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Nicotine induces cell proliferation in association with cyclin D1
up-regulation and inhibits cell differentiation in association
with p53 regulation in a murine pre-osteoblastic cell line
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Recent studies have suggested that nicotine critically affects bone metabolism. Many studies have exam-
ined the effects of nicotine on proliferation and differentiation, but the underlying molecular mechanisms
remain unclear. We examined cell cycle regulators involved in the proliferation and differentiation of
MC3T3-E1 cells. Nicotine induced cell proliferation in association with p53 down-regulation and cyclin
D1 up-regulation. In differentiated cells, nicotine reduced alkaline phosphatase activity and mineralized
nodule formation in dose-dependent manners. Furthermore, p53 expression was sustained in nicotine-
treated cells during differentiation. These findings indicate that nicotine promotes the cell cycle and
inhibits differentiation in association with p53 regulation in pre-osteoblastic cells.

� 2008 Elsevier Inc. All rights reserved.
Smoking has been implicated as a risk factor for many diseases,
including osteoporosis and periodontal disease [1,2]. Nicotine is a
component of cigarette smoke that causes addiction. Serum nico-
tine concentrations during smoking range from 90 to 1000 nM,
and saliva nicotine concentrations in long-term snuff users can
reach 9.6 mM [3–5]. Some studies suggest that nicotine may di-
rectly affect osteoblasts [6–11]. Although low concentrations of
nicotine (0.1–1 lM) increase cell proliferation, high concentrations
of nicotine (above 1 mM) inhibit cell proliferation [9,10]. Several
researchers have reported the effects of nicotine on osteogenic dif-
ferentiation. Alkaline phosphatase (ALP) activity decreased in
mouse pre-osteoblastic cell lines and osteosarcoma cell lines after
treatment with nicotine (60 lM–3.6 mM) [6,12,13]. Laroche et al.
reported that serum osteocalcin levels are significantly lower in
smokers than in nonsmokers [14].

The molecular mechanisms underlying the actions of nicotine
on osteoblasts at the cellular level are poorly understood. In oste-
oblasts, Walker et al. found that nicotine induces c-fos expression
during proliferation [9]. In epithelial cells, Dasgupta et al. have
shown that nicotine can increase cyclin D1 expression [15]. Cyclin
D1 is an important factor in the regulation of cellular proliferation
[16]. The association of cyclin D1 with the cyclin-dependent ki-
ll rights reserved.

.

nases (cdk) 4 and cdk6 results in phosphorylation of retinoblas-
toma (Rb) protein, which releases the transcription factor E2F to
activate S-phase-specific genes [17]. p53, a tumor suppressor,
plays a vital role in promoting cell cycle arrest and has also been
implicated in cell differentiation [18,19]. Recent studies have dem-
onstrated that p53 is a novel regulator of osteogenic proliferation
and differentiation [20,21].

It remains to be elucidated how nicotine evokes the intracellu-
lar signaling cascade in osteoblasts during proliferation or differen-
tiation. This study examined the expression of cell cycle regulators
during proliferation and differentiation of a well-characterized
pre-osteoblastic cell line treated with nicotine.

Materials and methods

Reagents and antibodies. (�)-1-Methyl-2-(3-pyridyl) pyrrolidine
(+)-bitartrate salt (nicotine) and N,2,3,3-tetramethylbicyclo[2.2.1]-
heptan-2-amine hydrochloride (mecamylamine) were obtained
from Sigma–Aldrich (USA). Antibodies against cdk4 (C-22), cdk6
(DCS-83), cyclin D1 (HD11) and b-actin (C-4) were obtained from
Santa Cruz Biotechnologies (USA). p53 antibody (MAB462) was ob-
tained from R&D (USA).

