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Abstract

Tobacco smoking is an important risk factor for the development of several cancers, osteoporosis, and inflammatory
diseases such as periodontitis. Nicotine is one of the major components of tobacco. In previous study, we showed that
nicotine inhibits mineralized nodule formation by osteoblasts, and the culture medium from osteoblasts containing nicotine
and lipopolysaccharide increases osteoclast differentiation. However, the direct effect of nicotine on the differentiation and
function of osteoclasts is poorly understood. Thus, we examined the direct effects of nicotine on the expression of nicotine
receptors and bone resorption-related enzymes, mineral resorption, actin organization, and bone resorption using
RAW264.7 cells and bone marrow cells as osteoclast precursors. Cells were cultured with 1025, 1024, or 1023 M nicotine
and/or 50 mM a-bungarotoxin (btx), an 7 nicotine receptor antagonist, in differentiation medium containing the soluble
RANKL for up 7 days. 1–5, 7, 9, and 10 nicotine receptors were expressed on RAW264.7 cells. The expression of 7 nicotine
receptor was increased by the addition of nicotine. Nicotine suppressed the number of tartrate-resistant acid phosphatase
positive multinuclear osteoclasts with large nuclei($10 nuclei), and decreased the planar area of each cell. Nicotine
decreased expression of cathepsin K, MMP-9, and V-ATPase d2. Btx inhibited nicotine effects. Nicotine increased CA II
expression although decreased the expression of V-ATPase d2 and the distribution of F-actin. Nicotine suppressed the
planar area of resorption pit by osteoclasts, but did not affect mineral resorption. These results suggest that nicotine
increased the number of osteoclasts with small nuclei, but suppressed the number of osteoclasts with large nuclei.
Moreover, nicotine reduced the planar area of resorption pit by suppressing the number of osteoclasts with large nuclei, V-
ATPase d2, cathepsin K and MMP-9 expression and actin organization.
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Introduction

Tobacco smoking, which is strongly associated with an

increased risk of cancer [1] and cardiovascular disease [2,3], has

also been implicated as a risk factor in postmenopausal osteopo-

rosis with effects on bone content and the risk of fracture [4,5].

These risks are partly tobacco-associated impairment of normal

immunological surveillance and defense mechanisms, such as

neutrophil and macrophage function [6] and/or the cellular

immune response [7]. In this regard, tobacco smoking contributes

to the progress of chronic inflammatory periodontal disease.

Tobacco contains a complex mixture of substances, including

nicotine, various nitrosamines, trace elements, and various poorly

characterized substances. Many of the undesirable effects of

tobacco have been attributed to nicotine, a major component of

the particulate phase of tobacco smoke. Nicotine induces vascular

changes in gingival tissue [8,9] which are similar to the exudative

vasculitis that is characteristic of the initial lesion in periodontal

inflammation [10–12]. Several studies have examined the in vitro

effects of nicotine on the function of epithelial cells, fibroblasts, and

osteoblasts [11,12]. These results indicated that nicotine itself may

augment the destruction of the gingival extracellular matrix that

occurs during periodontal inflammation that is associated with

smokeless tobacco use.

Osteoclasts are large multinucleated cells with the unique

capability of extracellular resorption of the mineralized matrices of

bone, teeth, and mineralized cartilage. The actions of osteoclasts

and osteoblasts are vital for skeletal development and remodeling.

The balance between resorption and formation is critical for

skeletal homeostasis, and an imbalance leads to diseases such as

osteoporosis [13,14]. Inflammatory diseases such as periodontitis

also cause a local imbalance in resorption and formation. Bone

PLOS ONE | www.plosone.org 1 March 2013 | Volume 8 | Issue 3 | e59402



resorption occurs under the aegis of a cytoskeletal structure in the

osteoclast known as the ruffled border. The ruffled border forms

by polarization of cytoplasmic vesicles to the bone-apposed plasma

membrane into which they are inserted, leading to the enhanced

complexity of osteoclasts. Mature osteoclasts secrete hydrogen ions

(H+), which are produced via carbonic anhydrase II (CA II), from

this ruffled border. By this mechanism, the vesicles deliver an

electrogenic vacuolar-type H+-ATPase (V-ATPase) or proton

pump and a chloride channel into the ruffled border, thus

acidifying the resorptive space. Mature osteoclasts also secrete

proteinases such as cathepsin K and matrix metalloproteinase

(MMP)-9, which are needed to degrade the organic matrix of bone

in the microenvironment of low pH surrounded by actin filaments

[15]. Both V-ATPase and actin filaments interact with osteoclasts

in vivo [16].

Our previous studies have indicated that nicotine suppresses

mineralized nodule formation [17] and induces the expression of

MMPs in osteoblasts [18]. Additionally, we reported that nicotine

and lipopolysaccharide enhance osteoclast differentiation through

macrophage colony-stimulating factor and prostaglandin E2

production, which are induced by nicotine-treated osteoblasts

[19], and stimulate the resorption process that occurs during

turnover of osteoid by osteoblasts [20]. However, the direct effects

of nicotine on the bone resorption mechanism by osteoclasts are

unknown. Thus, we examined the direct effect of nicotine on

osteoclast differentiation and the expression of nicotine receptors

and bone resorption-related enzymes such as CA II, cathepsin K,

MMP-9, and V-ATPase in the presence or absence of a-
bungarotoxins (btx), an a7 nicotine receptor antagonist, in

RAW264.7 cells and mouse bone marrow cells as osteoclast

precursors. Moreover, we examined the effect of nicotine on

mineral resorption, bone resorption activity, and actin organiza-

tion by nicotine-induced osteoclasts.

Results

Nicotine receptor expression
The 1–5, 7, 9, and 10 nicotine receptors were expressed in

RAW264.7 cells. The a6 nicotine receptor was not detected

(Fig. 1). The expression of 7 nicotine receptor was significantly

increased by nicotine in a dose-dependent manner.

TRAP staining of osteoclasts and spreading in osteoclasts
No change was observed in TRAP staining of osteoclasts

following the addition of nicotine. However, the area of each

osteoclast was gradually reduced by nicotine in a dose-dependent

manner (Fig. 2a). The number of TRAP-positive multinucleated

osteoclasts significantly increased by 1.2- to 1.5-fold in cell culture

with 1024 and 1023 M nicotine compared to the control on days 3

and 5 of culture, respectively (Fig. 2b). The planar area of nicotine-

treated osteoclasts was significantly decreased by 0.3-fold in cell

culture with 1023 M nicotine compared to control osteoclasts

(Fig. 2c). Furthermore 1024 and 1023 M nicotine significantly

suppressed the number of osteoclasts with large nuclei (.10) after

3, 5, and 7 days in culture days (Fig. 2d).

