although anti-TNF-

α significantly reduced osteoclast differentiation in the

presence of TNF- α, it did not affect RANKL-induced

osteoclastogenesis (Additional file 4, Figure S4). These

results further confirmed the unique mechanism

through which LPS regulates osteoclastogenesis by

stimulating the secretion of TNF-α as an autocrine

factor.

TNF-α/TNFR-2 signaling regulates LPS-induced

osteoclastogenesis

The functions of TNF-α are typically mediated via its re-

ceptors TNFR-1 or TNFR-2. TNFR-1 is the primary re-

ceptor that mediates a majority of TNF-α actions and is

expressed in almost all cell types. Conversely, TNFR-2

has been less extensively evaluated, and its effect is

mainly confined to some immune and tumor cells [42].

As an increase in the secretory levels of TNF-α was ob-

served in LPS-induced osteoclasts (Fig. 4a) and a neu-

tralizing antibody against TNF-α attenuated the effect

mediated by LPS, we determined the receptor levels of

TNF-α under the same conditions (Fig. 5a and b). Im-

munoblotting analysis of the membrane fraction was

performed with an antibody against TNFR-1 or TNFR-2.

Interestingly, the TNFR-1 level was more in RANKL-in-

duced osteoclasts (Fig. 5a, lane 2) than in LPS-induced

osteoclasts. About 60% decrease in the level of TNFR-1

was observed in osteoclasts differentiated with LPS (Fig.

5a, lane 3). However, a significant increase in the level of

TNFR-2 was observed in LPS-induced osteoclasts (Fig.

5a, lane 3). The TNFR-2 protein was significantly lower

in untreated or RANKL-induced cells (Fig. 5a, lanes 1

and 2).

Uncropped autoradiograms are provided in the (Add-

itional file 7, Figure S7; A and B). Statistical analysis of

the surface levels of TNFR-1 and TNFR-2 are shown in

panels C and D.

Next, we determined the effect of anti-TNF-α on the

surface levels of these receptors using immunoblotting

analyses. We observed a decrease in the level of TNFR-2

in response to the LPS/anti-TNF-α treatment compared

with LPS alone treated cells (Fig. 5b, lanes 3 and 4). In

contrast, TNFR-1 levels were increased (Fig. 5b, lanes 1

and 2), which indicates a possible negative regulatory

role of TNFR-1 in LPS-induced osteoclastogenesis. We

observed a decrease in the levels of TNFR-2 in two ex-

periments performed with a neutralizing antibody

against TNF-α. Cumulative data from two experiments

are provided as fold changes in the surface levels of

TNFR-1 and TNFR-2 (Fig. 5e-h). Based on these results,

we suggest that TNFR-2 may play a role in regulating

LPS-induced osteoclastogenesis.

Discussion
Bone loss is a significant outcome of inflammatory

osteolytic lesions. The underlying mechanism is mostly

related to the abnormal increase in osteoclast differenti-

ation. During normal bone remodeling, a coupled and

well-coordinated process between osteoblasts and osteo-

clasts sustains skeletal tissues’ health status. Some in-

flammatory disorders (e.g., periodontitis) cause bone loss

owing to an imbalance in the activity of bone cells,

mainly by increasing the differentiation and activity of
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osteoclasts [43]. Osteoporosis is a bone disease charac-

terized by increased osteoclastic activity, resulting in de-

creased bone density [1]. Osteoclasts are typically

differentiated following RANKL/RANK signaling [8]. In

the present study, our data uncovered a unique mechan-

ism that promotes osteoclast formation in vitro. We ob-

served that TNF-α secreted via LPS/TLR4 signaling can

induce osteoclast precursors to differentiate into fully

mature osteoclasts in an autocrine/paracrine manner.

