
INTRODUCTION

Smoking is a known cause or exacerbating factor
of various diseases.1, 2 In oral medicine, smoking is
known to cause progression of periodontitis and de­
lay of orthodontic tooth movement.3, 4 It is therefore
necessary to understand the effect of smoking on
oral pathologies at molecular and cellular levels.
Many studies have examined the biological effect

of smoking by analyzing single chemical sub­
stances such nicotine in smoke.5, 6 However, to­
bacco smoke is composed of more than 5,000
chemical substances including nicotine and tar.7

Aiming at understanding the biological action of
smoking, we developed a method to prepare to­
bacco smoke components (TSCs) and experimen­
tally demonstrated that TSCs delay orthodontic
tooth movement.8

To that effect, we focused on the effect of cellular

senescence on oral pathologies.9 Cellular senes­
cence is induced by various stresses inside and
outside the body and releases humoral factors
called senescence­associated secretory pheno­
types (SASPs), which cause damage to surround­
ing tissues and organs.10 Based on this knowledge,
further studies were conducted regarding the rela­
tionship between TSCs and cellular senescence in
oral tissue. Periodontal ligament fibroblasts in the
periodontal tissue play an important role in the con­
trol of oral pathologies.11 Therefore, we investigated
the effect of TSCs on cellular senescence in peri­
odontal ligament fibroblasts. Moreover, because
periodontal tissue is constantly subjected to physi­
ological and/or non­physiological forces such as oc­
clusion, cleaning, tapping, and orthodontic treat­
ment, we also examined the influence of mechani­
cal stimulation on the senescent periodontal liga­
ment fibroblasts.
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MATERIALS AND METHODS

Preparation of TSCs
TSCs were prepared following the procedure previ­
ously reported with an apparatus originally de­
signed in the Department of Chemistry, Osaka
Dental University.12 Smoke from 20 cigarettes
(Seven Stars, Japan Tobacco, Tokyo, Japan) was
channeled into a collection bottle in the apparatus
and solubilized with 100 mL of 99.5 vol% ethanol
(Fujifilm Wako Pure Chemicals, Osaka, Japan ) .
The solution was then evaporated and re­
solubilized with Dulbecco’s Modified Eagle Medium
(DMEM, Fujifilm Wako Pure Chemicals) to obtain
TSCs (50 μg/mL).

Cell culture
Normal human periodontal fibroblasts ( HPdLF,
Walkersville, MD) were cultured in a growth me­
dium, Dulbecco’s Modified Eagle Medium (DMEM),
containing 10 vol% fetal bovine serum (Hyclone
Laboratories, South Logan, UT, USA) and 1 vol%
antibiotics (Fujifilm Wako Pure Chemicals) in a hu­
mid atmosphere of 5% CO2 at 37°C. The medium
was changed every 2 days and passaged every 4
days. HPdLFs with the passage number 6 were
used in this study.

Cell viability assay
HPdLFs (2.5×104 cells/well) were seeded in 96­
well plates (Thermo Fisher Scientific, Waltham, MA,
USA) and cultured in a growth medium for 2 days.
After confirming stable cell attachment, cell cultures
were started according to the schedule illustrated in
Fig. 1 A. In the single TSC (sTSC) group, the cells
were cultured with the growth medium containing
TSCs (50 μg/mL) at day 0 and the medium was
changed to the growth medium without TSCs every
2 days (days 2, 4 and 6) . In the multiple TSC
(mTSC) group, the cells were continuously cultured
with the growth medium containing TSCs while per­
forming a medium change every 2 days. In the con­
trol group, cells were cultured with a normal growth
medium without TSCs. Viability of cells at days 2, 4
and 7 in each group was evaluated using Cell

Counting Kit­8 (Dojindo Laboratories, Kumamoto,
Japan) according to the manufacturer’s instructions.

Identification of cellular senescence
In an 8­well slide chamber (WATSON, Kobe, Ja­
pan), HPdLFs (5.0×104 cells /well ) were seeded
and cultured using the same procedures and
schedule for the multiple TSCs and control groups
listed in Fig. 1 A. Follow­up evaluations for cellular
senescence were performed on days 2, 4 and 6.
Senescence­associated β ­galactosidase (SA­β ­

gal) activity was evaluated using the cellular senes­
cence detection kit­SPiDER­βGal (Dojindo Labora­
tories ) following the manufacturer’s instructions.
Bafilomycin A 1 working solution was added and in­
cubated in a 5% CO2 incubator at 37°C for 1 hr.