Expression of CA II, cathepsin K, MMP-9, and V-ATPase
Fig. 3 shows the effect of nicotine on the expression of CA II,

cathepsin K, MMP-9, and V-ATPase d2 at the mRNA level. The

expression gradually increased both in the presence and absence of

nicotine until day 5 and then decreased on day 7 of culture. CA II

expression increased in a dose-dependent manner after nicotine

addition on days 3, 5, and 7 of culture. The expression

significantly increased by 1.60- to 2.26 fold and 1.93- to 2.60-

fold in cell culture with 1024 and 1023 M nicotine, respectively,

compared to each control (Fig. 3a). In contrast, the expression of

cathepsin K, MMP-9, and V-ATPase d2 decreased in a dose-

dependent manner after nicotine addition on days 3, 5, and 7 of

culture (Fig. 3b–d). Cathepsin K expression significantly decreased

by 0.68- to 0.78-fold and 0.45- to 0.49-fold in cell culture with

1024 and 1023 M nicotine, respectively, compared to each control

(Fig. 3b). MMP-9 expression significantly decreased by 0.72- to

0.82-fold and 0.43- to 0.54-fold in cell culture with 1024 and

1023 M nicotine, respectively, compared to each control (Fig. 3c).

V-ATPase d2 expression significantly decreased by 0.63- to 0.84-

fold and 0.54- to 0.67-fold in cell culture with 1024 and 1023 M

nicotine, respectively, compared to each control (Fig. 3d).

Fig. 4 shows the effect of nicotine on the expression of CA II,

cathepsin K, MMP-9, and V-ATPase d2 at the protein level on

day 5 of culture. CA II expression gradually increased in a dose-

dependent manner after nicotine addition, whereas expression of

cathepsin K, MMP-9, and V-ATPase d2 gradually decreased in a

dose-dependent manner after nicotine addition.

Fig. 5 shows the effects of nicotine and/or btx on the expression

of CA II, cathepsin K, MMP-9, and V-ATPase d2 at the mRNA

level on day 5 of culture in RAW264.7 cells. When btx was present

in the culture with nicotine, it blocked the inductive effect of

nicotine on CA II expression (Fig. 5a) and the suppressive effect of

nicotine on the expression of cathepsin K, MMP-9, and V-ATPase

d2 (Fig. 5b–d). The level of CA II, cathepsin K, MMP-9, and V-

ATPase d2 in cells treated with both btx and nicotine was similar

to that in each control. Fig. 5e shows the effects of nicotine and/or

btx on CA II, cathepsin K, MMP-9 and V-ATPase d2 at the

protein level on day 5 of culture. Btx inhibited the effects of

nicotine on CA II, cathepsin K, MMP-9 and V-ATPase d2 protein

expression.

Fig. 6 shows the effects of nicotine and/or btx on the expression

of CA II, cathepsin K, MMP-9, and V-ATPase d2 at the mRNA

level on day 5 of culture in bone marrow cells. When btx was

present in the culture with nicotine, it blocked the inductive effect

of nicotine on CA II expression (Fig. 6a) and the suppressive effects

of nicotine on the expression of cathepsin K, MMP-9, and V-

ATPase d2 (Fig. 6b–d). The level of the CA II, cathepsin K,

MMP-9, and V-ATPase d2 in cells treated with both btx and

nicotine was similar to that in each control. Fig. 6e shows the

effects of btx on CA II, cathepsin K, MMP-9 and V-ATPase d2 at

the protein level on day 5 of culture. Btx inhibited the effects of

nicotine on CA II, cathepsin K, MMP-9 and V-ATPase d2 protein

expression.

Nicotine suppresses actin organization
Fig. 7a shows an image of actin organization in osteoclasts after

7 days in culture. Osteoclasts exhibit small punctate F-actin-

containing adhesion structures known as podosomes that often

organize into a belt at the cell periphery. Nicotine inhibited actin

belt formation compared to the control.

Fig. 7b shows the percentage of osteoclasts exhibiting the actin

belt. Nicotine significantly suppressed the formation of an actin

belt by 0.4-fold compared to the control.

The effect of nicotine on mineral resorption activity
Pit formation was observed under all conditions (Fig. 8a).

Nicotine did not affect the pit-forming area or calcium elution

(Fig. 8b).

The effect of nicotine on bone resorption activity
Pit formation on a dentin slice was observed under

all conditions (Figs. 9a, RAW264.7 cells; and 10a, bone

Nicotine Reduces Bone Resorption
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marrow-derived osteoclasts). Nicotine suppressed the planar area

per pit, whereas it enhanced the number of pits in both

RAW264.7 cells (Figs. 9b and 9c) and bone marrow-derived

osteoclasts (Figs. 10b and 10c).

Discussion

We conducted the present study to clarify the direct effects of

nicotine on the differentiation of osteoclast precursors and the

function of mature osteoclasts. We used RAW264.7 cells and

mouse bone marrow cells as osteoclast precursors. Our previous

study indicated that RAW264.7 cells differentiate into osteoclasts

in the presence of 50 ng/ml receptor activator of NF-kB ligand

(RANKL), and the expression of CA II, cathepsin K, and MMP-9

in RAW264.7 cells is induced by the RANKL [21]. Thus, in the

present study, we used a differentiation medium of DMEM

containing 50 ng/ml RANKL to culture for RAW264.7 cells.

Several studies have indicated that tobacco smoking is an

important risk factor for the development and severity of

periodontitis [22–24]. To select the experimental concentration

of nicotine, we assumed that nicotine infiltrates the gingival

epithelium and influences the function of osteoclast precursors in

alveolar bone. Ryder et al. [25] reported that acute smoke

exposure resulted in elevation of nicotine in gingival crevicular

fluid to 5961 ng/ml after smoking. We previously showed that

1024 and/or 1023 M nicotine inhibits mineralized nodule

formation and the production of extracellular matrix proteins

such as type I collagen and osteopontin by osteoblasts [17]. In

addition, 1023 M nicotine and lipopolysaccharide stimulate the

formation of osteoclast-like cells by increasing macrophage colony-

stimulating factor and prostaglandin E2 production by osteoblasts

[19]. Thus, we used a concentration of 1025 to 1023 M nicotine,

which is considerably higher than the nicotine level in serum.

In the present study, we observed that 1–5, 7, 9, and 10 nicotine

receptors were expressed on RAW264.7 cells, and that expression

of the 7 nicotine receptor increased in a dose-dependent manner

with nicotine treatment. Additionally, the specific a7 nicotine

receptor antagonist btx blocked the inductive effects of nicotine on

CA II expression and the suppressive effects of nicotine on the

expression of cathepsin K, MMP-9, and V-ATPase d2 in

RAW264.7 cells and bone marrow-derived osteoclasts. Li et al.