In this study, the osteoclast differentiation via RANKL

and LPS was explored using the murine macrophage cell

line, RAW 264.7. Notably, RANKL and M-CSF are pri-

mary regulators of osteoclastogenesis [9]. Herein, our

key finding is that, although RANKL is the primary

Fig. 4 Analysis of the regulatory role of TNF-α in LPS- induced osteoclastogenesis. a Measurement of TNF-α production in response to RANKL

and LPS stimulation of RAW cells. ELISA determined the TNF-α concentrations in the culture medium. One-way ANOVA was applied, and values

are expressed as mean ± standard deviation (SD). ***P < 0.001 vs. (−) control and RANKL- treated cells. b The diagrammatic sketch demonstrates

the treatment strategy of RAW cells with LPS (5 μg/mL) and anti-TNF-α (2 μg/mL). c In response to the treatment strategy, representative images

of TRAP stained osteoclasts are shown in panel B. TRAP stained osteoclasts in panels A and C were obtained with a 4X objective (magnification:

40X); panels in B and D were obtained with a 10× objective (magnification: 100X). d The number of TRAP-positive multinucleated osteoclasts

were counted in both groups (n = 3). Statistical analysis was performed to compare the number of osteoclasts in the LPS+ anti- TNF-α group with

the control group (LPS). The t-test was applied, and values are expressed as mean ± standard deviation (SD). **P < 0.01 vs. LPS group. LPS,

lipopolysaccharide; RANKL, receptor activator of nuclear factor kappa-B ligand; TNF-α, tumor necrosis factor α
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Fig. 5 Effect of RANKL, LPS, and anti-TNF-α / LPS on the membrane levels of TNFR-1 and TNFR-2. Panels a, c, and d Immunoblotting analysis for

TNFR1 (a; top panel, ~ 55 kDa) and TNFR-2 (middle panel in a, ~ 68 kDa) in osteoclasts differentiated with RANKL and LPS are shown.

Representative immunoblotting showing the membrane levels of TNFR-1 and -2 (Panel a). Protein levels in untreated RAW cells (−) are shown in

lane 1. Membrane levels of TNFR-1 (n = 4) and TNFR-2 (n = 3) were quantified in an Un-Scan IT software, corrected for the GAPDH level, and

provided as percentage surface level of receptors (Panels c and d). **p < 0.001 vs. LPS-treated cells (c and d). One-way ANOVA was applied, and

values are expressed as mean ± SD of four and three independent experiments for TNFR-1 and TNFR-2, respectively. TNFR-2 blot in A was

stripped and blotted with a GAPDH antibody (bottom panel in a). Panels b and e-h Immunoblotting analysis demonstrates the effect of LPS (lane

1) and LPS+ neutralizing antibody to TNF-α (Lane 2) on the membrane levels of TNFR1 (b; top panel) and TNFR-2 (b; middle panel). Protein levels

were quantified by densitometry, corrected for the sample load based on GAPDH level, and provided as a fold-change relative to LPS- treated

control cells (Panels e and g). The Table (f and h) provides the average pixel value of the protein bands (TNFR-1 in f and TNFR-2 in h) from two

experiments and fold changes in the surface levels of interest proteins. The experiment was performed twice and demonstrated remarkably

related results. Raw data are provided in the (Additional file 7, Figure S7; A-C)
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regulator of osteoclastogenesis, it was only required to

shift the precursor cells to the osteoclast-like phenotype;

then, LPS-induced TNF-α can independently sustain os-

teoclastogenesis. We believe that this could be one of

the mechanisms that occur under conditions where in-

flammatory mediators (e.g., TNF-α) are secreted due to

inflammation in the tissues of interest. These inflamma-

tory mediators could mediate the differentiation of po-

tent hematopoietic progenitors into osteoclasts, causing

bone loss.