Cell culture. The mouse pre-osteoblastic cell line MC3T3-E1
(a kind gift from Dr. T. Ogasawara) was maintained in growth
medium, consisting of a-modified minimum essential medium
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(a-MEM) (WAKO, Japan) with 10% fetal bovine serum (FBS) (Bio-
West, France), incubated at 37 �C in humidified air including 5%
CO2, and was passaged every 7 days. The growth medium was
changed every 3 days. For the osteoblastic differentiation assay,
the cells were cultured in growth medium containing ascorbic acid
(50 lg/ml) and b-glycerophosphate (10 mM) (conditioned med-
ium). The conditioned medium was changed every 3 days.

Assessment of cell proliferation. The cells were inoculated at
4 � 103 cells per well in 96-well plates. To assess the effects of nic-
otine on cell proliferation, the cells were incubated in growth med-
ium or conditioned medium for the indicated times with nicotine
at the indicated concentrations. To assess the effects of mecamyl-
amine, the cells were incubated in growth medium with nicotine
at 1 lM in the presence or absence of mecamylamine at 1 lM,
which was added 1 h before nicotine treatment. The sample cells
were quantified using a Cell Titer 96 Aqueous One Solution Cell
Proliferation Assay (Promega, USA), according to the manufac-
turer’s instructions. Briefly, 20 ll of MTS solution reagent was
added to 100 ll of culture medium in each well. After incubation
for 2 h at 37 �C, the absorbance was measured at 490 nm using a
Model 680 XR plate reader (BIO RAD, USA). The measurements
are represented by the means of at least three independent exper-
iments, with each data point based upon six replicates.

Western blot analysis. To detect cyclin D1, cdk4, and cdk6, the
cells were inoculated at 50 � 104 cells in a 100-mm-diameter dish
and allowed to proliferate for 24 h. Their growth was then arrested
by incubation for 48 h in a-MEM containing 0.5% FBS [22]. Growth-
arrested cells were treated with growth medium for the indicated
times plus nicotine at 0 and 1 lM. To assess the effects of meca-
mylamine, growth-arrested cells were treated with growth med-
ium for 6 days plus nicotine at 1 lM in the presence or absence
of mecamylamine at 1 lM, which was added 1 h before nicotine
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Fig. 1. Effect of nicotine on proliferation. (A) The cells were cultured with nicotine
(0, 1, and 100 lM) for 3 and 6 days. Open bars, control (unstimulated cells); filled
bars, 1 lM (nicotine-stimulated cells); dot bars, 100 lM (nicotine-stimulated cells).
(B) The cells were cultured with nicotine for 6 days in the presence or absence of
mecamylamine (1 lM), a nicotinic acetylcholine receptor subunit inhibitor. Error
bars represent ± SD. *P < 0.05 compared with control.
treatment. To detect p53, 50 � 104 cells were inoculated in a
100-mm-diameter dish. For the proliferation assay, the cells were
treated with growth medium plus nicotine at 1 lM for 0, 6, 12,
24, 36, and 48 h. For the differentiation assay, after reaching con-
fluence, the cells were incubated in conditioned medium with nic-
otine at 0 and 1 lM for 2 and 8 days. Cells were sampled at the
indicated times in each experiment. The analysis was performed
as described previously [23]. Briefly, the cells were rinsed with
ice-cold PBS and lysed with a lysis buffer (150 mM NaCl, 50 mM
Tris–HCl [pH 8.0], 10 lg/ml aprotinin, 0.1 M NaF, 2 mM Na3VO4,
and 1 mM PMSF). The lysates were incubated on ice for 15 min
and centrifuged at 15,000g for 10 min at 4 �C. The protein content
was quantified by the Lowry method (BIO RAD). Equal amounts of
proteins were separated by SDS-polyacrylamide gel electrophore-
sis and electrotransferred to polyvinylidene difluoride membranes
(BIO RAD). After the blocking of nonspecific binding by soaking the
filters in 5% skim milk (Sigma–Aldrich), the desired proteins were
immunodetected with their respective antibodies, followed by
visualization using an ECL Plus Western blotting detection system
(GE Healthcare, UK), according to the manufacturer’s instructions.
The bands were scanned by an LAS-3000mini luminescent image
analyzer (Fuji Film, Japan). b-actin was used as a loading control.