[26] reported that interleukin-10 and lipopolysaccharide increase

the 7 nicotine receptor expression in RAW264.7 cells. Nicotine

from smoking enhances a7 nicotine receptor expression on blood

Figure 1. Effect of nicotine on the mRNA expression of nicotine receptors. RAW264.7 cells were cultured in differentiation medium with 0
(control), 1025, 1024, or 1023 M nicotine for 24 h, and the expression of nicotine receptors (a1–7, a9, and a10) at the mRNA level was determined
with real-time PCR. Data are expressed as the mean6standard deviation (S.D.), n = 3 independent experiments. *p,0.05, **p,0.01, nicotine
treatment vs. control.
doi:10.1371/journal.pone.0059402.g001

Nicotine Reduces Bone Resorption

PLOS ONE | www.plosone.org 3 March 2013 | Volume 8 | Issue 3 | e59402



Figure 2. Effect of nicotine on tartrate-resistant acid phosphatase (TRAP) staining of osteoclasts. RAW264.7 cells were cultured in
differentiation medium with 0 (control), 1025, 1024, or 1023 M nicotine for up to 7 days, and then were stained using a TRAP staining kit on days 3, 5,
and 7 of culture (original magnification,6100) (a). TRAP-positive cells with more than three nuclei were counted under a phase-contrast microscope
on days 3, 5, and 7 of culture. Data are shown as the mean6S.D., n = 3 independent experiments, each performed using quintuplicate wells. *p,0.05,
**p,0.01, nicotine treatment vs. control (b). The cells were quantified by tracing the perimeter of each osteoclast to obtain the mean planar cell area
under each condition on day 5 of culture. The histogram shows the average planar area of osteoclasts under the control or 1023 M nicotine
condition. Data are expressed as the mean6S.D., n = 3 independent experiments, each performed using quintuplicate wells with five randomly
selected osteoclasts analyzed per well. **p,0.01 compared with control (c). TRAP-positive cells with small (3–4 nuclei), medium (5–9 nuclei) and large
(greater than 10 nuclei) were counted under a phase-contrast microscope on days 3, 5, and 7 of culture. Data are shown as the mean6S.D., n = 3
independent experiments, each performed using quintuplicate wells. *p,0.05, **p,0.01, nicotine treatment vs. control (d).
doi:10.1371/journal.pone.0059402.g002
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monocytes, and this may contribute to cholinergic immunomod-

ulation. Furthermore, a7 nicotine receptor was only detectable in

isolated blood monocytes of smokers [27]. Therefore a possible

mechanism, consistent with our results is nicotine may mainly bind

to the a7 receptors of both of cell types, and may also affect the

expression of CA II, cathepsin K, MMP-9 and V-ATPase d2 via

a7 receptors.

Our previous study reported that conditioned medium from

nicotine-and/or lipopolysaccharide-treated osteoblasts increases

the number of osteoclasts and TRAP-positive multinucleated

osteoclast-like cells compared to untreated osteoblasts. However,

we indicated that nicotine suppressed the planar area of osteoclast

and the number of nuclei per osteoclast, whereas nicotine

increased the number of osteoclasts in the present study.

Furthermore we also showed that nicotine significantly suppressed

the expression of V-ATPase d2 compared to control. Lee et al.

[28] reported that V-ATPase d2 deficient mice have osteoclasts

with reduced surface area, reduced the number of multinucleated

TRAP positive cells and slightly increased number of mononuclear

TRAP positive cells compared to wild-type mice. Thus, these

results suggest that direct stimulation with nicotine induced the

number of osteoclasts, whereas nicotine suppressed the fusion of

nuclei in osteoclasts by suppressing V-ATPase d2 expression.

We examined the effect of nicotine on the expression of bone

resorption-related enzymes, such as cathepsin K, MMP-9, and V-

ATPase, at the mRNA and protein levels. Previously, David et al.

reported that CA II is a target gene of c-fos/AP-1 in osteoclasts

[29]. However, gene expression of MMP-9 and cathepsin K is

regulated by TRAF6/NF-kB signaling pathway [30,31]. CA II

catalyzes the conversion of H2O and CO2 into H2CO3, a process

that also occurs spontaneously, albeit at a low rate. H2CO3 then

dissociates into H+ and HCO3
2, and H+ is essential for the ability

of osteoclasts to dissolve calcified bone matrix [32]. CA II and V-

ATPase are involved in the extracellular acidification caused by

osteoclasts. CA II generates H+ and HCO3
2 via hydration of

CO2, and the H+ ions are transported through the apical ruffled

border of the osteoclasts to the resorption zone by V-ATPase [33].

The result is secretion of HCl into the resorptive microenviron-

ment, producing a pH of ,approximately 4.5[15]. However,

Margolis et al. [34] reported that CA II-deficient mice only show a

modest bone phenotype. Thus, CA II may not mainly affect bone

resorption in nonacidic conditions.

The acidic milieu first mobilizes bone mineral; subsequently, the

demineralized organic component of bone is degraded by the

lysosomal proteinases cathepsin K and MMP-9 [33,35]. Cathepsin

K and MMP-9 are efficient collagenases that cleave both collagen

types I and II [36]. In the present study, nicotine increased CA II

expression, whereas it decreased the expression of V-ATPase d2

and lysosomal proteinases such as cathepsin K and MMP-9.

Additionally, btx blocked the inductive effect of nicotine on CA II

expression and the suppressive effect of nicotine on expression of

cathepsin K, MMP-9, and V-ATPase d2. These results suggest

that nicotine may have a negative effect on the RANKL-induced

TRAF6/NF-kB signaling pathway, which affects cathepsin K and

MMP-9 expression. However nicotine stimulates the c-fos/AP-1

Figure 3. Effect of nicotine on mRNA expression of CA II,
cathepsin K, MMP-9, and V-ATPase d2. RAW264.7 cells were
cultured in differentiation medium with 0 (control), 1025, 1024, or
1023 M nicotine for up to 7 days. The mRNA expression of CA II (a),
cathepsin K (b), MMP-9 (c), and V-ATPase d2 (d) was determined using
real-time PCR on days 1, 3, 5, and 7 of culture. Data are shown as the
mean6S.D., n = 3 independent experiments. *p,0.05, **p,0.01,
nicotine treatment vs. control.
doi:10.1371/journal.pone.0059402.g003

Figure 4. Effect of nicotine on protein expression of CA II,
cathepsin K, MMP-9, and V-ATPase d2. RAW264.7 cells were
cultured in differentiation medium with 0 (control), 1025, 1024, or
1023 M nicotine for 5 days. The protein expression of CA II, cathepsin K,
MMP-9, and V-ATPase was determined by Western blotting.
doi:10.1371/journal.pone.0059402.g004
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signaling pathway which is involved in CA II gene expression.

Nicotine also induces H+ production by increasing CA II

expression, but the transportation of H+ through the apical ruffled

border is suppressed by decreasing V-ATPase d2 expression.