Lipopolysaccharides are vital characteristic compo-

nents of the outer membrane or the cell wall of gram-

negative bacteria [15]. During bacterial infections, LPS

can invade tissues and interact with immune cells, caus-

ing the release of several pro-inflammatory mediators

such as TNF-α and IL-1 [17]. The direct/indirect role of

LPS in promoting osteoclastogenesis requires further

elucidation. PG is one of the primary microorganisms

responsible for periodontal inflammation [44]. There-

fore, we used PG-derived LPS (PG-LPS) in our experi-

ments to mimic inflammatory events occurring in

periodontal infections.

RANK is part of the TNFR superfamily [45]. In the

present study, we observed a significant decrease in the

membrane expression of RANK in LPS-induced osteoclasts

when compared with RANKL-treated cultures. OPG is a

negative regulator of RANKL-induced osteoclastogenesis. It

binds RANKL and thus suppresses its activity [40]. As an-

ticipated, our data showed a potent effect of OPG in RANK

L-treated cultures, resulting in osteoclastogenesis attenu-

ation. Nonetheless, LPS continued to activate osteoclasto-

genesis despite the presence of OPG. Collectively, these

data suggest the presence of a different mechanism for os-

teoclastogenesis other than the RANKL/RANK/OPG axis

during LPS-mediated inflammatory events.

Several studies have demonstrated the dual role of LPS

in osteoclastogenesis. For example, freshly isolated bone

marrow macrophages (BMMs) failed to differentiate into

osteoclasts after exposure to LPS [46]. However, priming

the cells with RANKL followed by LPS stimulation re-

sulted in a dramatic increase in osteoclast numbers. Un-

like the RANKL priming effect, LPS primed cells could

not undergo osteoclastogenesis after stimulation with

RANKL [46]. Similarly, osteoclastogenesis inhibition was

observed after culturing PG bacteria alone with BMMs

derived from C57BL/6 mice. Additionally, when co-

treated with RANKL, PG was able to block osteoclasto-

genesis. Pretreatment with RANKL was the only strategy

that allowed PG to promote osteoclast differentiation in

BMMs [47]. Consistent with these observations, our data

showed that LPS alone failed to differentiate RAW cells

into osteoclasts even at higher doses. Nevertheless, LPS

promoted osteoclastogenesis in RAW cells treated with

RANKL for 24 h (i.e., RANKL-primed cells).

In the present study, one objective was to investigate

which receptors are activated during LPS-induced osteo-

clastogenesis. Therefore, to obtain further reliable data,

we used membrane fraction lysates in all our immuno-

blotting analyses to determine the surface levels of re-

ceptors of interest. Although GAPDH is known as a

cytosolic protein, it is also localized in the plasma mem-

brane [48–50]. Thus, GAPDH was used as a loading

control in our study. TLR4 is a surface receptor that ac-

tivates the innate immune response. This TLR receptor

can mediate bacterial LPS signaling [51]. Data on

whether LPS binds TLR4, TLR2, or both remain

inconclusive.

Nonetheless, many reports suggest that LPS exclu-

sively acts through TLR4. The occurrence of TLR2 acti-

vation can be attributed to the presence of other

bacterial contaminants, such as lipoproteins, in the iso-

lated LPS from bacteria [37, 52, 53]. Therefore, in our

experimental analysis, we used a specific TLR4 signaling

inhibitor, TAK-242. This small-molecule inhibitor se-

lectively binds to the intracellular domain of TLR4 and

disrupts the interaction between TLR4 and its adapter

molecules [41, 54]. During osteoclastogenesis, we ob-

served a significant decrease in the secreted level of LPS-

induced TNF-α following the treatment of RAW cells

with TAK-242. This reduction was accompanied by re-

duced osteoclast differentiation. Our findings suggest

that LPS acts primarily through TLR4 to regulate

osteoclastogenesis.