Fig. 1 Effect of tobacco smoke component treatment on
the proliferative activity of human periodontal ligament fi­
broblasts (HPdLFs ) . (A ) Experiment timeline for each
group. Arrows (↑) and down­pointing triangles (▽) indicate
the timing for changing the medium containing TSCs (50
μg/mL) and evaluating the cellular viability, respectively.
(B) Time profiles of HPdLF viability after treatment of each
group (●Control,▲Single TSCs (sTSCs),■Multiple TSCs
(mTSCs), ††††p＜0.0001 by ANOVA).
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Then, SPiDER­βGal working solution containing 1
μg of Hoechst 33342 (Dojindo Laboratories) was
added and placed in a 5% CO2 incubator at 37°C
for 30 min. The solution was aspirated and the
chamber was washed with phosphate­buffered sa­
line (PBS).
Immunofluorescent staining for γ H2AX was per­

formed following the manufacturer’s instructions us­
ing the DNA damage detection kit­γ H2AX (Dojindo
Laboratories). Cells were fixed with 4% paraformal­
dehyde for 15 min at room temperature and perme­
abilized with 0.25% Triton X­100/PBS solution for 5
min, followed by blocking with 1% bovine serum al­
bumin (BSA; Sigma­Aldrich, Burlington, MA, USA).
After adding the anti­γ H2AX antibody to the cells,
secondary antibodies conjugated with green fluo­
rescent were added and the slide was mounted
with DAPI­Fluoromount­GⓇ (Southern Biotech, Bir­
mingham, AL, USA).
For p16 and p21 immunofluorescent staining,

cells were fixed in 4% paraformaldehyde for 15 min
at room temperature and permeabilized with 0.3%
Triton X­100 in PBS buffer for 5 min. Thereafter,
cells were incubated with anti­p16­INK 4 A antibody
(1 : 50, Proteintech Group, Rosemont, IL, USA) or
anti­p21 antibody (1 : 100, Proteintech Group) for 1
hr at 37°C. After adding the anti­Goat IgG antibody
conjugated with Alexa FluorⓇ 488 (1 : 300, Thermo
Fisher Scientific), the slide was mounted with DAPI­
Fluoromount­GⓇ.
Sample observation was carried out using confo­

cal laser microscopy (LSM­700; Zeiss Microscopy,
Jena, Germany) for SA­β ­gal activity or fluorescent
microscopy (BZ­9000; Keyence, Osaka, Japan) for
γ H2AX, p21, and p16 expression. All images ob­
tained were counted using Image J ver. 1.51 j 8
(National Institutes of Health, Bethesda, MD, USA)
and the percentage of positive cells was calculated.
Quantitative polymerase chain reaction (qPCR)

analysis was performed for cells (1.0×105 cells /
well) cultured in a 24­well plate (Thermo Fisher Sci­
entific). Total RNA was extracted from the cells at
days 2 and 7 using the RNeasy Mini Kit (Qiagen,
Hilden, Germany). Reverse transcription was then
performed using a SuperScriptTM VILOTM cDNA Syn­

thesis Kit ( Thermo Fisher Scientific ) . Real time
qPCR was performed on a StepOnePlusTM Real­
Time PCR System (Thermo Fisher Scientific) with a
solution including TaqManTM Fast Advanced Master
Mix (Thermo Fisher Scientific), TaqManTM Gene Ex­
pression Assay (Thermo Fisher Scientific) for p16
(CDKN2A, Hs00923894_m1) and p21 (CDKN1A,
Hs00355782_m1 ) , and cDNA was obtained as
above. The PCR conditions were as follows : at
95°C for 10 min, followed by 45 cycles of denatura­
tion (at 95°C for 15 sec) and annealing (at 60°C for
60 sec). A comparative threshold cycle (Ct) method
was used to calculate the level of mRNA expres­
sion.