We next examined the effect of nicotine on actin organization

and the mineral resorption capacity in RAW264.7 cells. Charac-

teristic organization of F-actin into a belt or ring-like structure with

a double circle of vinculin around it is needed for formation of the

sealing zone. This type of microfilament organization is typical

only for resorbing osteoclasts and can thus be used as a marker for

resorbing cells. These characteristic changes in the molecular

organization of the cytoskeleton in osteoclasts during the

resorption cycle offer several potential targets to inhibit bone

resorption, that may be cell specific [37]. V-ATPase binds to actin

filaments in osteoclasts and is immunocytochemically localized to

the cell-bone attachment site. The interaction between V-ATPase

and actin filaments is regulated by stimuli that activate osteoclast

bone resorption [38]. Immunoelectron microscopy has shown that

V-ATPase is present in the ruffled membrane, which is the

resorptive organelle of the cell [15]. Proton secretion via V-

ATPase represents a major process for regulating the systemic

acid/base status, sperm maturation, and bone resorption. In the

current study, nicotine markedly suppressed formation of the actin

belt. This phenomenon may be involved with the change in cell

shape such that the planar area of each osteoclast was reduced in a

dose-dependent manner after nicotine addition in the present

study. We plan to clarify the relevance of this finding in the future.

We showed that nicotine did not affect the mineral resorption area

Figure 5. Effect of btx and/or nicotine on the expression of CA II, cathepsin K, and MMP-9 and V-ATPase d2. RAW264.7 cells were
cultured in differentiation medium without drug (control), 50 mM btx, 1023 M nicotine, or 50 mM btx and 1023 M nicotine for 5 days. The mRNA
expression of CA II (a), cathepsin K (b), MMP-9 (c), and V-ATPase d2 (d) was determined by real-time PCR. Cells were cultured in differentiation
medium without drug (control), 50 mM btx, 1023 M nicotine, or 50 mM btx and 1023 M nicotine for 5 days. The protein expression of CA II, cathepsin
K, MMP-9, and V-ATPase d2 was determined by Western blotting (e). Data are shown as the mean6S.D., n = 3 independent experiments. *p,0.05,
**p,0.01, nicotine treatment vs. control.
doi:10.1371/journal.pone.0059402.g005
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and calcium elution. As mentioned above, nicotine induced H+

production by increasing CA II expression; conversely, nicotine

inhibited the expression of V-ATPase, which secretes H+ from the

ruffled border. The closed space of low pH that is surrounded by

actin filaments is required to dissolve bone mineral by H+ [34].

Pennypacker et al. reported that young adult cathepsin K (2/2)

mice have higher bone mass and thicker cortices than wild-type

mice in both cortical and trabecular regions. This increase in

cortical bone quantity is associated with decreased resorption and

increased osteoclast numbers at surfaces adjacent to bone marrow.

Cortical bone is stronger in cathepsin K (2/2) mice, commensu-

rate with its increased bone mineral density and thicker cortices

[39]. The most compelling evidence of MMP-9 that these enzymes

participate in the resorptive process comes from the demonstration

that bone resorption is attenuated in mice carrying a mutation in

the site in type I collagen that is targeted by neutral collagenases

[33]. ATP6ap1, an accessory subunit of V-ATPases [40],

knockdown osteoclasts exhibited impaired lysosomal trafficking

and exocytosis, as indicated by the absence of lysosomal trafficking

to the ruffled border and a lack of cathepsin K exocytosis into the

resorption lacuna [41]. Chung et al. also reported that V-ATPase

blockade inhibited functional migration and invasion in pancreatic

ductal adenocarcinoma cells with predominantly MMP-9 activity

[42]. Thus, we confirmed the effect of nicotine on the bone

resorption, and determined the pit-formation activity on dentin

slices following nicotine stimulation in RAW264.7 cells and bone

marrow-derived osteoclasts. Nicotine suppressed the planar area

per pit although enhanced the number of pits in both cell type.

These results suggest that nicotine reduces bone resorption by

suppressing V-ATPase d2, cathepsin K and MMP-9 expression

Figure 6. Effect of btx and/or nicotine on the expression of CA II, cathepsin K, and MMP-9 and V-ATPase d2. Bone marrow cells were
cultured in medium containing macrophage colony-stimulating factor (50 ng/ml), and RANKL (50 ng/ml) without drug (control), 50 mM btx, 1023 M
nicotine, or 50 mM btx, and 1023 M nicotine for 5 days. The mRNA expression of CA II (a), cathepsin K (b), MMP-9 (c), and V-ATPase d2 (d) was
determined by real-time PCR. The protein expression of CA II, cathepsin K, MMP-9, and V-ATPase d2 was determined by Western blotting (e).Data are
shown as the mean6S.D., n = 3 independent experiments. *p,0.05, **p,0.01, nicotine treatment vs. control.
doi:10.1371/journal.pone.0059402.g006
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and actin organization. Previous studies reported that Benzo[a]-

pyrene (BaP), an environmental pollutant present in high

concentrations in urban smog and cigarette smoke, inhibits

osteoclast differentiation and bone resorption. BaP-mediated

inhibition of osteoclastogenesis is a consequence of crosstalk

between acetylcholine receptor (AhR) and RANKL signaling

pathways competing for the common transcription factor NF-kB

[43,44].

In vivo, nicotine significantly decreases the trabecular bone

volume, trabecular thickness, mineralizing surface, mineral

appositional rate, and bone formation rate, while causing an

increase in osteoclast surface. Moreover, nicotine also exerts

negative effects on dynamic trabecular histomorphometric pa-

rameters [45]. Furthermore, we previously showed that nicotine

suppresses mineralized nodule formation by osteoblasts in vitro

[17]. These reports suggest that nicotine suppresses bone

formation by osteoblasts. Conversely, we demonstrated here that

nicotine reduces the planar area of the resorption pit by

osteoclasts, and does not affect mineral resorption. During the

process of bone remodeling, the balance between resorption and

formation is important for skeletal homeostasis, and an imbalance

leads to various bone diseases [12,13]. Thus, we conclude that

smokers who are exposed to nicotine for a long period of time may

develop bone diseases such as alveolar bone loss with accompa-

nying periodontitis, or osteoporosis which occurs due to an

imbalance in bone remodeling in association with the suppressed

function of osteoblasts and osteoclasts.

In conclusion, our results suggest that direct stimulation of

osteoclast precursors by nicotine induces osteoclasts with the small

number of nuclei and increased H+ production by increasing CA

II expression in mature osteoclasts. However, nicotine reduced the

number of osteoclasts with many nuclei and the planar area of the

resorption pit by suppressing V-ATPase d2, cathepsin K and

MMP-9 and actin organization. Therefore, in vivo, nicotine may

act by suppressing the planar area of the resorption pit, expression

of V-ATPase d2, cathepsin K and MMP-9 expression and actin

organization, which finally results in decreased bone resorption.