Moreover, several studies have illustrated the differen-

tial roles of TLR4 and TLR2 in modulating osteoclasto-

genesis. For example, TLR2 activation by PG-LPS, but

not TLR4, reportedly inhibits RANKL-induced osteo-

clast differentiation [47]. Furthermore, Takami et al.

have demonstrated that TLR4 stimulation by LPS in-

hibits RANKL-induced osteoclastogenesis in RAW cells

[55]. In contrast, one study has reported that activation

of TLR4, but not TLR2, in response to inhaled organic

dust, increased the osteoclast population and subsequent

bone loss [56]. In addition to the role of TLR4 in modu-

lating osteoclastogenesis, LPS activation of TLR4 en-

hances the survival of mature osteoclasts [57]. In the

present study, we revealed a possible regulatory role of

TLR4 in osteoclastogenesis. For the first time, we

showed that in RANKL-primed cells, LPS activation of

TLR4 substituted RANKL signaling triggered a parallel

osteoclastogenic mechanism.

TNFR-1 and TNFR-2, as well as RANK, belong to the

same receptor family. Generally, similar downstream tar-

gets are activated upon stimulation of the respective sig-

naling mechanisms [26]. Therefore, TNFRs, especially

TNFR-1, are often shown to regulate osteoclastogenesis

[26, 29]. For instance, the regulation mediated by RANK

and TNFR-1 coordinates a synergistic signaling
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mechanism in osteoclast formation. For example, com-

mon downstream signaling mediators TRAF6, TRAF2,

and c-Src of TNF-α and RANKL are involved in enhan-

cing osteoclast differentiation [26]. These downstream

mediators were considerably reduced in cells transfected

with TNFR-1. Additionally, activation of TNFR-1 by

TNF-α dramatically increased osteoclast differentiation

in RANKL-primed cells, whereas the deletion of TNFR-

1 attenuated this process [26].

Studies have reported the differential roles of TNFRs

in LPS-induced bone resorption. An in vivo study has

revealed the decisive osteoclastogenic action of TNFR1

in response to an LPS injection, whereas TNFR-2 might

have a preventive role against LPS-mediated bone loss

[58]. Kobayashi et al. have demonstrated that TNFR-1

and TNFR-2 signaling is fundamental for TNF-α osteo-

clastogenesis. TNFR- knockout mice fail to generate os-

teoclasts after stimulation with TNF-alpha but not

RANKL, indicating a possible TNF-α signaling role in

RANKL-induced osteoclastogenesis [27]. LPS stimulates

osteoclastogenesis via TNF-α with a potential part of

TNFR1 [31]. Our findings suggest that LPS-induced

TNF-α may signal through TNFR-2 to initiate osteoclas-

togenesis, while TNFR-1 seems to have a negative role

in osteoclastogenesis. The limitations of this study are

provided below. Future investigations must identify the

affinity of TNF-α secreted by mature osteoclasts to

TNFR1 or TNFR2. The specific roles of TNFR1 and

TNFR2 have not been elucidated to come to a firm con-

clusion on the part of TNFR2 on LPS mediated osteo-

clastogenesis. Therefore, future experiments will use

SiRNA and neutralizing antibody strategies to target

TNFR1 or TNFR2 to validate their role on LPS-induced

osteoclastogenesis.

Conclusion
In conclusion, we illustrated the role of bacterial LPS in

osteoclast differentiation (Fig. 6). The effect of LPS on

osteoclastogenesis was primarily measured by TRAP

staining. RAW cells failed to differentiate into TRAP-

positive multinucleated cells when exposed to LPS alone

without RANKL. However, LPS treatment of RANKL-

primed cells significantly enhanced osteoclastogenesis.

LPS/TLR4-induced TNF-α expression regulated osteo-

clast differentiation in RANKL-primed cells in an auto-

crine/paracrine manner. TNFR-2 seems to mediate LPS/

TNF-α-mediated osteoclastogenesis. The RANKL/

RANK/OPG axis was not activated during LPS-induced

osteoclastogenesis.