Measurement of ALP activity. The cells were inoculated at 2 � 104

cells in 24-well plates. After reaching confluence, the cells were
incubated in conditioned medium with nicotine at 0, 1, and
100 lM for 7 days. The ALP activity was assayed (Wako) as de-
scribed previously [24] and normalized by the amount of protein
as determined using the Lowry method (BIO RAD). The measure-
ments are represented by the means of at least three independent
experiments, with each data point based upon four replicates.
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Fig. 2. Time-dependent expression of cell cycle regulators. (A) Time-dependent
expression of cyclin D1, cdk4, and cdk6. Growth-arrested cells were cultured with
nicotine (0 and 1 lM). (B) Growth-arrested cells were cultured with nicotine (1 lM)
in the presence or absence of mecamylamine (1 lM). (C) Time-dependent expres-
sion of p53. The cells were cultured with nicotine (1 lM).
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Mineralization assay. The cells were inoculated at 10 � 104 cells
in 6-well plates. After reaching confluence, the cells were incu-
bated in conditioned medium with nicotine at 0, 1, and 100 lM
for 21 days. Mineralization of the cells was determined by von Kos-
sa staining and alizarin red staining. The cells were fixed with 95%
ethanol and stained with AgNO3 by the von Kossa method to detect
phosphate deposits in bone nodules [25]. At the same time, the or-
der plates were fixed with ice-cold 70% ethanol and stained with
alizarin red to detect calcification.

Statistical analysis. The data are presented as means ± SD. Statis-
tical significance was assessed by Student’s t-test using SPSS 14.0J.
Differences were considered to be significant at P < 0.05.
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Fig. 3. Effect of nicotine on differentiation. (A) Effect of nicotine on ALP activity. After nico
controls. (B) Effect of nicotine on proliferation during differentiation. The cells were cu
100 lM) stimulation for 21 days, mineralization was assessed by von Kossa staining and
with nicotine (0 and 1 lM). Error bars represent ± SD. *P < 0.05 compared with control.
Results and discussion

Nicotine induces cell proliferation via nicotinic acetylcholine receptors
in a time- and dose-dependent manner

Since the addition of nicotine has been shown to induce cell
proliferation in primary osteoblasts [9], we examined the prolifer-
ative effects of nicotine at the indicated doses on days 3 and 6 in
MC3T3-E1. Nicotine significantly increased the osteoblast prolifer-
ation rate (Fig. 1A). The proliferative effects of nicotine at 1 lM
were abrogated by the nicotinic acetylcholine receptor antagonist
mecamylamine at 1 lM on day 6 (Fig. 1B).
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Nicotine up-regulates cyclin D1 expression via nicotinic acetylcholine
receptors and down-regulates p53 expression during proliferation

Next, signal transduction of the proliferative effects of nicotine
was studied. Since nicotine resembles a mitogen [15], the contri-
butions of cyclin D1, an important cell cycle regulator, and of
cdk4 and cdk6, specific partners of D type cyclin, were examined
by Western blot analysis. The expression of cdk4 increased during
serum stimulation in the presence or absence of nicotine. The
amount of cyclin D1 showed little change until day 3 in the ab-
sence of nicotine, while cyclin D1 dramatically increased until
day 3 in the presence of nicotine (Fig. 2A). Since mecamylamine
inhibits cell proliferation, the level of cyclin D1 in nicotine-trea-
ted osteoblasts in the presence or absence of mecamylamine
(1 lM) was examined. The level of cyclin D1 in nicotine-treated
osteoblasts was reduced in the presence of mecamylamine
(Fig. 2B). These results suggest that nicotine binds nicotinic ace-
tylcholine receptors and subsequently activates components of
the cell cycle machinery.

