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Abstract

Osteoclastogenesis was induced by RANKL stimulation in mouse monocytes to examine the 

possible bactericidal function of osteoclast precursors (OCp) and mature osteoclasts (OCm) 

relative to their production of NO and ROS. Tartrate-resistant acid phosphatase (TRAP)-positive 

OCp, but few or no OCm, phagocytized and killed Escherichia coli in association with the 

production of reactive oxygen species (ROS) and nitric oxide (NO). Phagocytosis of E. coli and 

production of ROS and NO were significantly lower in TRAP+ OCp derived from Toll-like 

receptor (TLR)-4 KO mice than that derived from wild-type (WT) or TLR2-KO mice. 

Interestingly, after phagocytosis, TRAP+ OCp derived from wild-type and TLR2-KO mice did not 

differentiate into OCm, even with continuous exposure to RANKL. In contrast, E. coli-
phagocytized TRAP+ OCp from TLR4-KO mice could differentiate into OCm. Importantly, 

neither NO nor ROS produced by TRAP+ OCp appeared to be engaged in phagocytosis-induced 

suppression of osteoclastogenesis. These results suggested that TLR4 signaling not only induces 

ROS and NO production to kill phagocytized bacteria, but also interrupts OCm differentiation. 

Thus, it can be concluded that TRAP+ OCp, but not OCm, can mediate bactericidal activity via 

phagocytosis accompanied by the production of ROS and NO via TLR4-associated reprograming 

toward phagocytic cell type.
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1. Introduction

Osteoclast precursors (OCp) are originated from macrophage/monocyte-lineage 

hematopoietic precursor cells [1,2]. Differentiation from hematopoietic precursor cells to 

mature osteoclasts (OCm) capable of resorbing bone is elicited by stimulation with receptor 

activator nuclear factor-κB ligand (RANKL) and macrophage-colony stimulating factor (M-

CSF) [3]. Especially, M-CSF plays a key role in the induction of RANK, a receptor for 

RANKL, on OCp upstream of RANKL-mediated activation of osteoclastogenesis [4]. 

Indeed, the critical role of M-CSF in the course of osteoclastogenesis was demonstrated by 

M-CSF-gene knockout (KO) mice that are completely absent of OCm and show 

osteopetrotic phenotypes [5–8]. It is known that M-CSF-primed monocytes can also 

differentiate into macrophages in the absence of RANKL and perform antibacterial function 

[9]. In other words, M-CSF-primed monocytes can differentiate into either macrophages or 

osteoclasts. Nonetheless, it is largely unknown if monocytes stimulated with both M-CSF 

and RANKL can mediate antibacterial activity. Both OCp and OCm have been found in 

infectious bone loss lesion of periodontitis [10–12] and septic prosthesis loosening [13], but 

it is also largely unknown if OCp and/or OCm can mediate antibacterial activity.

TLR signaling plays a crucial role in the induction of bacterial phagocytosis by macrophages 

[14]. Activation of TLRs induces macrophages to produce proinflammatory mediators, such 

as nitric oxide (NO), reactive oxygen species (ROS; e.g., peroxides, superoxide and 

hydroxyl radical), TNFα and IL-1b [15,16]. Among them, NO and ROS accumulated in 

phagolysosomes are significantly engaged in bactericidal effects on bacteria phagocytosed 

by macrophages [17,18]. Interestingly, it is reported that ROS, including superoxide and 

hydrogen peroxide, are crucial components that upregulate osteoclast differentiation [19–

21]. Although the effects of NO on OCp cells are controversial, NO is indeed produced by 

osteoclasts [22].

In summary, these reported findings have demonstrated 1) the effects of TLRs on NO/ROS 

production by macrophages that phagocytize bacteria and 2) the engagement of NO/ROS in 

RANKL-induced osteoclastogenesis. However, it has not been established that TLR 

signaling can trigger the expressions of NO/ROS and thus facilitate the phagocytosis and 

killing of bacteria by OCp and/or OCm. Based on these lines of evidence, we hypothesized 

that TRAP+ OCp, but not OCm, can mediate bactericidal activity via phagocytosis utilizing 

ROS and NO produced in response to bacteria-derived TLR activation. To test this 

hypothesis, we performed bacterial phagocytosis assays using OCp and OCm induced from 

RAW264.7 cells, and primary culture of OCp and OCm derived from bone marrow of 

TLR2-KO and TLR4-KO as well as their wild type (WT) mice, employing Escherichia coli 
as a model bacterium.
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2. Material and methods

2.1. Osteoclastogenesis in vitro

Bone marrow-derived monocyte (BMM) cells were generated as described previously 

[23,24]. In brief, bone marrow cells isolated from TLR2-KO mice, TLR4-KO mice and their 

WT (C57BL/6) mice were cultured (1 × 105 cells/well; 96-well plate) in α-modified 

minimal essential medium (α-MEM) (Life Technologies, Beverly, MA) supplemented with 

10% fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville, GA). After initial 

incubation of bone marrow cells with 20 ng/ml M-CSF (BioLegend, San Diego, CA) for 2 

days, adherent cells were used as bone marrow-derived monocyte (BMM). Those BMM 

cells were further stimulated with sRANKL (50 ng/ml) in the presence of M-CSF (20 ng/ml) 

for various times to induce OCp and OCm. The BMM cells that were incubated in the 

presence of M-CSF (20 ng/ml) without RANKL for the same periods were used as control 

macrophages. For the assay using RAW264.7 cells, single cell suspension (2 × 103 cells/

well; 96-well plate) in α-MEM with 10% FBS was stimulated with sRANKL (50 ng/ml). 