Moreover, age- and post–menopausal–related osteo-

porosis are associated with chronic inflammation and

immune system remodeling. Inflammatory mediators

(e.g., TNF-α) are critical elements of pathological

conditions observed in periodontitis, age-related

Fig. 6 A schematic model is summarizing the possible role of LPS in osteoclastogenesis via TLR-4. Bacterial LPS induces osteoclast formation in

RANKL-primed cells (pre-osteoclasts) via TLR4 signaling. LPS/TLR4 activation results in the secretion of TNF-α, which directly stimulates

osteoclastogenic signals in pre-osteoclasts in a paracrine/autocrine manner via TNFR-2. LPS, lipopolysaccharide; RANKL, receptor activator of

nuclear factor kappa-B ligand; TNF-α, tumor necrosis factor α; TLR4, Toll-like receptor 4; TNFR-2, tumor necrosis factor receptor-2
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osteoporosis, and rheumatoid arthritis. Our present

study provides evidence for the molecular conse-

quences of the regulatory mechanism (s) mediated by

LPS-TNF-α and its receptors. However, additional

studies are required to determine the underlying mo-

lecular mechanisms involved in osteoclastogenesis in

response to LPS. Our results highlight a potent osteo-

clastogenesis process that occurs during bacteria-

mediated osteolytic infections. Hence, targeting LPS/

TNF-α-induced osteoclastogenesis could be a promis-

ing therapeutic strategy to inhibit inflammatory bone

loss in osteolytic diseases such as periodontitis,

rheumatoid arthritis, and osteoporosis.

Methods
Chemicals and reagents

RAW 264.7 cells were purchased from American Type

Culture Collection (ATCC® TIB-71™). PG-LPS was pur-

chased from InvivoGen (San Diego, CA, USA), dissolved

in endotoxin-free water, and stored at − 20 °C. The

Mem-PER™ Plus Membrane Protein Extraction Kit was

purchased from Thermo Fisher Scientific (Cat. #89842;

Waltham, MA, USA). Neutralizing antibodies against

mouse TNF-α (AF410), recombinant mouse OPG

(459MO), and mouse TNF-alpha Quantikine ELISA kit

(MTA00B) were purchased from R&D Systems (Minne-

apolis, MN). The following antibodies were purchased

from the company indicated in parentheses: RANK and

TLR4 (SC-374360, SC-293072; Santa Cruz Biotechnol-

ogy; Santa Cruz, CA), TNFR-1, and TNFR-2 (Abcam;

Cambridge, United Kingdom). GAPDH antibody was

purchased from Sigma-Aldrich (St. Louis, MO), and

HRP-conjugated (mouse or rabbit) secondary antibodies

were purchased from Santa Cruz Biotechnology (Santa

Cruz, CA). Reagents for protein estimation, SDS-PAGE,

molecular weight markers for SDS-PAGE were pur-

chased from Bio-Rad. Chemiluminescent substrate and

TLR4 inhibitor TAK-242 (508336) were obtained from

Thermo Fisher Scientific (Waltham, MA).

Preparation of osteoclast precursors from RAW 264.7

macrophage-like cell line

Osteoclasts were generated from RAW 264.7 cells, as de-

scribed [59]. Mature multinucleated osteoclasts were ob-

served from day 3 onwards. We used purified recombinant

GST fused RANKL to differentiate osteoclasts, and the

purification was done as described previously [60].

Induction of osteoclast differentiation with RANKL or LPS

and inhibition with OPG in the presence of RANKL or LPS

To determine the effect of OPG on RANKL- and LPS-

induced osteoclastogenesis, RAW cells were treated with

OPG at different stages. For RANKL-induced cultures,

the treatment conditions were denoted as control, late,

and early + late (illustrated in Additional file 2, Figure

S2A). The treatment strategy was as follows:

In the control treatment, RAW cells were treated with

RANKL (60 ng/mL of media) for 72 h. RANKL was

added three times to the RAW cell culture at 24 h inter-

vals (0 h, 24 h, and 48 h). Incubation was continued for

72 h, and osteoclasts were observed ~ 72 h after treat-

ment with RANKL.