Next, we examined p53 expression during proliferation in the
presence of nicotine because osteoblasts derived from p53-defi-
cient mice show an increased proliferation rate [20]. A previous
study reported that p53 is strongly expressed in MC3T3-E1 [26].
We detected p53 protein in this cell line and also found that p53
was down-regulated during proliferation (Fig. 2C). Chen et al. have
reported that the up-regulation of cyclin D1 and the down-regula-
tion of p53 were associated with cell growth promotion [27]. Taken
together, available evidence suggests that nicotine down-regulates
p53 expression and up-regulates cyclin D1, thereby promoting cell
cycle progression during proliferation.

Nicotine inhibits ALP activity and mineralization in association with
sustained p53 expression during differentiation

Since nicotine directly affects differentiation in osteoblasts, we
examined early osteogenic markers [6,12,13]. The level of ALP
activity in bone tissues reflects osteoblastic differentiation [28].
Ramp et al. reported that nicotine at 3.6 mM inhibits collagen syn-
thesis and ALP activity in primary cells from embryonic chick cal-
variae. Yuhara et al. reported that nicotine at 1.5 mM decreases
ALP activity and Ca2+ accumulation in MC3T3-E1 [6,12]. In con-
trast, Gullihorn et al. reported that nicotine stimulates ALP activity
on day 3 in MC3T3-E1 [29]. Thus, we investigated whether nicotine
at the indicated doses directly affects ALP activity in MC3T3-E1
cultured in conditioned medium. As shown in Fig. 3A, ALP activity
in MC3T3-E1 was significantly reduced by nicotine on day 7, after a
transient increase in ALP activity on day 3 (data not shown).

Next, we tested whether nicotine affects mineralization. To
examine the effect of nicotine on proliferation during differentia-
tion, we investigated whether nicotine at the indicated doses af-
fects proliferation in conditioned medium on day 21. Nicotine
did not inhibit proliferation during differentiation (Fig. 3B). To
evaluate the mineralization of osteoblasts, we used von Kossa
staining and alizarin red staining. After 21 days, staining with both
techniques showed that the mineralization of MC3T3-E1 cells was
inhibited by nicotine in a dose-dependent manner (Fig. 3C and D).
We also demonstrated that nicotine inhibited mineralization with-
out decreasing proliferation. Our data indicate that nicotine inhib-
its matrix maturation and mineralization.

We then examined p53 expression during differentiation in the
presence of nicotine because p53 is a negative regulator of differ-
entiation in osteoblasts [20,21]. After 8 days, p53 expression was
down-regulated in control, while p53 expression was sustained
in nicotine-treated cells during differentiation (Fig. 3E). These re-
sults suggest that p53 may play a role in inhibiting differentiation
of osteoblasts treated with nicotine.
In conclusion, our study showed that nicotine induced prolifer-
ation in association with cyclin D1 up-regulation and inhibited dif-
ferentiation in association with p53 regulation in pre-osteoblastic
cells.

Acknowledgments

The authors would like to thank Dr. Toru Ogasawara (University
of Tokyo) for the generous gift of the MC3T3-E1 cell line and Mari-
ko Hayakawa for excellent technical assistance. We also thank
Dr. Tatsuji Nishihara (Kyusyu Dental College) for his advice and
suggestions concerning the manuscript. This work was supported
in part by a Grant-in-Aid (18791517) from the Ministry of Educa-
tion, Culture, Sports, Science, and Technology of Japan.

References

[1] H.W. Daniell, Postmenopausal tooth loss. Contributions to edentulism by
osteoporosis and cigarette smoking, Arch. Intern. Med. 143 (1983) 1678–1682.

[2] G. Calsina, J.M. Ramon, J.J. Echeverria, Effects of smoking on periodontal
tissues, J. Clin. Periodontol. 29 (2002) 771–776.

[3] D. Hoffmann, J.D. Adams, Carcinogenic tobacco-specific N-nitrosamines in
snuff and in the saliva of snuff dippers, Cancer Res. 41 (1981) 4305–4308.