Osteoclasts induced in the culture were stained for their expression of TRAP using a 

commercially available kit (Sigma-Aldrich, St. Louis, MO).

2.2. Bacterial strains and culture

E. coli strain (ATCC27325, Manassas, VA) was cultured overnight at 37 °C in Luria-Bertani 

(LB) broth medium under constant agitation at 240 rpm. The bacterial number was 

measured by spectrophotometer at OD 580 nm.

2.3. Assay to determine bacterial phagocytosis and killing by osteo-clasts and 
macrophages

The method described previously [25–27] was performed with minor changes. In brief, the 

confluent cells in a 96-well plate with or without RANKL were cultured in antibiotic-free 

medium overnight prior to the bacterial phagocytosis assay. Live bacteria harvested at mid-

log growth curve were co-cultured with the cells for 1 h in antibiotic-free medium at an MOI 

of 10. After 1 h of co-culture, extracellular bacteria that did not enter cells were killed by 

treatment with gentamicin (500 μg/ml; Life Technologies) applied over the course of 1 h. 

After additional incubation for 1 h, 2 h and 3 h, live bacteria remaining inside cells were 

released by osmotic shock-dependent disruption using distilled water (100 ml/well), 

followed by extensive pipetting (20 strokes/well). Bacterial suspension was spread to LB 

agar (Sigma-Aldrich) plates, and the number of colonies was counted. The Colony Forming 

Unit (CFU) corresponds to the number of colonies observed in an agar plate. The CFU was 

further normalized based on the OCps present in the well, and expressed as CFU/1000 

OCps. The protocol used for this assay is illustrated in Fig. 1A.

In some experiments, after the antibiotics treatment, BMM cells or RAW264.7 cells were 

cultured in fresh medium in the presence or absence of NAC (1 mM), L-NAME (1 mM) or 

D-NAME (1 mM). Subsequently, the CFU of survived E. coli was also monitored, while the 

culture supernatant was subject to the measurements of NO2
− and TOS (see below).
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2.4. Flow cytometry analysis of pHrodo™ uptake by RAWS264.7 cells and BMM cells

Phagocytosis of bacteria by osteoclasts and macrophages was also evaluated using flow 

cytometry. This was performed using pHrodo™ BioParticles® [28]. Phagocytized pHrodo-

labeled E. coli fluoresced in an acidic pH-dependent manner. Briefly, pHrodo (fixed E. coli) 
was incubated with live RAW264.7 cells or BMM cells for 1 h at 37 °C. Cells incubated 

with pHrodo on ice were used as negative control. Cells were harvested by Falcon™ cell 

scraper (Thermo Fisher), washed three times, and then subjected to flow cytometry or 

confocal fluorescent microscopy. Data were analyzed using FlowJo software (Treestar, 

Ashland, OR).

2.5. Determination of nitrite (NO2
−) concentrations

The levels of nitric oxide (NO) in the macrophage/osteoclast medium were measured by 

Griess assay [29,30]. Briefly, 50 μL of culture supernatants were gently mixed with an equal 

volume of 2% sulfanilamide (Sigma) solution and incubated in the dark at room temperature 

for 10 min. After incubation, 50 μL of naphthyl etilenediamine dihydrochloride (Sigma) in 

5% phosphoric acid solution were added to the reaction and incubated in the dark at room 

temperature for another 10 min. The absorbance at 540 nm was measured in a microplate 

reader. Nitrite concentration, an indicator of NO production, was calculated from a NaNO2 

standard curve.

2.6. Total oxidant status (TOS) assay

TOS in cells was measured following the method previously reported by Erel [31]. The 

oxidants in the sample oxidize the ferrous ion-o-dianisidine complex to ferric ion. The ferric 

ion produced a colored complex with xylenol orange in an acidic medium. The color 

intensity, as measured spectrophotometrically, was related to the total amount of oxidant 

molecules present in the sample. The assay was calibrated with hydrogen peroxide (H2O2), 

and the results were expressed in terms of micromolar hydrogen peroxide equivalent per liter 

(μmol H2O2 equivalent/L).

2.7. Immunofluorescence microscopy

Macrophages and osteoclasts imaged with confocal microscopy were plated on eight-well 

chamber slides (Lab-Tek Chamber Slide, Thermo Fisher). Images were acquired on a 

confocal microscope (Zeiss LSM780, Carl Zeiss Microscope, Thornwood, NY). To observe 

phagocytized pHrodo™ E. coli BioParticles®, cells were fixed in 4% paraformaldehyde for 

30 min and stained with Alexa Fluor® 488-conjugated phalloidin (Life Technologies) and 

counterstained with DAPI (Life Technologies).