In the late treatment, RANKL and OPG were added to

the RAW cell culture at 0 h, and incubation was continued

24 h. After 24 h, cells were washed with cold phosphate-

buffered saline (PBS), and a fresh medium with RANKL was

added at 24 h and 48 h intervals with no OPG. Incubation

was continued for 72 h. OPG was added at a 2:1 ratio with

RANKL (OPG 120 ng/mL; RANKL 60 ng/mL of media).

In the early + late treatment strategy, both RANKL

(60 ng/mL of media) and OPG (120 ng/mL of media)

were added at 0 h, 24 h, and 48 h. RANKL and OPG

were present in the culture for 72 h.

In cultures treated with LPS, we used two conditions

(illustrated in Fig. 2d). For the LPS control condition,

RANKL (60 ng/mL of media) was added to RAW cells

for the first 24 h. After 24 h, cells were washed with cold

PBS, and the medium containing LPS (5 μg/mL of

media) alone was added to the cultures. For the group

treated with LPS and OPG, RAW cells were first treated

with RANKL (60 ng/mL of media) for 24 h. After 24 h,

cells were washed with cold PBS, and a medium contain-

ing LPS (5 μg/mL of media) + OPG (120 ng/mL medium)

was added at 24 h and 48 h intervals. The incubation

was continued for 72 h, as previously described [61].

OPG was added at the same concentration used for

RANKL cultures (120 ng/mL of media).

Inhibition of TRL4 with the inhibitor TAK-242

RAW cells were treated with TAK-242 (a selective TLR4

inhibitor) to analyze TLR4 signaling. The following

groups were established (Table 1):

1. RANKL

2. RANKL+ TAK-242

3. LPS

4. LPS + TAK-242

For treatment with TAK-242 in the presence of RANK

L, RAW cells were treated with RANKL (60 ng/mL of

media) at 0 h, and the incubation was continued for 24

h. After 24 h, cells were washed three times with cold

PBS, and the medium was replaced with a fresh medium

containing RANKL and TAK-242 (5 μM/mL) for an-

other 24 h. This step was repeated at 48 h, and incuba-

tion was continued for 72 h. For controls in this

experiment, cells treated with RANKL alone for 72 h

were used (Table 1).
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The LPS control group is described in the table below.

For treatment with TAK-242 in the presence of LPS,

RAW cells were treated with RANKL (60 ng/mL of

media) at 0 h, and incubation was continued for 24 h.

After 24 h, cells were washed three times with cold PBS,

and the medium was replaced with fresh medium con-

taining LPS (5 μg/mL) and TAK-242 (5 μM/mL) for an-

other 24 h. This step was repeated at 48 h, and

incubation was continued for 72 h (Table 1). After 72 h

of incubation, cells were fixed and subjected to TRAP

staining as described previously [62].

Tartrate-resistant acid phosphatase (TRAP)-staining

TRAP staining was done for the most part, as described

previously [62]. We used Leukocyte Acid Phosphatase

Kit (Sigma; 387-A) and followed the manufacturer’s in-

structions. Stained cells were photographed with phase-

contrast microscopy, and images were processed in

Adobe Photoshop (Adobe Systems Inc.)

Preparation of membrane lysates

RAW cells treated as above were used for the prepar-

ation of membrane fraction. Membrane-fraction was

made using the Mem-PER™ Plus Membrane Protein Ex-

traction Kit (Thermo Fisher Scientific, Cat. #89842). The

procedure was performed according to instructions pro-

vided by the manufacturer. The protein concentration

was determined using the Bradford assay.

