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Effects of nicotine on cultured cells suggest that it can influence the
formation and resorption of bone
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Abstract

The acute effects of nicotine [1-methyl-2-(3-pyridyDpyrrolidine] on the formation and resorption of bone were examined in cultures of
clonal rat calvaria osteogenic cells (ROB-C26) and clonal mouse calvaria preosteoblastic cells (MC3T3-EL), as well asin osteoclast-like
cells formed during coculture of mouse bone marrow cells and clonal stromal cells from mouse bone marrow, ST2 cells, at concentrations
that occur in the saliva of smokeless tobacco users. Nicotine stimulated the rate of deposition of Ca?" by ROB-C26 cells, as well as the
alkaline phosphatase activity of these cells, in a dose-dependent manner. However, both activities decreased in MC3T3-EL1 cells that had
been exposed to nicotine. These results indicate that nicotine affected osteoblastic differentiation in osteoblast-like cells. By contrast,
nicotine reduced, in a dose-dependent manner, the formation of tartrate-resistant acid phosphatase (TRAP)-positive multinucleated cells
(MNCs) and the formation of pits on dices of dentine, both of which are typical characteristics of osteoclasts. Our results suggest that
nicotine might have critica effects on bone metabolism. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The loss of bone mass in osteoporosis results from an
imbalance between the formation and resorption of bone,
which, in turn, depends on the interactions between os-
teoblasts and osteoclasts (Riggs, 1987). Tobacco smoking
has been suggested to be a risk factor for osteoporosis
(Seeman et al., 1983; Aloia et al., 1985; Stevenson et al.,
1989; Broulik and Jarab, 1993; Looker et a., 1998) and
has been associated with loss of alveolar bone (Christen et
al., 1979; Daniell, 1983). Nicotine is a major component of
tobacco. However, the mechanism of action of nicotine on
the metabolism of osteoblasts and osteoclasts is till poorly
understood.

Osteoblasts are bone-forming cells. The formation of
bone involves a complex series of events that include the
proliferation and differentiation of osteoprogenitor cells
and result eventualy in the formation of a mineralized
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extracellular matrix. The sequential expression of type |
collagen, akaline phosphatase and osteocalcin, and the
deposition of Ca?* are known as markers of osteoblastic
differentiation. Nicotine has a direct regulatory effect on
the growth and differentiation of cultured osteoblast-like
cells, such as cells derived from embryonic chick calvariae
(Ramp et a., 1991) and rat osteosarcoma cells (UMR
106-01) (Fang et d., 1991). However, the effects of nico-
tine on osteoblastic metabolism have been obscured by the
absence of a suitable cellular model in vitro. In an attempt
to establish an appropriate model in this study, we used
clonal rat calvarial osteogenic cells (ROB-C26) (Yama-
guchi and Kahn, 1991) and clona mouse calvarial pre-
osteoblastic cells (MC3T3-E1) (Sudo et al., 1983).
Osteoclasts are multinucleated cells (MNCs) that are
responsible for resorption of bone. The osteoclastic resorp-
tion of bone consists of several processes (Suda et a.,
1997): the development of osteoclasts from hematopoietic
progenitor cells; the fusion of osteoclasts; the attachment
of osteoclasts to the surface of the bone; and the secretion
of acids and lysosomal enzymes into the space beneath the
osteoclast. To our knowledge, there have been no reports
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on the effects of nicotine on the formation of osteoclast-like
cells and the bone resorption activity by such cells.

In the present study, we demonstrated that nicotine
regulates the akaline phosphatase activity of and the depo-
sition of Ca2* by ROB-C26 and MC3T3-E1 cells in two
well-characterized model systems that have been used for
studies of osteoblastic differentiation. Furthermore, we
obtained evidence that nicotine might decrease the forma-
tion of tartrate-resistant acid phosphatase (TRAP)-positive
MNCs and the bone resorption activity of osteoclast-like
cells. The effects of nicotine on cultured osteoblasts and
osteoclasts might provide clues to the mechanism of action
of this drug in vivo.