2.8. Statistical analysis

All assays were conducted at least in triplicate, and each study was repeated 3 times. The 

collected data were analyzed using the Student’s t-test for the comparison between two 

groups, or a one-way ANOVA with post hoc Tukey’s test for the comparisons among 

different groups. P values of <0.05 were considered statistically significant.
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3. Results

3.1. RANKL-stimulated osteoclasts can phagocytize bacteria

In order to examine if RANKL-stimulated osteoclast precursors (OCp) and/or mature 

osteoclasts (OCm) could phagocytize bacteria, E. coli was incubated with RANKL-

stimulated or non-stimulated RAW264.7 cells for various times (Fig. 1). More specifically, 

RAW264.7 cells were preincubated with or without RANKL for 2 days or 4 days prior to the 

addition of E. coli. The phagocytized bacterial number (CFU/1000 mononuclear cells) by 

the cytoplasm of RAW264.7 cells detected at baseline (0 h) was higher in nonstimulated 

RAW264.7 cells than that in the cytoplasm of RAW264.7 cells prestimulated with RANKL 

for 48 h (non-stimulated, 159±65 CFU/1000 mononuclear cells; RANKL-prestimulated, 

43±7 CFU/1000 mononuclear cells; p<0.01) (Fig. 1B and C). Even with RANKL 

stimulation for 96 h, the bacteria phagocytized by RAW264.7 cells at baseline (0 h) showed 

no significant difference from those phagocytized by RAW264.7 cells prestimulated with 

RANKL for 48 h (Fig. 1D and E). According to TRAP staining (Fig. 1F), all RAW264.7 

cells were TRAP-positive after stimulation with RANKL for more than 48 h, while the 

number of multinuclear OCm significantly increased in those RAW264.7 cells prestimulated 

with RANKL for 96 h (TRAP multinuclear OCm cell number: 48 h, 15±7 cells/well; 96 +h, 

256±65 cells/well; data not shown in Fig. 1). Both nonstimulated and RANKL-prestimulated 

RAW264.7 cells appeared to kill phagocytized bacteria in a time-dependent fashion. Such 

observations were more evident when the % of killing effects was calculated (Fig. 1G and 

H). RAW264.7 cells were prestimulated with RANKL for 2 days and 4 days, and after 3 h of 

incubation with E. coli at each time point, 62.1±1.0% and 50.8±4.9% of bacteria were 

killed, respectively (p<0.01), suggesting that osteoclast differentiation impairs bactericidal 

effects by RANKL-prestimulated RAW264.7 cells. No statistical difference was observed in 

bactericidal effects by unstimulated RAW264.7 cells cultured in medium alone for 2 and 4 

days (Fig. 1G and H).

3.2. Mononuclear, but not multinuclear, osteoclasts can phagocytize bacteria

Fixed E. coli labeled with a pH-sensitive fluorescent dye (pHrodo) was used to examine the 

phagocytosis of bacteria by RANKL-stimulated mononuclear and multinuclear cells. Upon 

phagocytization of pHrodo-labeled E. coli in the acidic environment of host cell cytoplasm, 

red fluorescence is emitted. After incubation of RAW264.7 cells with pHrodo-labeled E. 
coli, the number of bacteria positive for red pHrodo was counted under the fluorescent 

microscope (Fig. 2A, B and C). After 1 h incubation with bacteria, 91.7±3.2% of 

unstimulated RAW264.7 cells showed bacterial entry into cytoplasm. In contrast, 28.8±5.2% 

of RANKL-prestimulated RAW264.7 mononuclear cells showed cytoplasmic entry of 

pHrodo-labeled E. coli. On the other hand, only 2.3±0.4% multinuclear cells showed 

phagocytosis of pHrodo-labeled E. coli (p<0.01) (Fig. 2F). It is important to note that all 

RANKL-prestimulated RAW264.7 cells were TRAP-positive, whereas non-stimulated 

RAW264.7 cells showed no TRAP staining pattern in separately prepared culture (Fig. 2D 

and E). To summarize, nearly 80% of non-stimulated RAW264.7 cells showed cytoplasmic 

entry of pHrodo-labeled E. coli, whereas about 30% of RANKL-prestimulated mononuclear, 

but not multinuclear, RAW264.7 cells internalized pHrodo-labeled E. coli. Therefore, these 

results support the phagocytosis of E. coli by mononuclear OCp. According to flow 
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cytometry, the mononuclear cell population in RANKL-prestimulated RAW264.7 cells 

showed a smaller percentage (49.9%) of pHrodo-positive cells compared to unstimulated 

RAW264.7 cells (75.6%), corresponding to the results obtained using fluorescent 

microscopy.

3.3. Osteoclasts produce ROS and NO in response to bacterial stimulation

Since the production of NO and ROS is significantly promoted in macrophage phagocytosis 

[17,18], we hypothesized that NO and ROS produced by RANKL-stimulated RAW264.7 

cells could kill the phagocytized bacteria. To test this idea, RAW264.7 cells, both 

unstimulated and prestimulated with RANKL for 48 h and 96 h, incubated with E. coli 
induced a significantly elevated production of ROS (Fig. 3A) and NO (Fig. 3D). However, 

no temporal difference was noted in the production of either NO or ROS from RAW264.7 

cells in response to E. coli stimulation after two or four days of preincubation with or 

without RANKL, suggesting that similar levels of NO and ROS are produced by OCp at 

early stage (48 h) and mid-stage (96 h) of differentiation. The addition of N-acetyl-L-

cysteine (NAC), an ROS inhibitor, or NG-nitro-L-arginine methyl ester (L-NAME), an NO 

inhibitor, but not the addition of control NG-nitro-D-arginine methyl ester (D-NAME), 

significantly suppressed the E. coli-induced production of ROS or NO in RAW264.7 cells 

prestimulated with or without RANKL for 48 h (Fig. 3B and C, ROS production; E and F, 

NO production) and 96 h (not shown). The possible bactericidal roles of ROS and NO on E. 
coli phagocytized by RANKL-stimulated OC were further evaluated in the following 

experiments using primary culture of OCp isolated from mouse bone marrow (Fig. 6).