Immunoblotting analysis

Immunoblotting was performed as previously described

[61, 62]. Briefly, an equal amount of lysate protein was

separated by SDS-PAGE (10% gel) and transferred to

polyvinylidene fluoride (PVDF) microporous mem-

branes. Membranes were blocked and incubated with

the primary and secondary antibody of interest in PBS-T

at dilutions recommended by the manufacturer at 4 °C

overnight. Membranes were washed three times with

PBS-T for 5–10min; protein bands were visualized by

chemiluminescence using an ECL kit [63, 64]. The band

densities were quantified and analyzed with UN-SCAN-

IT software (Silk Science Inc., Orem, UT, USA). The

final average pixel of the protein band of TNFR-1 and

TNFR-2 was calculated by normalizing to the loading

control protein GAPDH. The impact of various

treatments was expressed either as percent surface level

or fold change relative to the control lane.

TNF-α measurement by ELISA

Briefly, RAW 264.7 cells were cultured in 6-well plates.

After 24 h, cells were stimulated with RANKL and M-

CSF for another 24 h. Cells were treated with RANKL,

LPS (5 μg/mL), or LPS (5 μg/mL) + TAK-242 (5 μM/mL)

for 48 h. The RANKL-treated cells were differentiated

into osteoclasts and were considered as positive controls.

The basal level of TNF-α was determined by measuring

the untreated RAW 264.7 cells (−). After 48 h, superna-

tants were collected, and TNF-α levels were quantified

with the mouse TNF-alpha Quantikine ELISA kit

(MTA00B; R&D Systems; Minneapolis, MN) as per in-

structions provided by the manufacturer [65].

Immunostaining

RANKL- and LPS-induced osteoclasts cultured on glass

coverslips were immunostained with antibodies against

RANK in 1:300 dilution (SC-374360; Santa Cruz Bio-

technology; Santa Cruz, CA). After staining and mount-

ing as previously described [66], osteoclasts were viewed

using Cytation 5 cell imaging with the appropriate chan-

nel. Images were processed using Adobe Photoshop

(Adobe Systems, Inc., Mountain View, CA).

Statistical analysis

Statistical analyses were performed using Prism 8 soft-

ware (GraphPad Inc. San Diego, CA). The statistical sig-

nificance was determined using one-way ANOVA or

Student’s t-test as applicable, and p values were consid-

ered significant when p < 0.05. Results are presented as

mean ± standard deviation (SD).

Abbreviations

ELISA: Enzyme-linked immunosorbent assay; RANKL: Receptor activator of

nuclear factor kappa-B ligand; M-CSF: Macrophage colony-stimulating factor;

OPG: Osteoprotegerin; TLR4: Toll-like receptor 4; LPS: Lipopolysaccharide;

TNF-α: Tumor necrosis factor α; TNFRs: Tumor necrosis factor receptors
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Additional file 1: Figure S1. Analysis of the potential osteoclastogenic

effect of the LPS. (A) The diagrammatic sketch demonstrates the

treatment strategy of RAW cells with RANKL and LPS. (B) And (C)

Table 1 Treatment strategies for RAW cells in TLR4 inhibition experiments

Treatment Group Treatment at 0 h Treatment at 24 h Treatment at 48 h

RANKL RANKL (60 ng/mL) RANKL (60 ng/mL) RANKL (60 ng/mL)

RANKL + TAK-242 RANKL (60 ng/mL) RANKL (60 ng/mL) + TAK-242 (5 μM/mL) RANKL (60 ng/mL) + TAK-242 (5 μM/mL)

LPS RANKL (60 ng/mL) LPS (5 μg/mL) LPS (5 μg/mL)

LPS + TAK-242 RANKL (60 ng/mL) LPS (5 μg/mL) + TAK-242 (5 μM/mL) LPS (5 μg/mL) + TAK-242 (5 μM/mL)
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representative images of TRAP stained osteoclasts (B) and RAW cells (C)

in response to the treatment strategy shown in panel A. Images of

different doses of LPS are shown in (C).