[4] M.G. Cattaneo, F. D’atri, L.M. Vicentini, Mechanisms of mitogen-activated
protein kinase activation by nicotine in small-cell lung carcinoma cells,
Biochem. J. 328 (Pt. 2) (1997) 499–503.

[5] M. Chu, J. Guo, C.Y. Chen, Long-term exposure to nicotine, via ras pathway
induces, cyclin D1 to stimulate G1 cell cycle transition, J. Biol. Chem. 280
(2005) 6369–6379.

[6] W.K. Ramp, L.G. Lenz, R.J. Galvin, Nicotine inhibits collagen synthesis and
alkaline phosphatase activity, but stimulates DNA synthesis in osteoblast-like
cells, Proc. Soc. Exp. Biol. Med. 197 (1991) 36–43.

[7] M.A. Fang, P.J. Frost, A. Iida-Klein, T.J. Hahn, Effects of nicotine on cellular
function in UMR 106-01 osteoblast-like cells, Bone 12 (1991) 283–286.

[8] U.T. Iwaniec, Y.K. Fung, M.P. Akhter, M.C. Haven, S. Nespor, G.R. Haynatzki,
D.M. Cullen, Effects of nicotine on bone mass, turnover, and strength in adult
female rats, Calcif. Tissue Int. 68 (2001) 358–364.

[9] L.M. Walker, M.R. Preston, J.L. Magnay, P.B. Thomas, A.J. El Haj, Nicotinic
regulation of c-fos and osteopontin expression in human-derived osteoblast-
like cells and human trabecular bone organ culture, Bone 28 (2001) 603–608.

[10] A.R. Kamer, N. El-Ghorab, N. Marzec 3rd., J.E. Margarone, R. Dziak, Nicotine
induced proliferation and cytokine release in osteoblastic cells, Int. J. Mol. Med.
17 (2006) 121–127.

[11] H. Hapidin, F. Othman, I.N. Soelaiman, A.N. Shuid, D.A. Luke, N. Mohamed,
Negative effects of nicotine on bone-resorbing cytokines and bone
histomorphometric parameters in male rats, J. Bone Miner. Metab. 25 (2007)
93–98.

[12] S. Yuhara, S. Kasagi, A. Inoue, E. Otsuka, S. Hirose, H. Hagiwara, Effects of
nicotine on cultured cells suggest that it can influence the formation and
resorption of bone, Eur. J. Pharmacol. 383 (1999) 387–393.

[13] H. Tanaka, N. Tanabe, N. Suzuki, M. Shoji, H. Torigoe, A. Sugaya, M. Motohashi,
M. Maeno, Nicotine affects mineralized nodule formation by the human
osteosarcoma cell line Saos-2, Life Sci. 77 (2005) 2273–2284.

[14] M. Laroche, Y. Lasne, A. Felez, L. Moulinier, E. Bon, A. Cantagrel, P. Léophonte, B.
Mazières, Osteocalcin and smoking, Rev. Rhum. 61 (1994) 433–436.

[15] P. Dasgupta, S. Rastogi, S. Pillai, D. Ordonez-Ercan, M. Morris, E. Haura, S.
Chellappan, Nicotine induces cell proliferation by beta-arrestin-mediated
activation of Src and Rb-Raf-1 pathways, J. Clin. Invest. 116 (2006) 2208–2217.

[16] C.J. Sherr, Mammalian G1 cyclins, Cell 73 (1993) 1059–1065.
[17] D.R. Lowy, B.M. Willumsen, Function and regulation of ras, Annu. Rev.