3.4. TLR4 is engaged in the induction of bacterial phagocytosis

To investigate whether TLRs are involved in phagocytosis of RANKL-stimulated monocytes 

(OCp and/or OCm), bone marrow-derived monocytes (BMM) isolated from WT, TLR2-KO 

and TLR4-KO mice were used (Fig. 4A–E). BMM isolated from different strains of mice 

were stimulated with M-CSF and RANKL to induce osteoclastogenesis, while M-CSF alone 

without RANKL was used for control macrophages. Nearly all M-CSF/RANKL-stimulated 

BMM cells (94–98%) were TRAP-positive (Fig. 4A). There were no remarkable difference 

in the morphology (Fig. 4A) OCps and OCms differentiated from TLR2-KO and TLR4-KO 

mice compared to their WT mice. The number of TRAP+ OCms also did not show any 

significant difference among those three groups (Supplement Fig. 1). After prestimulation 

with M-CSF and RANKL, or M-CSF alone, for 48 h or 96 h, pHrodo-labeled E. coli was 

applied to the respective cell culture. The incidence of pHrodo-positive red fluorescence, 

indicating phagocytized E. coli in unstimulated TLR4-KO BMM cells (75.7±4.5%), was 

significantly lower than that in WT (89.6±2.9%) (p<0.05) or TLR2-KO mice (90.0±5.6%) 

(p<0.05) (Fig. 4B and D). The incidence of pHrodo-positive RANKL-stimulated TLR4-KO 

BMM cells (mononuclear OCp, 30.0%±3.0%; multinuclear OCm, 1.3±2.4%) was lower than 

that in WT (mononuclear OCp, 62.8±4.7%, p<0.01; multinuclear OCm, 9.4±2.2%, p<0.05) 

or TLR2-KO mice (mononuclear OCp, 63.1±2.8%, p<0.01; multinuclear OCm, 9.4%±1.2%, 

p<0.05) (Fig. 4B and E). On the other hand, no significant difference was observed in the 

incidence of pHrodo-positive cells between WT and TLR2-KO BMM cells (Fig. 4B, C and 

D). According to flow cytometry analysis (Fig. 4E), the mononuclear cell population (OCp) 

of RANKL-prestimulated TLR4-KO BMM showed a significantly lower level of 
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phagocytization of pHrodo-positive E. coli than either WT or TLR2-KO mice, 

corresponding to the results from fluorescent microscopy.

In order to examine the possible engagement of TLR2 and/or TLR4 in the production of 

ROS and NO from primary culture of OCp in response to the exposure with E. coli, the 

production of E. coli-induced ROS (Fig. 5A and C) and NO (Fig. 5B and D) from M-CSF+ 

RANKL-prestimulated OCp was examined using BMM cells derived from WT, TRL2-KO 

and TLR4-KO mice. Similar to the results from RAW264.7 cells (Fig. 3), the OCp induced 

from BMM by prestimulation with M-CSF+RANKL for 48 h showed significantly elevated 

production of ROS (Fig. 5A) and NO (Fig. 5B) in response to E. coli exposure. In terms of 

OCp cells derived from BMM cells prestimulated with M-CSF+RANKL for 48 h (Fig. 5C), 

ROS production from TLR4-KO OCp cells (13.2±2.1 μmol H2O2 equivalent/L), but not 

TLR2-KO OCp cells (15.1±0.9 μmol H2O2 equivalent/L), was significantly lower level than 

that of WT OCp cells (16.8±1.16 μmol H2O2 equivalent/L) (p<0.05) in the group 

prestimulated with M-CSF and RANKL for 48 h (Fig. 5C). OCp cells derived from BMM 

cells prestimulated with M-CSF + RANKL for 96 h showed the same trend of significantly 

diminished E. coli-induced ROS production by TLR4-KO BMM cells, compared to that 

(data not shown). The amount of E. coli-induced NO production from TLR2-KO OCp cells 

(1.7±0.1 [NO2
−] μmol/l) and TLR4-KO OCp cells (1.4±0.1 [NO2

−] μmol/l) was significantly 

lower than that detected from WT OCp cells (2.4±0.3 [NO2
−] μmol/l) (p<0.01) in the group 

of OCp derived from BMM prestimulated with M-SCF and RANKL for 48 h (Fig. 5D). The 

group prestimulated with M-CSF+RANKL for 96 h demonstrated results of E. coli-induced 

NO production similar to those found in the 48 h MSCF+RANKL prestimulation group 

(data not shown). The production of ROS and NO from E. coli-exposed OCp derived from 

WT, TLR2-KO and TLR4-KO mice was suppressed in all cases by the addition of NAC, as 

well as L-NAME to the base line level (Fig. 5C and D). We did not find any difference in the 

susceptibility to NAC and L-NAME-mediated ROS and NO suppression among the three 

strains of mice for their production.

The bactericidal effects on phagocytized bacteria were also observed in the primary culture 

of BMM-derived OCp (Fig. 6). Bacteria killing rate of control BMM preincubated with M-

CSF alone showed no difference among WT, TLR2-KO and TLR4-KO mice (Fig. 6A). 