Additional file 2: Figure S2. Analysis of the effect of OPG treatment on

RANKL-stimulated osteoclastogenesis. (A) Identification of the time-

dependent effect of OPG on RANKL-induced osteoclast differentiation.

The diagrammatic sketch demonstrates the treatment strategy of RAW

cells with RANKL and OPG (120 ng/ml). (B) Representative images of TRAP

stained osteoclasts in response to the treatment strategy shown in panel

A. (C) The number of TRAP +ve multinucleated osteoclasts were counted

in all treatment groups. Statistical analysis was performed to compare the

number in the late and early+late treatment groups to the control group

(RANKL). One-way ANOVA was applied, and the values were expressed as

mean ± SD. *P < 0.05 vs. the control group (C).

Additional file 3: Figure S3. Immunoblotting analysis of the effect of

OPG treatment on RANK expression. (A) An equal amount of membrane

lysate proteins were used for immunoblotting analyses with antibodies

to RANK (~90 kDa) and GAPDH (loading control; ~37 kDa). Protein levels

were quantified by densitometry, corrected for the sample load based on

GAPDH expression, and expressed as fold-decrease relative to the control

lanes (RANKL and LPS). The results represent one of three experiments

performed. (B) Uncropped raw data for the immunoblotting analyses

shown in panel A are provided. Red rectangle indicates the proteins that

are shown in panel A. The other lanes that were not marked by a rect-

angle in each autoradiogram represent different treatments which are

not pertinent to the present studies.

Additional file 4: Figure S4. Effect of anti-TNF-α on the differentiation

of osteoclasts. RAW cells subjected to differentiation in the presence of

RANKL (A) and TNF-α (C) were treated with a TNF-α antibody for three

days (B and D). Differentiation was blocked in cells treated with TNF-α

antibody in TNF-α –treated cells (panel D) and not in RANKL treated cells

(panel B). This result suggests that anti- TNF-α had no effect on the RANK

L-RANK pathway involved in osteoclast differentiation. Representative

phase-contrast microscopy images of TRAP-stained osteoclasts are shown.

Cells were photographed under a 20X objective.

Additional file 5: Figure S5. Analysis of the RANK expression in LPS-

and RANKL - mediated osteoclastogenesis. Uncropped raw data for the

immunoblotting analyses shown in Fig. 2a are provided.

Additional file 6: Figure S6. Analysis of the TLR 4 level in untreated

(RAW cells) treated cells with RANKL and LPS. Uncropped raw data for

the immunoblotting analyses shown in Fig. 3a are provided.

Additional file 7: Figure S7. Immunoblotting analysis of membrane

levels of TNFR-1 (panel A) and TNFR-2 in response to RANKL (R) and LPS-

treatment. Uncropped raw data for the immunoblotting analyses shown

in Fig. 5A for the membrane (surface) levels of TNFR-1 (A) and TNFR-2 (B)

are provided. White rectangle in A indicates the TNFR1 protein band

(~55kDa) and red rectangle in B panel 1) indicate the TNFR-2 (~68kDa)

protein band of interest. Four blots for TNFR-1 (A) and three blots for

TNFR-2 (B) are shown. TNFR-1 and TNFR-2 bands were scanned in Un-

Scan-IT software and provided as percent surface levels in (Fig. 5C and D)

in the manuscript. (C) Immunoblotting analysis of membrane levels of

TNFR-1 and TNFR-2 in cells treated with LPS and LPS/anti-TNF-α. Un-

cropped raw data (Two autoradiogram for each experiment) of the im-

munoblotting analyses shown in Fig. 5B are provided. Blots were

scanned and fold change in the levels of TNFR-1 and TNFR-2 are pro-

vided in (Fig. 5C-H) in the manuscript. The red rectangle in panel 3 (top)

indicate the TNFR-2 (~68kDa) protein band. TNFR1 and TNFR-2 bands

were scanned and provided as fold change in the surface levels in (Fig. 5

E-H) in the manuscript.
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