Taken together, our results indicate that nicotine may induce an

imbalance of osteoblasts and osteoclasts in vitro, a phenomenon

that further explains the stimulatory effects of nicotine on bone

turnover in vivo.

Materials and Methods

Materials
Nicotine, Dulbecco’s modified Eagle medium (DMEM), a-

minimum essential medium (–MEM), a-bungarotoxin (btx) and

dentin slices were purchased from Wako Fine Chemicals (Osaka,

Japan). Soluble receptor activator of NF-kB ligand (RANKL) was

obtained from R&D Systems (Minneapolis, MN, USA). Recom-

binant human macrophage colony-stimulating factor (Leukoprol)

was obtained from Kyowa Hakko (Tokyo, Japan). The tartrate-

resistant acid phosphatase (TRAP) staining kit was purchased from

Cell Garage (Tokyo, Japan). Mounting medium (Vecta-Shield)

was from Vector Laboratories (Burlingame, CA, USA). Bone

Resorption Assay Kit 24 was purchased from PG Research

(Tokyo, Japan). Fetal bovine serum (FBS) was acquired from

HyClone Laboratories (Logan, UT, USA). Penicillin/streptomycin

solution was obtained from Sigma-Aldrich (St. Louis, MO, USA).

Figure 7. Effect of nicotine on actin organization. RAW264.7 cells
were plated onto 12-mm coverslips. The cells were cultured with 0
(control) or 1023 M nicotine in differentiation medium for 7 days and
then fixed. Filamentous actin was labeled with fluorescently tagged
phalloidin (red), nuclei were labeled with 49,6-diamidino-2-phenylindole
(DAPI, Vector Laboratories) (blue), and osteoclasts were observed by
fluorescence microscopy. Representative micrograph of osteoclasts on
a coverslip (original objective,640) (a). The percentage of osteoclasts
exhibiting actin belts under each condition was quantified (b). Data are
expressed as the mean6S.D., n = 3 independent experiments, each
performed using triplicate coverslips with five randomly selected
osteoclasts analyzed per coverslip. **p,0.01 nicotine treatment vs.
control.
doi:10.1371/journal.pone.0059402.g007

Figure 8. Effect of nicotine on mineral resorption activity.
RAW264.7 cells were plated onto Bone Resorption Assay Kit 24 plates
and cultured in differentiation medium with 0 (control) or 1023 M
nicotine for 7 days. Representative mineral resorption of control or
1023 M nicotine by osteoclasts (a). Calcium phosphate released from
the plate by activation of mineral resorption was quantified by
fluorescence intensity using fluorescein isothiocyanate (FITC) (b). Data
are expressed as the mean6S.D., n = 3 independent experiments, each
performed using triplicate coverslips with five randomly selected
osteoclasts analyzed per coverslip.
doi:10.1371/journal.pone.0059402.g008
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The RNeasy mini kit was purchased from Qiagen (Valencia, CA,

USA). The PrimeScript RT reagent kit and SYBR premixed Ex

Taq were obtained from Takara Bio (Shiga, Japan).

Cell culture
The RAW264.7 mouse monocyte cell line [18] was obtained

commercially (Dainippon Pharmaceutical Co. Ltd., Osaka, Japan).

The cells were maintained in DMEM supplemented with 10% (v/

v) heat-inactivated FBS, 1% (v/v) penicillin/streptomycin solution

at 37uC in a humidified atmosphere of 95% air and 5% CO2.

Cells were plated at a density of 1.256104 cells/cm2 and grown in

DMEM containing 50 ng/ml RANKL (differentiation medium)

for up to 7 days to differentiate osteoclasts, and then the medium

was changed every 3 days.

Bone marrow cells from the femurs and tibias of 6–10-week-old

male C57Bl/6 mice were used to prepare osteoclasts as described

previously [46,47]. After isolation, cells were suspended in a-MEM

supplemented with FBS (10%) and antibiotics (1%) and cultured in

T75 tissue culture flasks (156106 cells per flask) with recombinant

human macrophage colony-stimulating factor (50 ng/ml). After

24 h, non-adherent cells were removed and resuspended in a-

MEM containing FBS (10%), antibiotics (1%), macrophage

colony-stimulating factor (50 ng/ml), and RANKL (50 ng/ml)

and plated at 106104 cells/cm2 and cultured in for up to 7 days to

differentiate osteoclasts, and then the medium was changed every

3 days. All experiments were conducted in accordance with the

guidelines for studies with laboratory animals of Nihon University

Experimental Animal Committee.

TRAP staining
RAW264.7 cells were plated onto 96-well microplates and

cultured in differentiation medium with 0 (control), 1025, 1024, or

1023 M nicotine for up to 7 days and then stained using the

TRAP staining kit on days 3, 5, and 7 of culture. The fields were

moved one by one so that all of the fields were on the bottom of

the wells. The number of TRAP-positive multinuclear osteoclasts

(more than three nuclei) per well were counted using DIAPHOT

phase-contrast microscopy (Nikon, Tokyo, Japan). Cells were

visualized using a microscope with a Plan 610 DL objective

(Nikon). Retraction was quantified by tracing the perimeter of

each osteoclast to obtain the mean planar cell area under each

condition using NIS-Elements D 3.2 software (Nikon).

Real-time polymerase chain reaction (real-time PCR)
RAW264.7 cells were plated into 6-well microplates and

cultured with differentiation medium for up to 7 days. Total

RNA was isolated from the cultured cells on days 3, 5, and 7 of

culture using an RNeasy Mini Kit (Qiagen). The amount of RNA

was measured using NanoDrop 1000 (ND-1000; Thermo Fisher

Scientific, Wilmington, DE, USA). Complementary DNA (cDNA)

Figure 9. Effect of nicotine on pit formation. RAW264.7 cells were
plated onto dentin slices and cultured in differentiation medium with 0
(control) or 1023 M nicotine for 7 days. Representative the resorption
pits of control or 1023 M nicotine by osteoclasts (a). The pits were
quantified by tracing the perimeter of each pit to obtain the mean
planar pit area under each condition. The histogram shows the average
planar area of each pit under the control or 1023 M nicotine condition
on day 7 of culture (b). Data are expressed as the mean6S.D., n = 3
independent experiments, each performed using triplicate coverslips
with five randomly selected osteoclasts analyzed per coverslip The
number of pits was counted under a phase-contrast microscope on day
7 of culture (c). Data are shown as the mean6S.D., n = 3 independent
experiments, each performed using quintuplicate wells. **p,0.01,
nicotine treatment vs. control. **p,0.01 nicotine treatment vs. control.
doi:10.1371/journal.pone.0059402.g009