However, the bacteria killing rate by TLR4-KO OCp was significantly lower that of WT or 

TLR2-KO mice (Fig. 6B). Furthermore, NAC and L-NAME downregulated bactericidal 

effects on phagocytized bacteria in OCp (Fig. 6B) as well as control M-CSF-prestimulated 

BMM (macrophages, Fig. 6A), suggesting that OCp killed the phagocytized bacteria in an 

ROS/NO-dependent manner, similar to macrophages. Interestingly, the bacteria killing 

effects by OCp derived from TLR4-KO mice were suppressed significantly more by NAC 

and L-NAME than that detected in WT or TLR2-KO. These results indicated that ROS and 

NO produced by OCp via TLR4-activation are in part associated with the bacteria killing 

effects on the phagocytized bacteria.
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3.5. Bacterial phagocytosis inhibits OCp from RANKL-dependent osteoclast maturation in 
a manner independent of ROS and NO productions

Finally, since ROS and NO are known to promote the RANKL-mediated osteoclastogenesis 

[19,20,32], we asked if phagocytizing OCp which increase production of ROS and NO could 

affect their RANKL-mediated differentiate into OCm. To examine this, osteoclast precursors 

developed in vitro from BMM of WT, TLR2-KO and TLR4-KO mice were exposed to E. 
coli and, subsequently, maintained in culture under continuous RANKL stimulation. More 

specifically, after prestimulation of BMM cells with M-CSF and RANKL for 48 h, these 

OCp cells were incubated with or without fixed E. coli for 3 h, followed by continuous 

incubation with RANKL for an additional 5 days. In the absence of bacterial exposure, all 

OCp isolated from WT, TLR2-KO and TLR4-KO mice differentiated into TRAP+ 

multinucleated OCm at comparable levels (Fig. 7H). On the other hand, contrary to our 

expectation, exposure to E. coli nearly completely inhibited the differentiation of OCp 

derived from WT and TLR2-KO mice (Fig. 7B and H). However, the OCp derived from 

TLR4-KO mice did differentiate into TRAP+ multinucleated OCm, albeit osteoclast size 

was smaller (Fig. 7E and H) than that found in osteoclasts differentiated in the absence of E. 
coli (Fig. 7C, D and H). Incubation of OCp cells with LPS (TLR4 ligand) and lipoteichoic 

acid (LTA; TLR2 ligand) suppressed RANKL-induced osteoclastogenesis (Fig. 7I). 

Importantly, at least 100-fold higher amount of LTA than LPS was required to completely 

suppress osteoclast differentiation (Fig. 7F, G and I), indicating that TLR4 activation has a 

greater magnitude of impact on osteoclastogenesis than that by TLR2 activation. These 

results implicated that bacterial exposure to OCp inhibits their differentiation into OCm, in 

part from the signal elicited by TLR4 activation. Finally, we examined the core question as 

to whether ROS or NO is engaged in the altered osteoclastogenesis in bacteria phagocytizing 

OCp (Fig. 7J). When either NAC or L-NAME was added to the culture of E. coli-
phagocytizing WT OCp which were continuously incubated with RANKL, neither one 

abrogated the suppression of osteoclastogenesis resulting from exposure to E. coli (Fig. 7J), 

suggesting that neither ROS nor NO is engaged in E. coli-mediated suppression of 

osteoclastogenesis.

4. Discussion

The present study demonstrated that mononuclear osteoclast precursor cells (OCp), but not 

mature multinucleated osteoclasts (OCm), can phagocytize E. coli and kill phagocytized E. 
coli in association with the production of reactive oxygen species (ROS) and nitric oxide 

(NO). Both phagocytosis of E. coli and ROS and NO production were significantly lower in 

OCp derived from TLR4-KO mice than compared to wild-type (WT) and TLR2-KO mice. 

Furthermore, the OCp of wild-type and TLR2-KO mice that did phagocytize E. coli did not 

differentiate into OCm, even with continuous exposure to RANKL, whereas E. coli-
phagocytized OCp of TLR4-KO mice could differentiate into OCm. The addition of NAC 

(ROS inhibitor) and L-NAME (NO inhibitor) did not abrogate the diminished differentiation 

of E. coli-phagocytized OCp to OCm by continuous exposure to RANKL, suggesting that 

neither ROS nor NO is associated with such bacterial phagocytosis-related interruption of 

OCp differentiation. These results clearly demonstrated that TLR4 signaling not only 

induces ROS and NO production to kill phagocytized bacteria, but also downregulates 
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differentiation toward OCm. Osteoclasts have always been considered bone-resorbing cells; 

therefore, the findings in this study may gain new insight into the etiology of 

osteoimmunological disorders where monocytes differentiate into osteoclast precursors.

Along with neutrophils, macrophages play a key role in innate immune responses toward 

bacterial infection based on their function to phagocytize and kill bacteria. Antibacterial 

activities by macrophages are, in part, mediated by their production of free radicals, 

including nitric oxide (NO) and reactive oxygen species (ROS) [18]. Bacteria phagocytized 

by macrophages are destroyed in the phagolysosome via oxygen-dependent and oxygen-

independent mechanisms. As an oxygen-dependent bacteria-killing mechanism, free 

radicals, such as ROS and NO, are generated, while digestive enzymes, for example, 

lysozyme and cathepsin, are also utilized in the bacteria-killing mechanism [33,34]. 