2. Materials and methods

2.1. Culture of osteoblastic cells

ROB-C26 cells were a generous gift from Dr. Akira
Yamaguchi (Nagasaki University, Nagasaki, Japan).
MC3T3-E1 cells and mouse clonal stromal cells from bone
marrow (ST2 cells) were supplied by the RIKEN Cell
Bank (Tsukuba, Japan). Cells were maintained in 55-cm?
dishes in a-modified minimum essential medium (a-
MEM), supplemented with 10% fetal bovine serum, 50
units/ml penicillin and 50 wg/ml streptomycin, in a
humidified atmosphere of 5% CO, in air at 37°C. After
reaching 70% confluence, cells were detached by treatment
with 0.05% trypsin, replated in either 55-cm? dishes or
12-well (area of each well, 3.8 cm?) plates at a density of
1x 10* cells/cm? and grown in «-MEM supplemented
with 10% fetal bovine serum, 50 units/ml penicillin, 50
pg/ml  streptomycin, 5 mM B-glycerophosphate, 50
g/ ml ascorbic acid, and various concentrations of nico-
tine. Fresh medium was supplied to cells at 3-day inter-
vals. ROB-C26 and MC3T3-E1 cells exhibited no changes
in morphology during exposure to nicotine at 10 to 250

pg/ml.

2.2. Measurement of alkaline phosphatase activity

Osteoblastic cells were subcultured in 12-well plates
(3.8 cm? /well) in «-MEM that contained 10% fetal bovine
serum, 5 mM B-glycerophosphate, 50 wg/ml ascorbic
acid, and nicotine at various concentrations. The cells were
washed with 10 mM Tris—HCI, pH 7.2, and sonicated in 1
ml of 50 mM Tris—HCI, pH 7.2, that contained 0.1%
Triton X-100 and 2 mM MgCl, for 15 s with a sonicator
(Ultrasonic Disruptor UD-201; Tomy, Tokyo, Japan). The
alkaline phosphatase activity of the sonicate was deter-
mined by an established technique with p-nitrophenyl

phosphate as the substrate (Hagiwara et al., 1996). Concen
trations of protein were determined with BCA protein
assay reagent (Pierce Chemical, Rockford, IL, USA), with
bovine serum albumin as the standard.

2.3. Quantitation of Ca?*

Osteoblastic cells were subcultured in «-MEM that
contained 10% fetal bovine serum, 5 mM B-glycerophos-
phate, 50 wg/ml ascorbic acid, and nicotine at various
concentrations. The amount of Ca2™", in hydroxyapatite, in
the cell layer was measured as follows. The layers of cells
in 12-well plates (3.8 cm? /well) were washed with phos-
phate-buffered saline (pH 7.4; PBS; 20 mM sodium phos-
phate and 130 mM NaCl) and incubated with 1 ml of 2 N
HCI overnight with gentle shaking. The Ca2* ions in the
samples were quantitated by the o-cresolphthalein com-
plexone method with a Calcium C kit (Wako, Osaka,
Japan) (Hagiwara et a., 1996). This kit is specific for
Ca?* and has a limit of detection of 1 wg/ml. We used
the Ca2* solution (20 mg/dl) in the kit as the standard
solution.

2.4. Formation of osteoclast-like cells in vitro

Bone marrow cells were collected from the femurs and
tibias of 6-week old mae ddY mice as described by
Takahashi et al. (1988). ST2 cells were cocultured (2 x 10*
cells/well) with bone marrow cells (5 x 10* cells/well)
in «-MEM that contained 10% fetal bovine serum, 10~8
M 1a,25(0H), vitamin D, and 10" M dexamethasone
in 48-well plates (0.98 cm?/well). The cultures were
maintained at 37°C in a humidified atmosphere of 5% CO,
in air. Fresh medium was supplied at 2-day intervals.

2.5. Localization of TRAP

After coculture for 6 days, adherent cells were fixed
and stained for TRAP activity as described by Udagawa et
al. (1990). TRAP-positive MNCs [TRAP(+)MNCs] with
three or more nuclei were counted under a microscope
(BH; Olympus, Tokyo, Japan).