Figure 10. Effect of nicotine on pit formation. Bone marrow cells
were plated onto dentin slices and cultured in medium containing
macrophage colony-stimulating factor (50 ng/ml), and RANKL (50 ng/
ml) with 0 (control) or 1023 M nicotine for 7 days. Representative
resorption pits of control or 1023 M nicotine by osteoclasts (a). The pits
were quantified by tracing the perimeter of each pit to obtain the mean
planar pit area under each condition. The histogram shows the average
planar area of each pit under the control or 1023 M nicotine condition
on day 7 of culture (b). Data are expressed as the mean6S.D., n = 3
independent experiments, each performed using triplicate coverslips
with five randomly selected osteoclasts analyzed per coverslip.
**p,0.01 nicotine treatment vs. control. The number of pits was
counted under a phase-contrast microscope on day 7 of culture (c).
Data are shown as the mean6S.D., n = 3 independent experiments,
each performed using quintuplicate wells. **p,0.01, nicotine treatment
vs. control.
doi:10.1371/journal.pone.0059402.g010
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was synthesized from 0.5 mg of DNase-treated total RNA using the

PrimeScript RT reagent kit, and the resultant cDNA was

subjected to real-time PCR using the SYBR Green I dye. The

reactions were performed in a 25 ml total volume containing

12.5 ml SYBR premixed Ex Taq (Takara Bio), 0.5 ml (20 mM)

each sense and antisense primers (Table 1), 9.5 ml dH2O, and

0.5 mg/2 ml cDNA. The PCR assays were performed on a Smart

Cycler (Cepheid, Sunnyvale, CA, USA) and analyzed using the

Smart Cycler software. The PCR protocol consisted of 35 cycles at

95uC for 5 s and 60uC for 20 s. All real-time PCR experiments

were performed in triplicate, and the specificity of the PCR

products was verified with melting curve analysis. Calculated

values for gene expression levels were normalized to the levels of

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA at

the same time point based on our previous studies [48,49].

Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blotting
After nicotine treatment, cells were cultured in differentiation

medium without FBS and nicotine for an additional 24 h. The

cells were collected and subjected to SDS-PAGE on 10%

polyacrylamide gels (8.3 cm66.5 cm60.75 mm) using a discon-

tinuous Tris-glycine buffer system. Medium samples containing

20 mg of extracellular protein were dissolved in 10 ml of sample

buffer containing 1% SDS, 2 M urea, 15 mg/ml dithiothreitol,

and bromophenol blue, and then heated at 95uC for 5 min before

loading onto the gel. Gels were run at 150 V for 60 min. Gel-

separated proteins were transferred to a membrane using a

semidry electrotransfer unit with a continuous buffer system

consisting 39 mM glycine, 48 mM Tris, 0.0375% SDS, and 20%

(v/v) methanol at a constant amperage of 0.8 mA/cm2 for 60–

90 min. On completion of the transfer, the transfer membrane was

treated with 25% (v/v) blocking reagent in Tris-buffered saline

(TBS) (10 mM Tris, 145 mM NaCl, pH 7.4) at 4uC for 18 h. The

sheet was washed in TBS containing Tween 20 (TBS-Tween) and

then incubated at room temperature for 90 min with rabbit or

goat biotin-labeled polyclonal IgG antibodies against CA II,

MMP-9, cathepsin K, V-ATPase, and b-actin (all from Santa

Cruz Biotechnology, Santa Cruz, CA, USA). Primary antibodies

were diluted 1:200 in distilled water containing 10% (v/v) blocking

reagent. b-actin was used as an internal standard. The membranes

were washed in TBS-Tween and incubated at room temperature

for 60 min with the appropriate biotin-conjugated secondary

antibodies that were diluted 1:10,000 in distilled water containing

10% blocking agent. The membranes were then washed in TBS-

Tween and phosphate-buffered saline (PBS; Nissui Pharmaceutical

Co. Ltd., Tokyo, Japan) and then incubated for 30 min at room

temperature with horseradish peroxidase-conjugated streptavidin

diluted in PBS. Immunoreactive proteins were visualized using a

commercial chemiluminescence kit (Amersham Life Sciences,

Buckinghamshire, UK) and autoradiography with X-ray film

(Eastman Kodak, New Haven, CT, USA). As a control,

membranes were exposed to normal rabbit serum; at the same

dilution as the primary antibodies. Pre-stained molecular weight

standards were run on the same gel.

Assessment of osteoclast morphology
RAW264.7 cells were plated onto 12-mm coverslips. The cells

were treated with 0 (control) or 1023 M nicotine in differentiation

medium for 7 days and fixed with 4% (v/v) paraformaldehyde/2%

sucrose for 10 min at room temperature. The cells were washed

twice with PBS and then permeabilized with 0.1% Triton X-100

in PBS for 10 min at room temperature. Following two 5-min

washes with PBS, the cells were incubated in 1% bovine serum

albumin for 30 min at room temperature and then stained for

filamentous actin using 66 nM Alexa Fluor 488-phalloidin for

20 min at room temperature. The cells were washed twice with

PBS and visualized under a fluorescence microscope (BZ 9000;

Keyence, Osaka, Japan; Plan Apo l 206 NA0.75 WD1.00 and

Plan Apo l 46NA0.20 WD20.00; Nikon).

Mineral resorption activity and pit formation assay
The mineral resorption assay was performed using the

commercially available Bone Resorption Assay Kit 24 (Cosmo

Bio Co., Ltd., Tokyo, Japan). RAW264.7 cells were plated onto

the assay plate and then cultured in differentiation medium

containing phenol red-free DMEM/F-12 instead of DMEM. After

7 days of culture, conditioned media were collected and incubated

with resorption assay buffer in a 96-well plate. The fluorescence

intensity was measured at an excitation wavelength of 485 nm and

an emission wavelength of 535 nm. The cells were washed in 5%

NaClO to remove cells, and then the resorbed areas on the plate

were visualized under light microscopy.

Osteoclasts were differenciated from RAW264.7 cells or bone

marrow cells. Cells were plated on dentin slices (3 mm diameter,

28.3 mm2, Wako, Osaka, Japan), and cultured for up to 7 days in

each differentiation medium. The cells were removed from the

Table 1. PCR primers used in the experiments.