Furthermore, lines of evince support ROS and NO as cell signaling molecules in innate 

immune cells [35,36]. Interestingly, ROS produced by osteoclasts play a role in promoting 

the differentiation of these cells through Akt, NF-κB and ERK activation [37,38], suggesting 

that ROS function as a cell signaling mediator in osteoclastogenesis. Recent study reported 

that ROS-induced promotion of osteoclastogenesis is downmodulated by an antioxidant 

response system involving Nerf2 in the homeostatic context [39,40], indicating the presence 

of a sophisticated regulatory mechanism for ROS-associated osteoclastogenesis. On the 

other hand, low level of NO increases the generation of mature osteoclasts by up-regulating 

actin remodeling in mononuclear preosteoclasts, thereby promoting cell fusion processes 

required for multi-nucleation of OCm [32]. In contrast, high concentration of NO inhibits 

osteoclastogenesis and activity of OCm, while same high level of NO induces apoptosis in 

OCp [41]. In sum, the effects NO on osteoclastogenesis are dependent on the concentration 

of NO released in the microenvironment surrounding OCp or OCm. Surprisingly, 

antibacterial roles of NO and ROS produced by osteoclasts have not been addressed until the 

present study. Our results demonstrated that ROS and NO produced by OCp are engaged in 

bactericidal effects. The chemical inhibitors that interrupt the generation of ROS and NO, 

i.e., NAC and L-NAME, respectively, suppressed their bactericidal effects on phagocytized 

bacteria in OCp (Fig. 6). The concentration of NAC and L-NAME that showed nearly 

complete suppression of ROS and NO production by osteoclasts (Fig. 3 and 5) could 

downregulate the bactericidal effects at the rate of 35–45% (Fig. 6), suggesting that other 

factors, such as lysozyme or cathepsin, are involved in bactericidal effects by OCp in 

addition to ROS and NO.

The activation of macrophages through Toll-like receptor (TLR) signaling pathways consists 

of a major component in the innate immune responses to bacterial infection [42]. Activation 

of Toll-like receptors, such as TLR1, TLR2 and TLR4, results in the generation of ROS and 

NO from macrophages by means of nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidases, myeloperoxidase, mitochondria, or NO-producing enzymes [43]. However, as 

noted above, while ROS and NO produced by osteoclasts are known to be engaged in 

osteoclast differentiation [32,37,38], the role of TLRs in the induction of ROS and NO has 

been elusive. On the other hand, the impact of TLR activation on osteoclastogenesis appears 

to be more complex than that on macrophages. That is, TLR signals inhibit RANKL-induced 

osteoclast differentiation in the early precursor stage, whereas differentiation of mid-late 

stage of RANKL-primed osteoclasts is promoted by TLR signaling [44,45]. Our results 
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demonstrated that RANKL-stimulated mononuclear TRAP+ OCp can kill bacteria in 

manner similar to that of macrophages, in which activation of TLR4, but little or no 

activation of TLR2, is involved the induction of phagocytosis (Fig. 4) and ROS/NO 

production (Fig. 6). However, this same TLR4 signaling appeared to be engaged in the 

suppression of osteoclastogenesis in TRAP+ OCp cells challenged with E. coli in a manner 

independent of NO/ROS produced by stimulation with E. coli (Fig. 7). More specifically, E. 
coli-mediated suppression of osteoclastogenesis was partially abrogated in the TRAP+ OCp 

derived from TLR4-KO mice in response to continuous exposure to RANKL, whereas E. 
coli completely suppressed osteoclastogenesis in TRAP+ OCp derived from TLR2-KO or 

WT mice that were also continuously exposed to RANKL. That TLR4 is partially involved 

in E. coli-induced suppression of osteoclastogenesis seems incongruent with its promotion 

of RANKL-induced osteoclastogenesis by induction of ROS and NO production. This 

discrepancy indicates the presence of some unknown signaling pathway elicited by TLR4 

which does not involve ROS/NO downregulation of osteoclastogenesis.

One of the key findings in this study is that phagocytosis of E. coli was observed in OCps, 

but not in OCms. According to our unpublished result, similar to E. coli, phagocytosis of 

Gram (+) bacterium, Enterococcus faecalis (Ef), was also found in OCps, but not in OCms 

(data not shown). However, as fluorescent micro-particle (fluorescent latex beads ø=0.75 

μm) was applied to the osteoclast phagocytosis assay, both OCps and OCms phagocytized 

fluorescent micro-particle (data not shown). In correspond to the latter finding, latex and 

PMMA particles were reported to be phagocytized by OCms [46]. Meng et al. also reported 

that OCms can phagocytize titanium particle (ø<1 mm) and that the expressions of 

osteoclast-maturation genes, including, TRAP and cathepsin K, were inhibited by a higher 

concentration of titanium particles, but enhanced at a lower concentration of titanium 

particles [47]. Since the sizes of fluorescent micro-particle and titanium are similar to that of 

E. faecalis (ø=0.6–2.0 mm, cocci) and E. coli (0.5 × 2 μm, rod), it appeared that molecules 

distinctly expressed on bacteria regulate selective phagocytosise by OCps. As noted above, 

at least, TLRs are engaged in the induction of phagocytosis of bacteria by OCps.

The addition of LTA, a TLR2 ligand, to TRAP+ OCp suppressed osteoclastogenesis to a 

lesser degree compared to LPS, a TLR4 ligand (Fig. 7), suggesting that TLR ligand(s) other 

than those of TLR4 are present on bacteria phagocytized by OCp and may also contribute to 

the suppression of osteoclastogenesis. Interestingly, it was demonstrated that Ef suppress the 

differentiation of macrophages into osteoclasts [48], and that activation of TLR2 by LTA 

produced by Ef is in part engaged in the attenuation of osteoclastogenesis [49]. Indeed, 

various TLR ligands inhibit RANKL-mediated osteoclastogenesis from OCp [50–52]. One 

of the theories underlying TLR-elicited inhibition of osteoclastogenesis is the autocrine 

production of IFN-β [53,54] which, in turn, suppresses the expression of c-Fos protein, a 

pivotal transcription factor for the formation of osteoclasts [55]. The latter studies were 

carried out using mouse OCp. However, in terms of human OCp, it is reported that TLR 

ligands suppress osteoclastogenesis by inhibiting expression of receptor activator of NF-κB 