2.6. Quantitation of bone resorption

The formation of pits on dlices of dentine was moni-
tored to determine the capacity for bone resorption of
osteoclastic cells formed. Bone marrow cells and ST2 cells
were cocultured for 6 days on collagen gel-coated dishes
(55 cm?). Cocultures were treated with 0.2% collagenase
(Wako) at 37°C for 20 min to detach osteoclast-like cells
from the dishes. The osteoclast-like cells were plated on
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Fig. 1. Effects of nicotine on the alkaline phosphatase activity in ROB-C26 (A) and MC3T3-E1 (B) cells. ROB-C26 and MC3T3-EL1 cells were cultured in
12-well plates with a-MEM that contained 10% fetal bovine serum, 5 mM B-glycerophosphate, 50 pg/ml ascorbic acid, and nicotine at various
concentrations. Fresh medium with nicotine was supplied at 3-day intervals. At the times indicated, alkaline phosphatase activity was measured as
described in Section 2. Vaues represent the means + S.D. of results from three wells. Data are representative of results from three separate experiments
that yielded similar results. *P < 0.05 vs. controls; ** P < 0.01 vs. contrals; ***P < 0.001 vs. controls.

dentine dices (4 mm in diameter), which had been placed
in 96-well plates (0.48 cm?/well) that contained 0.2 ml
a-MEM supplemented with 10% fetal bovine serum. After
incubation for 48 h, cells were removed from the dentine
slices, and then resorption pits that had been formed were
stained with Mayer’'s hematoxylin. The numbers and the
tota areas of pits were counted under a microscope
(Olympus).

2.7. Drugs

(+)Nicotine [1-methyl-2-(3-pyridyDpyrrolidine], 1a,
25(0H),, vitamin D5, dexamethasone, pyruvic acid (sodium
salt), and B-NADH were purchased from Sigma (St. Louis,
MO, USA). Sodium tartrate was purchased from Wako;
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a-MEM, penicillin/streptomycin antibiotic mixture, and
fetal bovine serum were obtained from Life Technologies.

3. Reaults

3.1. Effects of nicotine on the differentiation and
mineralization of osteoblastic cells

Fig. 1 summarizes the time courses of dose-dependent
changes in the akaline phosphatase activity in ROB-C26
and MC3T3-E1 cells in response to nicotine. The alkaline
phosphatase activity was increased in control cultures of
both lines of cells. ROB-C26 cells that had been exposed
to nicotine had higher alkaline phosphatase activity than
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Fig. 2. Effects of nicotine on the mineralization by ROB-C26 (A) and MC3T3-E1 (B) cells. Cells in 12-well plates (3.8 cm?/well) were cultured with
o-MEM that contained 10% fetal bovine serum, 5 mM B-glycerophosphate, 50 wg,/ml ascorbic acid, and nicotine at various concentrations. Fresh medium
with nicotine was supplied a 3-day intervals. On day 14, the deposition of Ca?* was measured. Quantitative analysis of Ca?* ions derived from
hydroxyapatite was performed as described in Section 2. Data are means+ S.D. of results from four wells and are typical of results of three separate

experiments. *P < 0.01 vs. 0 wg/ml nicotine.
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the control cells at all times examined. On day 12, nicotine
at 10, 100, and 250 wg/ml had increased the akaline
phosphatase activity to 110%, 160%, and 250%, respec-
tively, of the control activity (3.08 + 0.11 wmol /mg of
protein /30 min; n = 4) (Fig. 1A). By contrast, the akaline
phosphatase activity in MC3T3-E1 cells was reduced both
time- and dose-dependently by nicotine. On day 9, the
exposure to nicotine at 10, 100, and 250 p.g/ml reduced
alkaline phosphatase activity to 86%, 62%, and 39%,
respectively, of the control activity (3.87 + 0.17 wmol /mg
of protein/30 min; n=4) (Fig. 1B). Fig. 2 shows the
dose-dependent changes in the deposition of Ca2* by both
lines of cells in response to nicotine. On day 15, exposure
of ROB-C26 cells to nicotine at 10, 100, and 250 p.g/ml
increased the accumulation of Ca?* to 120%, 320%, and
430% of levels (6.9 + 1.6 ng/3.8-cm? well) in control
cultures, respectively (Fig. 2A). By contrast, MC3T3-E1
cells that had been exposed to nicotine a 250 wg/ml
accumulated very low levels (Fig. 2B).