Target Primers GenBank Acc.

a1 59-GCATGCCTGGCGTGATCTAA-39 NM_007389.4

59-GGGCCTGAACTCCAAACATGA-39

a2 59-GGTCCCAGACGCTAACAGCAA-39 NM_144803.2

59-GGTAAGGCCTCCGACAAGCA-39

a3 59-AGCATTGCACGGTAGGTTCACA-39 NM_145129.2

59-GCTCTGACAACCGAGGCACA-39

a4 59-TACGTGGCTCCAACCACAAGAA-39 NM_015730.5

59-TGTCAGGAGCATCCCAGCAG-39

a5 59-TTCGTCCTGTGGAACACCTGAG-39 NM_176844.4

59-CAACCAGACGTTGGTGGTCATTAG-39

a6 59-GAGCACTCGTCCGATGTTGAAG-39 NM_021369.2

59-AAGACTCTGTCCACCACCATAGCC-39

a7 59-AACCATGCGCCGTAGGACA-39 NM_007390.3

59-CTCAGCCACAAGCAGCATGAA-39

a9 59-AGACCAGTATGACGGGCTGGAC-39 NM_001081104.1

59-GTGTTCACCGGCTCTGAAGACTC-39

a10 59-GAAGGTGTCTCTGGGCGTCA-39 NM_001081424.1

59-GGGCCACAGTAATGCAGATTCA-39

CA II 59-CATTACTGTCAGCAGCGAGCA-39 NM_009801.4

59-GACGCCAGTTGTCCACCATC-39

MMP-9 59-GCCCTGGAACTCACACGACA-39 NM_013599.2

59-TTGGAAACTCACACGCCAGAAG-39

cathepsin K 59-CAGCAGAACGGAGGCATTGA-39 NM_007802.3

59-CCTTTGCCGTGGCGTTATAC-39

V-ATPase d2 59-CCACTGGAAGCCCAGTAAACAGA-39 NM_175406.3

59-GAACGTATGAGGCCAGTGAGCA-39

GAPDH 59-AAATGGTGAAGGTCGGTGTG-39 NM_008084.2

59-TGAAGGGGTCGTTGATGG-39

doi:10.1371/journal.pone.0059402.t001
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dentin slices, which were stained with Mayer’s hematoxylin

(Wako) to identify resorption pits. Cells were visualized using a

microscope with a Plan 610 DL objective (Nikon). Pits were

quantified by tracing the perimeter of each osteoclast to obtain the

mean planar cell area under each condition using NIS-Elements D

3.2 software (Nikon).

Statistical analysis
All experiments were performed in triplicate or quintuplicate,

n = 3 independent experiments. Each value represents the

mean6standard deviation (S.D.). The significance of differences

was determined using one-way analysis of variance by Bonferroni’s

multiple comparisons test or Student’s t-test. Differences were

accepted as statistically significant at p,0.05.

Author Contributions

Conceived and designed the experiments: HT NT M. Maeno. Performed

the experiments: HT NT KN T. Kariya NZ SM. Analyzed the data: HT

NT T. Kawato M. Motohashi M. Maeno. Contributed reagents/

materials/analysis tools: T. Kawato M. Maeno. Wrote the paper: HT

NT M. Maeno.

References

1. Merletti F, Boffetta P, Ciccone G, Mashberg A, Terracini B (1989) Role of

tobacco and alcoholic beverages in the etiology of cancer of the oral cavity/

oropharynx in Torino, Italy. Cancer research 49: 4919–4924.

2. Benowitz NL, Jacob P 3rd, Yu L (1989) Daily use of smokeless tobacco: systemic

effects. Annals of internal medicine 111: 112–116.

3. Perkins KA, Epstein LH, Jennings JR, Stiller R (1986) The cardiovascular effects

of nicotine during stress. Psychopharmacology 90: 373–378.

4. Aloia JF, Cohn SH, Vaswani A, Yeh JK, Yuen K, et al. (1985) Risk factors for

postmenopausal osteoporosis. The American journal of medicine 78: 95–100.

5. Daniell HW (1976) Osteoporosis of the slender smoker. Vertebral compression

fractures and loss of metacarpal cortex in relation to postmenopausal cigarette

smoking and lack of obesity. Archives of internal medicine 136: 298–304.

6. Neher GH (1974) Nicotine-induced depression of lymphocyte growth.

Toxicology and applied pharmacology 27: 253–258.

7. Warr GA, Martin RR (1973) Response of human pulmonary macrophage to

migration inhibition factor. The American review of respiratory disease 108:

371–373.

8. Clarke NG, Shephard BC, Hirsch RS (1981) The effects of intra-arterial

epinephrine and nicotine on gingival circulation. Oral surgery, oral medicine,

and oral pathology 52: 577–582.

9. Clarke NG, Shephard BC (1984) The effects of epinephrine and nicotine on

gingival blood flow in the rabbit. Archives of oral biology 29: 789–793.

10. Page RC, Schroeder HE (1976) Pathogenesis of inflammatory periodontal

disease. A summary of current work. Laboratory investigation; a journal of

technical methods and pathology 34: 235–249.

11. Giannopoulou C, Roehrich N, Mombelli A (2001) Effect of nicotine-treated

epithelial cells on the proliferation and collagen production of gingival

fibroblasts. Journal of clinical periodontology 28: 769–775.

12. Tipton DA, Dabbous MK (1995) Effects of nicotine on proliferation and

extracellular matrix production of human gingival fibroblasts in vitro. Journal of

periodontology 66: 1056–1064.

13. Novack DV, Teitelbaum SL (2008) The osteoclast: friend or foe? Annual review

of pathology 3: 457–484.

14. Manolagas SC (2000) Birth and death of bone cells: basic regulatory mechanisms

and implications for the pathogenesis and treatment of osteoporosis. Endocrine

reviews 21: 115–137.

15. Blair HC, Teitelbaum SL, Ghiselli R, Gluck S (1989) Osteoclastic bone

resorption by a polarized vacuolar proton pump. Science 245: 855–857.

16. Holliday LS, Lu M, Lee BS, Nelson RD, Solivan S, et al. (2000) The amino-

terminal domain of the B subunit of vacuolar H+2ATPase contains a

filamentous actin binding site. The Journal of biological chemistry 275:

32331–32337.

17. Tanaka H, Tanabe N, Suzuki N, Shoji M, Torigoe H, et al. (2005) Nicotine

affects mineralized nodule formation by the human osteosarcoma cell line Saos-

2. Life sciences 77: 2273–2284.

18. Denlinger LC, Fisette PL, Garis KA, Kwon G, Vazquez-Torres A, et al. (1996)

Regulation of inducible nitric oxide synthase expression by macrophage

purinoreceptors and calcium. The Journal of biological chemistry 271: 337–342.

19. Tanaka H, Tanabe N, Shoji M, Suzuki N, Katono T, et al. (2006) Nicotine and

lipopolysaccharide stimulate the formation of osteoclast-like cells by increasing

macrophage colony-stimulating factor and prostaglandin E2 production by

osteoblasts. Life sciences 78: 1733–1740.

20. Katono T, Kawato T, Tanabe N, Suzuki N, Yamanaka K, et al. (2006) Nicotine

treatment induces expression of matrix metalloproteinases in human osteoblastic

Saos-2 cells. Acta biochimica et biophysica Sinica 38: 874–882.

21. Fujisaki K, Tanabe N, Suzuki N, Kawato T, Takeichi O, et al. (2007) Receptor

activator of NF-kappaB ligand induces the expression of carbonic anhydrase II,

cathepsin K, and matrix metalloproteinase-9 in osteoclast precursor RAW264.7

cells. Life sciences 80: 1311–1318.