Effect of stretching stimulation on cellular se-
nescence
To investigate the effect of stretching stimulation on
cellular senescence, 6 experimental groups were
set according to the schedule illustrated in Fig. 3 A.
HPdLFs (2.5×104 cells/well) were seeded in 4­well
stretch chambers ( 15× 15× 10 mm, STREX,
Osaka, Japan) and coated with fibronectin (Merck
KGaA, Darmstadt, Germany ) . For the stretching
culture, the chamber with cells was treated on an
automated cell stretching system (STREX) and in­
termittently stretched at a strain of 20% and fre­
quency of 10 times/min for 2 days.
After finishing the culture, real time PCR was

performed following the same procedures described
above using primers for human receptor activator of
nuclear factor­kappa B ligand (RANKL, Sino Bio­
logical, Kanagawa, Japan), osteoprotegerin (OPG;
Sino Biological), p21 (Thermo Fisher Scientific), p
16 (Thermo Fisher Scientific), tumor necrosis factor
(TNF) ­α (Sino Biological ) , and interleukin ( IL) ­6
(Sino Biological).

Statistical analysis
Statistical analyses were performed using Microsoft
Excel software statistics package (version 2209).
Statistical significance was assessed by one­way
analysis of variance (ANOVA), with Dunnett’s test
and Tukey ­Kramer test, and by Student’s t­test.
Graphs were prepared in GraphPad Prism (version
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6.01).

RESULTS

Continuous exposure of TSCs inhibited the pro-
liferative activity of HPdLFs
The viability of cells treated by different procedures
was evaluated to investigate the effect of TSC
treatment on the proliferative activity of HPdLFs in
vitro (Fig. 1). Cell viability was suppressed by TSC
while the extent of suppression was influenced by
the frequency of exposure to TSCs. In the sTSC
group, cell viability was temporally suppressed and
later returned to normal after removal. Meanwhile,
cell viability in the mTSC group was constantly sup­
pressed during the TSC treatment. These results
clearly indicate that continuous use of TSCs results
in long­term inhibition of proliferative activity of
HPdLFs.

Continuous exposure to mTSCs induced senes-
cence in HPdLFs
Several senescence­related proteins were fluores­
cently visualized to investigate whether continuous
treatment with TSCs induces senescence in
HPdLFs (Fig. 2 A). HPdLFs continuously exposed
to mTSCs possessed the activity of SA­β ­gal and
expressed the senescence­related proteins γ H2AX,
p21 and p16. The percentages of cells expressing
these markers that were continuously exposed to
mTSCs was significantly higher than for those not
exposed to TSCs. The expression level of p21 rap­
idly increased after TSC treatment while that of p16
gradually increased. A similar tendency was ob­
served in the expression level of these genes (Fig.
2 B). These results demonstrate that continuous
exposure to mTSCs induces senescence in
HPdLFs.

Stretching stimulation increased senescence in
HPdLFs
We evaluated the change in gene expression level
in senescent cells using the stretch culture in order
to explore the effect of stretch stimulation on cellu­
lar senescence (Fig. 3). The expression levels of
both RANKL and OPG genes decreased upon con­

tinuous exposure to mTSCs (Fig. 3 A). The expres­
sion level of RANKL genes in cells under stretch
conditions was significantly lower than those under
normal conditions. In contrast, no change in OPG
gene expression levels was observed on stretching
stimulation. When evaluated, the RANKL / OPG
value decreased on stretching stimulation. The ex­
pression level of both p21 and p16 genes in­
creased upon continuous exposure to mTSCs and
further increased on stretching stimulation (Fig. 3
B). The expression level of both TNF­α and IL­6
genes also increased following continuous expo­
sure to TSCs and stretching stimulation (Fig. 3 C).
These results demonstrate that stretching stimula­
tion increased senescence in HPdLFs.

DISCUSSION

The present study reveals that a continuous treat­
ment of mTSCs induces cellular senescence in
HPdLFs and that stretching stimulation further in­
creases cellular senescence. Several studies have
demonstrated that smoking causes cellular senes­
cence in periodontal tissue cells.13 However, there
are no reports examining the effect of tobacco com­
ponents on senescence in periodontal ligament fi­
broblasts. Moreover, no study has evaluated the in­
fluence of mechanical stimulation on cellular senes­
cence. To the best of our knowledge, this is the
first study investigating the effect of the simultane­
ous action of tobacco components and mechanical
stimulation on the senescence of periodontal liga­
ment fibroblasts.
HPdLFs continuously exposed to mTSCs had

characteristics of cellular senescence such as an
inhibited proliferation (Fig. 1), increased SA­β ­gal
activity, and increased expression of senescence­
related proteins and genes (Fig. 2). It is well known
that cellular senescence is induced through signal
pathways of ataxia telangiectasia mutated (ATM)­
p53­p21 and p16­retinoblastoma protein ( pRb ) .14