3.2. Effects of nicotine on the formation and activity of
osteoclast-like cells

Fig. 3 shows the effects of nicotine on the formation of
osteoclast-like cells. TRAP is known as a marker enzyme
of osteoclasts. In control cultures, TRAP-positive MNCs
appeared after a 6-day coculture and there were 524 + 72
(n=4) cells of this type per 0.98-cm? well. By contrast,
exposure to nicotine at 10 to 150 wg/ml decreased the
formation of TRAP-positive MNCs in a dose-dependent
manner. Few TRAP-positive MNCs were formed when the

medium contained 150 wg,/ml nicotine, but TRAP-posi-
tive mononucleated cells were detected in the culture. The
supporting ST2 cells exhibited no changes in morphology
or in growth rate in the presence of nicotine at 150
wg/ml. To examine the effects of nicotine on the bone-re-
sorbing ability of osteoclast-like cells, we recovered osteo-
clast-like cells that had formed on the collagen gel by
digestion with collagenase and then cultured them on
dentine slices for 48 h. Fig. 4 shows that osteoclast-like
cells in control culture formed resorption pits (140 +
20/well; n=6) on dentine slices within 48 h. The expo-
sure of osteoclast-like cells to nicotine at 10, 100, and 250
wg,/ml nicotine reduced the formation of pits on dentine
dlices to 60%, 40%, and 5% of levels in control cultures,
respectively.

4, Discussion

Nicotine had significant effects on the metabolism of
cultured osteoblasts and osteoclasts. The concentrations
(0.06 to 1.5 mM) of nicotine that we used in this study
were in the range of those (1 wM to 10 mM) in previously
reported studies (Fang et al., 1991; Ramp et a., 1991).
Blood concentrations of nicotine obtained from habitual
cigarette smokers were in the range of 0.06—0.3 M.
However, the concentrations of nicotine in the saliva of
clonic snuff users reached from 0.6 to 9.6 mM (Hoffmann
and Adams, 1981). Therefore, our study showed the effects
of high but physiological concentrations of this drug on
cultured osteoblasts and osteoclasts.
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Fig. 3. Reduction in the formation of osteoclast-like cells by nicotine. Mouse bone marrow cells and ST2 cells were cocultured in 48-well plates (0.98
cm?/well) for 6 days in «-MEM that contained 10% fetal bovine serum, 1078 M vitamin D,, 1077 M dexamethasone, and nicotine at various
concentrations. Fresh medium with nicotine was supplied at 2-day intervals. Asterisks indicate TRAP-positive MNCs. Bar, 500 pm. Numbers of
TRAP-positive MNCs (more than three nuclei) were counted under a microscope. Data are means + S.D. of results from six wells. 8P < 0.05vs. 0 ng/ml

nicoting; #P < 0.001 vs. 0 rg/ml nicotine.
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Fig. 4. Effects of nicotine on formation of pits in slices of dentine by mouse osteoclast-like cells. Mouse osteoclast-like cells were cultured in 96-well
plates (0.48 cm?/well) in the presence of ST2 cells (8 X 10° cells/well), and a dlice of dentine was placed in each well. Nicotine was supplied to the
osteoclast-like cells on each dentine slice at the concentrations indicated. After culture for 48 h, adherent cells were removed from the slices of dentine, and
resorption pits formed on the surface of the dentine were stained with Mayer's hematoxylin. Arrow shows the pits on dentine slices. Bar, 330 pm. Values
represent the means + S.D. of results from six wells. Data are representative of results from three separate experiments that yielded similar results.
*P <0.05vs. 0 wg/ml nicoting; **P < 0.01 vs. 0 wg,/ml nicoting; ***P < 0.001 vs. 0 pg,/ml nicotine.