(RANK), thereby making precursor cells refractory to the effects of RANKL [56]. The 

detailed molecular mechanism underlying the suppression of RANKL-induced 

osteoclastogenesis caused by phagocytized bacteria in OCp will be addressed in future 

studies.
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Our current working hypothesis supports that phagocytic property by OCps may play a role 

in prevention of the bacterial dissemination into the bone in the context of infectious bone 

lytic disease, such as periodontitis. Especially it has become evident that OCps in the 

circulation migrate to intact bone as well as inflammatory bone resorption lesion and 

participate in bone resorption [57,58], suggesting that OCps function similar to innate 

immune macrophages [59]. For this reason, it is plausible that any pharmaceutical 

intervention for bone lytic diseases that targets osteoclast differentiation, such as 

bisphosphonate and Denosumab [60,61], would attenuate the OCps-mediated anti-bacterial 

barrier mechanism for alveolar bone. As a consequence of attenuated antibacterial function 

by OCps which permits the invasion of bacteria into bone, osteonecrosis of jaw may be 

induced [62].

In conclusion, the present study showed that RANKL-stimulated, TRAP-positive OCp can 

phagocytize and then kill bacteria through TLR4 signaling and induction of ROS/NO, 

respectively.
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Fig. 1. 
Bacteria killing effects by RAW264.7 cells stimulated with/without RANKL. (A) After 

preincubation of RAW264.7 cells with or without RANKL (50 ng/ml) for 48 or 96 h, E. coli 
entered into the cytoplasm of RAW264.7 cells were evaluated following the protocol 

described in Materials and Methods. The time line for each specific procedure performed in 

this experiment is illustrated in [A]. (B–E) The numbers of bacteria which phagocytized by 

RAW264.7 cells and survived inside of RAW264.7 cells were expressed as a colony forming 

unit (CFU)/1000 mononuclear cells. RAW264.7 cells were preincubated in medium alone 
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for 48-h [B] and 96-h [D]. RAW264.7 cells were pre-incubated for 48-h [C] and 96-h [E] 

with RANKL. (F): TRAP-staining of RAW264.7 cells incubated with or without RANKL 

for 48-h (a: medium alone, b: with RANKL) and for 96-h (c: medium alone, d: with 

RANKL) are shown. (G and H) The rates of killed bacteria (%) after each incubation time 

(1, 2 and 3 h) were calculated based on the comparison with the phagocytized live bacteria 

counted at base line (0 h). The results of RAW264.7 cells preincubated with or without 

RANKL for 48-h [G] and for 96-h [H] are shown. Abbreviation in Figure: MF; macrophage 

(no-stimulated RAW264.7), OC; osteoclasts (Raw264.7 cells stimulated with RANKL). 

Each column and bar represents mean±SD. *p<0.05, **p<0.01, and ***p<0.001, n.s.–not 

significant.
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Fig. 2. 
The uptake of pHrodo™ Red E. coli BioParticles® by RAW 264.7 cells. Fluorescent images 

of phagocytized E. coli BioParticles® in the cytoplasm of RAW264.7 cells that were 

prestimulated with or without RANKL are shown. (A–C) RAW264.7 cells were 

preincubated without RANKL [A] or with RANKL [B and C] for 96-h and co-cultured with 

pHrodo Red E. coli BioParticles® for 1 h, then, counter-stained with AlexaFluor 488 

conjugated phalloidin (green) and DAPI (blue). Only the phagocytized pHrodo E. coli by 

RAW264.7 cells show the red fluorescent. In the large osteoclast, little or no red fluorescent 

was detected [B]. In contrast, small osteoclasts showed the red-fluorescent+ pHrodo E. coli 
in the cytoplasm [C]. Images were captured using a fluorescent microscope at 600 × 

magnification. (D and E): TRAP staining patterns of RAW264.7 cells that were preincubated 

with or without RANKL for 96 h is shown [D: no RANKL, E: with RANKL]. (F): The % of 

pHrodo positive RAW264.7 cells was counted from the captured A–C images. **p<0.01 [G 

and H] In order to quantify the phagocytized pHrodo™ E. coli by RAW cells, after 1 h of 

co-culture with pHrodo E. coli, respective RAW264.7 cells, either prestimulated without (G) 

or with RANKL (H) for 96 h, and then were removed from tissue culture flask using a cell 

scraper. The resulting single cell suspension of respective RAW cells were subject to FACS 
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analysis. The cells received pHrodo E. coli are indicated in blue and negative controls are in 

red samples, respectively.
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Fig. 3. 
Production of ROS and NO from E. coli-exposed osteoclasts differentiated from RAW264.7 

cells. RAW264.7 cells that were prestimulated with or without RANKL for 48 h were 

exposed to live E. coli for one hour. After elimination of the extracellular bacteria with 

antibiotics, respective RAW264.7 cells were cultured in fresh medium in the presence or 

absence of NAC (1 mM), L-NAME (1 mM) or D-NAME (1 mM). After the additional 3 h 

incubation, the levels of total oxidant status (TOS) and nitric acid (NO) in the culture 

supernatants were measured. (A): Levels of TOS produced from RAW cells in response to E. 
coli that were prestimulated with/without RANKL for 2 and 4 days (B and C): Effects of 

NAC and L-NAME on E.coli-induced TOS production from RAW264.7 cells that were 
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prestimulated without RANKL [B] or with RANKL [C]. (D): Levels of NO produced from 

RAW cells in response to E. coli that were prestimulated with/without RANKL for 2 and 4 

days (E and F): Effects of NAC and L-NAME on E.coli-induced NO production from 

RAW264.7 cells that were prestimulated without RANKL [E] or with RANKL [F]. 