Biochem. 62 (1993) 851–891.
[18] J. Choi, L.A. Donehower, p53 in embryonic development: maintaining a fine

balance, Cell. Mol. Life Sci. 55 (1999) 38–47.
[19] B. Vogelstein, D. Lane, A.J. Levine, Surfing the p53 network, Nature 408 (2000)

307–310.
[20] X. Wang, H.Y. Kua, Y. Hu, K. Guo, Q. Zeng, Q. Wu, H.H. Ng, G. Karsenty, B. de

Crombrugghe, J. Yeh, B. Li, p53 functions as a negative regulator of
osteoblastogenesis, osteoblast-dependent osteoclastogenesis, and bone
remodeling, J. Cell Biol. 172 (2006) 115–125.

[21] C.J. Lengner, H.A. Steinman, J. Gagnon, T.W. Smith, J.E. Henderson, B.E. Kream,
G.S. Stein, J.B. Lian, S.N. Jones, Osteoblast differentiation and skeletal
development are regulated by Mdm2-p53 signaling, J. Cell Biol. 172 (2006)
909–921.

[22] T. Ogasawara, H. Kawaguchi, S. Jinno, K. Hoshi, K. Itaka, T. Takato, K. Nakamura,
H. Okayama, Bone morphogenetic protein 2-induced osteoblast differentiation
requires Smad-mediated down-regulation of Cdk6, Mol. Cell. Biol. 24 (2004)
6560–6568.

[23] T. Sato, T. Koseki, K. Yamato, K. Saiki, K. Konishi, M. Yoshikawa, I. Ishikawa, T.
Nishihara, p53-independent expression of p21(CIP1/WAF1) in plasmacytic cells
during G(2) cell cycle arrest induced by Actinobacillus actinomycetemcomitans
cytolethal distending toxin, Infect. Immun. 70 (2002) 528–534.



130 T. Sato et al. / Biochemical and Biophysical Research Communications 377 (2008) 126–130
[24] T. Abe, H. Hikiji, W.S. Shin, N. Koshikiya, S. Shima, J. Nakata, T. Susami, T.
Takato, T. Toyo-oka, Targeting of iNOS with antisense DNA plasmid reduces
cytokine-induced inhibition of osteoblastic activity, Am. J. Physiol. Endocrinol.
Metab. 285 (2003) E614–E621.

[25] M. Yamauchi, T. Yamaguchi, H. Kaji, T. Sugimoto, K. Chihara, Involvement of
calcium-sensing receptor in osteoblastic differentiation of mouse MC3T3-E1
cells, Am. J. Physiol. Endocrinol. Metab. 288 (2005) E608–E616.

[26] G.R. Beck Jr., B. Zerler, E. Moran, Gene array analysis of osteoblast
differentiation, Cell Growth Differ. 12 (2001) 61–83.
[27] C. Chen, Y.C. Chang, C.L. Liu, K.J. Chang, I.C. Guo, Leptin-induced growth of
human ZR-75-1 breast cancer cells is associated with up-regulation of cyclin
D1 and c-Myc and down-regulation of tumor suppressor p53 and p21WAF1/
CIP1, Breast Cancer Res. Treat. 98 (2006) 121–132.

[28] M. Weinreb, D. Shinar, G.A. Rodan, Different pattern of alkaline phosphatase,
osteopontin, and osteocalcin expression in developing rat bone visualized by
in situ hybridization, J. Bone Miner. Res. 5 (1990) 831–842.

[29] L. Gullihorn, R. Karpman, L. Lippiello, Differential effects of nicotine and smoke
condensate on bone cell metabolic activity, J. Orthop. Trauma 19 (2005) 17–22.


	Nicotine induces cell proliferation in association with cyclin D1 up-regulation and inhibits cell differentiation in association with p53 regulation in a murine pre-osteoblastic cell line
	Materials and methods
	Results and discussion
	Nicotine induces cell proliferation via nicotinic acetylcholine receptors in a time- and dose-dependent manner
	Nicotine up-regulates cyclin D1 expression via nicotinic acetylcholine receptors and down-regulates p53 expression during proliferation
	Nicotine inhibits ALP activity and mineralization in association with sustained p53 expression during differentiation

	AcknowledgementsAcknowledgments
	References