In ROB-C26 cells, nicotine increased alkaline phos-
phatase activity in a dose-dependent manner (Fig. 1A) and
increased the deposition of Ca?* similarly (Fig. 2A). By
contrast, nicotine decreased both activities in MC3T3-E1
cells (Figs. 1B and 2B). Thus, nicotine had different
effects on the differentiation and mineraization of ROB-
C26 and MC3T3-E1 cells. Ramp et al. (1991) reported that
nicotine inhibits the synthesis of collagen and the alkaline
phosphatase activity in osteoblast-like cells derived from
embryonic chick calvariae . Fang et al. (1991) reported
that nicotine stimulates alkaline phosphatase activity in rat
osteoblastic osteosarcoma cells, UMR 106-01. The differ-
ences among the effects of nicotine on osteoblast
metabolism in vitro might reflect differences in conditions
for cell culture, differences among species, and the type of
osteoblast model used including the stages of differentia-
tion. A nicotinic receptor has been reported to mediate the
expression of mRNA for neuronal nitric oxide synthase via
the activation of a pathway that involves Ca?* ions and
protein kinase C (Nakamura et al., 1998). We (Otsuka et
a., 1998) and other investigators (Hikiji et al., 1997;
Kanematsu et al., 1997) have shown that nitric oxide
influences the differentiation of osteoblast-like cells: nitric
oxide increases the rate of differentiation of ROB cells
(Otsuka et al., 1998) and decreases that of MC3T3-E1l
cells (Kanematsu et a., 1997). The differences in the
effects of nicotine in osteoblastic cells might in some way

be associated with differences in nitric oxide-related path-
ways. Although the mechanism of action of nicotine in
osteoblasts remains unclear, we have detected nicotine-bi-
nding sites on ROB-C26 cells (data not shown). Nicotine
is thought to cause depolarization of the cell membrane
after binding to its receptor and then to activate voltage-de-
pendent Ca2* channels that allow Ca?* ions to enter the
cell (Afar et a., 1994; Benowitz, 1996). Recently,
voltage-dependent Ca?* channel antagonist was reported
to increase the alkaline phosphatase activity of osteoblastic
cells (Kosaka and Uchii, 1998). Moreover, a C&®* signal
has been implicated in the induction of osteoblastic differ-
entiation (Takuwa et al., 1989; Eklou-Kalonji et a., 1998;
Hiruma et a., 1998). These observations suggest that the
effects of nicotine on osteoblastic metabolism might be
mediated, at least in part, by changes in levels of Ca?*
ions in cells.

Nicotine inhibited the formation of MNCs (Fig. 3) and
the resorption of bone by osteoclast-like cells (Fig. 4).
There are recent reports that osteoclast differentiation fac-
tor and macrophage colony-stimulating factor, synthesized
by mesenchymal cells (e.g. ST2 cells), are important fac-
tors in the induction of the formation of and bone resorp-
tion by osteoclast-like cells (Lacey et al., 1998; Yasuda et
al., 1998). Our preliminary examination indicated that
nicotine did not affect the levels of expression of mMRNASs
for osteoclast differentiation factor and macrophage
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colony-stimulating factor in ST2 cells. These suggest the
direct effects of nicotine on osteoclasts. The mechanism
for effects of nicotine on osteoclasts is unclear, but there
are some reports that nitric oxide inhibits the formation of
TRAP-positive multinucleated osteoclasts (Macintyre et
al., 1991; Chae et al., 1997; Holliday et al., 1997) and the
osteoclastic resorption of bone (Macintyre et al., 1991;
Holliday et al., 1997). Therefore, the association of the
nicotinic receptor with expression of nitric oxide synthase
(Nakamura et al., 1998), nitric oxide-related pathways,
might be involved in this mechanism. Tobacco smoking is
known as arisk factor for osteoporosis and this connection
suggests that osteoclastogenesis might be stimulated by
tobacco smoking. By contrast, our results showed that
nicotine by itself inhibited osteoclastogenesis in
osteoclast-like cells in culture. In tobacco smokers, other
components of tobacco, such as tar, nitric oxide, ni-
trosoamines, and quinolines, might act with nicotine on the
metabolism of osteoclast to yield results different from
those obtained in vitro. Experiments using smoking rats or
mice or the direct injection of nicotine into bone might
yield useful results in future studies.

5. Conclusion

It appears that nicotine regulates the differentiation and
mineralization of osteoblastic cells and inhibits the differ-
entiation and activation of osteoclast-like cells. These ob-
servations suggest a role for nicotine in modulating bone
metabolism. Further studies are needed to elucidate the
contribution of nicotine to bone metabolism in vivo.
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