**p<0.01.
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Fig. 4. 
The uptake of pHrodo™ Red E. coli BioParticles® by osteoclasts differentiated from BMM 

cells of WT, TLR2-KO and TLR4-KO mice. (A) TRAP staining of WT, TLR2-KO and 

TLR4-KO bone marrow monocytes (BMM) incubated with M-CSF alone or M-CSF/

RANKL for 96 h is shown. (B) BMM cells derived from WT, TLR2-KO and TLR4-KO 

mice were preincubated without RANKL [A] or with RANKL [B] for 96-h and, then, 

exposed to pHrodo™ Red E. coli for one hour. Subsequently, the cells were counter-stained 

with AlexaFluor 488 conjugated phalloidin (green) and DAPI (blue). Images of 
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magnification × 200 are shown. (C) The incidences (%) of pHrodo positive cells were 

counted from the captured images of BMM cells that were not prestimulated with RANKL. 

(D) The incidences (%) of pHrodo positive cells were counted from the captured images of 

BMM cells that were prestimulated with M-CSF/RANKL are shown: (a) pHrodo positive 

(%) in OCp; (b) pHrodo positive (%) in OCm. (E) The incidences (%) of pHrodo positive 

cells in mononuclear OCp population were analyzed using a flow cytometer. *p<0.05 

**p<0.01.
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Fig. 5. 
Production of ROS and NO from E. coli-exposed osteoclasts differentiated from BMM cells 

of WT, TLR2-KO and TLR4-KO mice. (A and B) Levels of TOS (A) and NO (B) produced 

from E. coli-stimulated BMMs that were preincubated with/without RANKL for 2 and 4 

days. (C and D) Effects of NAC and L-NAME on E. coli-induced TOS (C) and NO (D) 

production from BMM that were prestimulated with RANKL in the presence of M-CSF for 

48 h. Bone marrow monocytes (BMM) derived from WT, TLR2-KO and TLR4-KO mice 

were preincubated with or without RANKL in the presence of M-CSF for 48-h and, then, 
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exposed to live E. coli for one hour. After killing the extracellular bacteria with antibiotics, 

respective BMM cells were cultured in fresh medium in the presence or absence of NAC (1 

mM), L-NAME (1 mM) or D-NAME (1 mM). After the additional 3 h incubation, the levels 

of total oxidant status (TOS) and nitric acid (NO) in the culture supernatants were measured. 

Each column and bar represents mean±SD from three wells. **p<0.01, n.s.–not significant.
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Fig. 6. 
Engagement of ROS or NO in the killing of phagocytized bacteria by osteoclast precursors. 

The killing rates of phagocytized bacteria by control macrophages (A) and OCp (B) that 

were differentiated from BMM of WT, TLR2-KO and TLR4-KO mice via preincubation 

with M-CSF alone (A) and M-CSF/RANKL (B) for 48 h are shown. As described in Fig. 5 

legend, after elimination of the extracellular bacteria with antibiotics, respective BMM cells 

were cultured in fresh medium in the presence or absence of NAC (1 mM), L-NAME (1 

mM) or D-NAME (1 mM) for 3 h, and CFU of survived E. coli in the BMM were counted. 

The killing rates (%) of phagocytized bacteria after 3 h incubation was calculated in 

comparison to the phagocytized live bacteria counted at base line (0 h). Each column and bar 

represents mean±SD of killing rates (%) from three wells. ##p<0.01, significantly different 

between columns indicated by a bracket for the respective strain of mice.

Nishimura et al. Page 25

Free Radic Biol Med. Author manuscript; available in PMC 2017 October 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
Effects of bacteria phagocytosis by OCp on their RANKL-mediated osteoclastogenesis. 

Osteoclast precursors (OCp) developed in vitro from BMM of WT, TLR2-KO and TLR4-

KO mice via prestimulation with M-CSF/RANKL for 2 days were exposed to fixed E. coli 
for 3 h. Subsequently, bacteria-phagocytized OCp were maintained in the culture under 

continuous M-CSF/RANKL stimulation for additional 5 days. (A-G) Images of TRAP-

stained BMM cells after a total of 7 day incubation with M-CSF/RANKL (pre-incubation 

for 2 days+post-phagocytosis incubation for 5 days) are shown. (H-J) The number of TRAP

+multinuclear cells differentiated in the culture was measured. [H] RANKL-induced 

osteoclastogenesis was compared among three strains of mice, i.e., TLR2-KO, TLR4-KO 

and WT. [I] Effects of LPS and LTA on the RANKL-induced osteo-clastogenesis from 

BMM of WT mice were shown. After prestimulation with M-CSF/RANKL for 2 days, WT 

BMM cells were incubated with or without LPS or LTA for additional 5 days in the presence 

of M-CSF/RANKL. [J] Effects of NAC, L-NAME (LN) and D-NAME (DN) on the 

RANKL-induced osteoclastogenesis from BMM of WT mice were shown. Each column and 

bar represents mean±SD of TRAP+multinuclear cells from three wells. §p<0.05, §§p<0.01, 
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significantly different compared to the control M-SCF-stimulation alone (column with #). 

*p<0.05 **p<0.01, significantly different between the columns indicated by brackets.
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