22. Johnson GK, Hill M (2004) Cigarette smoking and the periodontal patient.

Journal of periodontology 75: 196–209.

23. Torrungruang K, Nisapakultorn K, Sutdhibhisal S, Tamsailom S, Rojanasom-

sith K, et al. (2005) The effect of cigarette smoking on the severity of periodontal

disease among older Thai adults. Journal of periodontology 76: 566–572.

24. Albandar JM, Streckfus CF, Adesanya MR, Winn DM (2000) Cigar, pipe, and
cigarette smoking as risk factors for periodontal disease and tooth loss. Journal of

periodontology 71: 1874–1881.

25. Ryder MI, Fujitaki R, Lebus S, Mahboub M, Faia B, et al. (1998) Alterations of

neutrophil L-selectin and CD18 expression by tobacco smoke: implications for
periodontal diseases. Journal of periodontal research 33: 359–368.

26. Li Q, Lei H, Liu A, Yang Y, Su D, et al. (2011) The antishock effect of

anisodamine requires the upregulation of alpha7 nicotine acetylcholine receptors
by IL-10. Life sciences 89: 395–401.

27. van der Zanden EP, Hilbers FW, Verseijden C, van den Wijngaard RM,

Skynner M, et al. (2012) Nicotinic acetylcholine receptor expression and

susceptibility to cholinergic immunomodulation in human monocytes of smoking
individuals. Neuroimmunomodulation 19: 255–265.

28. Lee SH, Rho J, Jeong D, Sul JY, Kim T, et al. (2006) v-ATPase V0 subunit d2-

deficient mice exhibit impaired osteoclast fusion and increased bone formation.
Nat Med 12: 1403–1409.

29. David JP, Rincon M, Neff L, Horne WC, Baron R (2001) Carbonic anhydrase II

is an AP-1 target gene in osteoclasts. J Cell Physiol 188: 89–97.

30. Sundaram K, Nishimura R, Senn J, Youssef RF, London SD, et al. (2007)

RANK ligand signaling modulates the matrix metalloproteinase-9 gene

expression during osteoclast differentiation. Exp Cell Res 313: 168–178.

31. Matsumoto M, Kogawa M, Wada S, Takayanagi H, Tsujimoto M, et al. (2004)
Essential role of p38 mitogen-activated protein kinase in cathepsin K gene

expression during osteoclastogenesis through association of NFATc1 and PU.1.

J Biol Chem 279: 45969–45979.

32. Sly WS, Hu PY (1995) Human carbonic anhydrases and carbonic anhydrase
deficiencies. Annual review of biochemistry 64: 375–401.

33. Teitelbaum SL (2000) Bone resorption by osteoclasts. Science 289: 1504–1508.

34. Margolis DS, Szivek JA, Lai LW, Lien YH (2008) Phenotypic characteristics of
bone in carbonic anhydrase II-deficient mice. Calcified tissue international 82:

66–76.

35. Andersen TL, del Carmen Ovejero M, Kirkegaard T, Lenhard T, Foged NT, et
al. (2004) A scrutiny of matrix metalloproteinases in osteoclasts: evidence for

heterogeneity and for the presence of MMPs synthesized by other cells. Bone 35:

1107–1119.

36. Liu B, Yu SF, Li TJ (2003) Multinucleated giant cells in various forms of giant
cell containing lesions of the jaws express features of osteoclasts. Journal of oral

pathology & medicine: official publication of the International Association of

Oral Pathologists and the American Academy of Oral Pathology 32: 367–375.

37. Lakkakorpi PT, Vaananen HK (1996) Cytoskeletal changes in osteoclasts during
the resorption cycle. Microsc Res Tech 33: 171–181.

38. Lee BS, Gluck SL, Holliday LS (1999) Interaction between vacuolar

H(+)2ATPase and microfilaments during osteoclast activation. The Journal of
biological chemistry 274: 29164–29171.

39. Pennypacker B, Shea M, Liu Q, Masarachia P, Saftig P, et al. (2009) Bone

density, strength, and formation in adult cathepsin K (2/2) mice. Bone 44:

199–207.

40. Schoonderwoert VT, Martens GJ (2002) Targeted disruption of the mouse gene

encoding the V-ATPase accessory subunit Ac45. Mol Membr Biol 19: 67–71.

41. Yang DQ, Feng S, Chen W, Zhao H, Paulson C, et al. (2012) V-ATPase subunit
ATP6AP1 (Ac45) regulates osteoclast differentiation, extracellular acidification,

lysosomal trafficking, and protease exocytosis in osteoclast-mediated bone

resorption. J Bone Miner Res 27: 1695–1707.

42. Chung C, Mader CC, Schmitz JC, Atladottir J, Fitchev P, et al. (2011) The

vacuolar-ATPase modulates matrix metalloproteinase isoforms in human

pancreatic cancer. Lab Invest 91: 732–743.

43. Voronov I, Heersche JN, Casper RF, Tenenbaum HC, Manolson MF (2005)
Inhibition of osteoclast differentiation by polycyclic aryl hydrocarbons is

dependent on cell density and RANKL concentration. Biochem Pharmacol

70: 300–307.

44. Voronov I, Li K, Tenenbaum HC, Manolson MF (2008) Benzo[a]pyrene
inhibits osteoclastogenesis by affecting RANKL-induced activation of NF-

kappaB. Biochem Pharmacol 75: 2034–2044.

45. Hapidin H, Othman F, Soelaiman IN, Shuid AN, Luke DA, et al. (2007)
Negative effects of nicotine on bone-resorbing cytokines and bone histomor-

Nicotine Reduces Bone Resorption

PLOS ONE | www.plosone.org 11 March 2013 | Volume 8 | Issue 3 | e59402



phometric parameters in male rats. Journal of bone and mineral metabolism 25:
93–98.

46. Armstrong S, Pereverzev A, Dixon SJ, Sims SM (2009) Activation of P2X7
receptors causes isoform-specific translocation of protein kinase C in osteoclasts.
J Cell Sci 122: 136–144.

47. Takahashi N, Udagawa N, Tanaka S, Suda T (2003) Generating murine
osteoclasts from bone marrow. Methods Mol Med 80: 129–144.

48. Tanigawa S, Kawato T, Aida Y, Suzuki N, Ochiai K, et al. (2011) Interleukin-

17F Down-Regulates the Plasminogen/Plasmin Pathway in Chondrocytes.

Journal of Hard Tissue Biology 20: 195–201.

49. Kuwabara A, Tanabe N, Kawato T, Tanaka H, Nakai K, et al. (2011)

Interleukin-17A Induces Extracellular Matrix Protein Expression in Osteoblastic

ROS17/2.8 Cells. Journal of Hard Tissue Biology 20: 247–257.

Nicotine Reduces Bone Resorption

PLOS ONE | www.plosone.org 12 March 2013 | Volume 8 | Issue 3 | e59402