Based on these results, it is likely that some mole­
cules in TSCs are involved in triggering these path­
ways. Nicotine is one of the most comparable can­
didate molecules. Our previous study revealed that
TSCs contain 7.9 w/w% nicotine.12 A preliminary ex­
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Fig. 2 Identification of HPdLF senescence after TSC treatment. The experiment timeline of the control or mTSCs groups is
the same as that for the viability experiment (Fig. 1 A). (A) Representative fluorescent staining of cellular senescence markers
(SA­β ­gal, γ H2AX, p21 and p16) for HPdLF at 2, 4 and 7 days after mTSC treatment, and the percentage of positive cells
(Bar: 100 μm). (B) Relative expression level of p21 or p16 genes for HPdLF at 2 and 7 days after mTSC treatment (*p＜0.05,
**p＜0.01, ***p＜0.001, ****p＜0.0001 by Student’s t­test, †p＜0.05, ††p＜0.01, †††p＜0.001, ††††p＜0.0001 by ANOVA).

Vol. 57, No. 1 TSC­induced senescence in HPdLFs 51



Fig. 3 Effect of stretching stimulation on the level of gene expression for HPdLF after TSC treatment. (A) Experi­
ment timeline of each group. Arrows (↑) and down­pointing triangles (▽) indicate the timing for changing medium
containing the TSCs (50 μg/mL) and for evaluating the gene expression, respectively. In the ST (＋) groups, the
stretching stimulation was performed over 2 days indicated by two direction arrows (↔). The expression level (B) is
shown for bone metabolism­related genes (RANKL, OPG, and RANKL/OPG), (C) senescence­related genes (p21 and
p16), and (D) SASP­related genes (TNF­α and IL­6) for HPdLF after treatment of each group (*p＜0.05, **p＜0.01,
***p＜0.001, ****p＜0.0001 by Student’s t­test, †p＜0.05, ††p＜0.01, †††p＜0.001, ††††p＜0.0001 by ANOVA).
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periment demonstrated that the proliferative activity
of HPdLFs continuously exposed to nicotine was
similar to that of when exposed to TSCs at the
same concentration (data not shown). This result
implies that other molecules are involved in cellular
senescence. The numerous molecules in TSCs,
more than 5,000 molecules, are not identified at
present.
Expression level of various genes in the senes­

cent HPdLFs was changed by stretching stimulation
(Fig. 3 ) . The ratio of RANKL and OPG genes
( RANKL / OPG ratio ) tended to decrease after
stretching stimulation (Fig. 3 B). This tendency was
reported in non­senescent, normal HPdLFs, which
agrees with previous studies.15 However, the reason
why the RANKL/OPG ratio decreased by cellular
senescence is unclear. In addition, stretching stimu­
lation increased the expression level of senescence­
related genes p21 and p16 in both non­senescent
and senescent HPdLFs ( Fig. 3 C ) . This result
clearly showed that stretching stimulation could be
a factor causing cellular senescence, which is con­
sistent with other studies.16 It is well recognized that
cellular senescence induces the production of
SASPs. As expected, the expression level of TNF­α
and IL­6 genes of SASPs increased on stretching
stimulation (Fig. 3 D).
There are two limitations in this study. First, the

mechanism of cellular senescence by TSCs is not
elucidated. As shown in Fig. 2, p21 was expressed
rapidly after mTSCs treatment, while p16 was ex­
pressed slowly. This result implies that initial cellu­
lar senescence is governed by the activation of the
ATM­p53­p21 pathway and that continuous treat­
ment by mTSCs activates the pRb pathway. This
point should be clarified in future studies using cell
biological techniques. Second, only stretching
stimulation was used to investigate the effect of
mechanical stimulation on the cellular senescence.
Other mechanical stimulations such as compres­
sion will help to better understand the relationship
between mechanical stimulation and cellular senes­
cence.
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