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Hydrogen sulfide inhibits cell
proliferation and induces cell
cycle arrest via an elevated

p21%P1 |evel in Ca9-22 cells
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Background and Objective: Volatile sulfur compounds such as hydrogen sulfide
(H,S) and methyl mercaptan (CH3;SH) are the main causes of oral malodor.
However, the physiological functions of H,S have not been investigated in oral
tissues. The aim of this study was to evaluate the effect of H,S on cell proliferation
and the cell cycle in oral epithelial-like cells.

Material and Methods: Ca9-22 cells were used in this study. Cells were cultured in
5% C0O,/95% air with (5 or 10 ng/mL) or without H,S. DNA synthesis was
measured using a 5-bromo-2-deoxyuridine enzyme-linked immunosorbent assay.
The cell cycle was analyzed using a flow cytometer. The expressions of phos-
phorylated retinoblastoma protein (Rb), p21<P! and p27%P! were evaluated by
western blotting.

Results: Exposure to 5 and 10 ng/mL of H,S significantly decreased DNA syn-
thesis (p < 0.05). Cell cycle analysis also showed that exposure to both concen-
trations of H,S significantly increased the proportion of cells in G, phase
(p < 0.001) and significantly decreased the proportion of cells in S phase
(p < 0.01). Western blotting showed that Rb phosphorylation was reduced and

p21€P! was enhanced by exposure to H,S.

Conclusion: The results indicated that H,S inhibits cell proliferation and induces
cell cycle arrest via the expression of p21<P! in Ca9-22 cells.

© 2007 The Authors.

Journal compilation © 2007 Blackwell Munksgaard

JOURNAL OF PERIODONTAL RESEARCH
doi:10.1111/j.1600-0765.2007.00999.x

H. Takeuchi', T. Setoguchi’,
M. Machigashira’, K. Kanbara',

Y. Izumi?

"Department of Periodontology, Kagoshima
University Graduate School of Medical and
Dental Sciences, Kagoshima, Japan and
2Periodontology, Department of Hard Tissue
Engineering, Graduate School, Tokyo Medical
and Dental University, Tokyo, Japan

Prof. Yuichi Izumi, DDS, PhD, Periodontology,
Department of Hard Tissue Engineering,
Graduate School, Tokyo Medical and Dental
University, 1-5-45, Yushima, Bunkyo-ku, Tokyo,
113-8510, Japan

Tel/Fax: +81 3-5803-5486

e-mail: y-izumi.peri@tmd.ac.jp

Key words: cell cycle; cell proliferation; hydrogen
sulfide; oral malodor

Accepted for publication February 4, 2007

Oral malodor is principally caused by
volatile sulfur compounds such as
hydrogen sulfide (H,S) and methyl
mercaptan (CH3SH) (1-3). These
compounds are produced through the
putrefaction of proteins by micro-
organisms in the oral cavity (4,5),
mainly in the gingival sulcus, the ton-
gue dorsal surface and other mucous
surfaces (6,7). Previous studies have
shown that the levels of volatile sulfur
compounds in mouth air increase with
the severity of periodontal disease

(1,6,8), and the levels of volatile sulfur
compounds were also shown to be ele-
vated in periodontal pockets (4,9-13).
Furthermore, the CH3SH/H,S ratio is
increased in patients with periodontal
disease (6), suggesting physiological
functions of CH3SH in the oral cavity.
The synthesis of total protein, DNA
and collagen decrease in human gingi-
val fibroblasts exposed to CH3;SH (14—
16). Interleukin-1, prostaglandin E,
and collagenase activities during the
immunological response were also

shown to increase in human gingival
fibroblasts exposed to CH;SH (17).
CH;SH also activates the production
of interleukin-6 in human pulp fibro-
blasts (18). These studies suggest that
CH3;SH might contribute to the initi-
ation and progression of inflammation
and periodontal disease. We also
reported that CH3SH inhibits the
growth and proliferation of oral epi-
thelial cells (19). However, little is
known about the physiological effect of
H>S in the oral cavity.



In recent years, endogenous H,S was
identified as the third gas transmitted,
following nitric oxide and carbon
monoxide. As a result, many studies on
the physiological functions of H,S
have been conducted with regard to
systemic diseases. Among these studies,
it has been reported that H,S inhibits
cell proliferation in HEK-293 cells (20)
and in rat vascular smooth muscle cells
(21). However, it remains
whether H,S inhibits cell proliferation
in oral epithelial cells, and whether its
mechanism is different from that of
CH;SH.

The purpose of the present study
therefore was to investigate the effects
of H,S on cell proliferation and the cell
cycle in a human gingival epithelial cell
line (Ca9-22) with the aim of elucida-
ting the physiological functions of H,S
in the oral cavity.

unclear

Material and methods

Cell culture with H,S

The human gingival epithelial cell line,
Ca9-22, was purchased from the
Japanese Collection of Research Bio-
resources (Osaka, Japan). Cells were
maintained in Eagle’s minimum essen-
tial medium supplemented with 10%
fetal bovine serum. After 24 h, the
culture medium was changed and the
cells were exposed to H,S (5 or 10 ng/
mL), as described by Johnson ef al.
(15). Briefly, test (with H,S) and con-
trol (without H,S) cultures were incu-
bated simultaneously in separate
humidified sealed chambers perfused
with a 95% air/5% CO, gas mixture.
The inlet line leading to the test
chambers was connected to a Perm-
eater (PD-1B; Gastec Co., Kanagawa,
Japan) containing a calibrated per-
meation tube (Gastec Co.) used to emit
a certain concentration of H,S into the
air mixture. As stimulation with H»S in
the present study was independent, the
control group was shown, respectively.

Cell viability assay

Cellular viability was determined by
Trypan Blue dye exclusion. The cells
were seeded in a six-well plate and
exposed to H,S (5 or 10 ng/mL) for
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24 h, then trypsinized and resuspended
in phosphate-buffered saline. After
staining with Trypan Blue, viable cells
in five fields of view were counted using
a hemocytometer.

Lactate dehydrogenase assay

The cytotoxicity of H,S was measured
using a cytotoxicity detection kit
(Roche Diagnostics, Penzberg, Ger-
many). Lactate dehydrogenase activity
released from cells was determined
according to the manufacturer’s
instructions. Briefly, cells were seeded
in a 96-well plate and exposed to H,S
(5 or 10 ng/mL) for 24 h. Maximum
release of lactate dehydrogenase was
obtained by adding 100 pL of 2%
Triton X-100 to untreated cells. After
centrifugation, 100 pL of each sample
was incubated with 100 uL of lactate
dehydrogenase assay reagent for
30 min at room temperature. The
absorbance of samples was then
measured at 490 nm. The percentage of
lactate dehydrogenase release was
determined by dividing the lactate
dehydrogenase released by the cells by
the maximum lactate dehydrogenase
release multiplied by 100.

DNA synthesis

Cells (5 x 10*/mL) were seeded in a 96-
well plate and exposed to H,S (5 or
10 ng/mL) for 24 h. DNA synthesis
was measured using a 5-bromo-2’-
deoxyuridine enzyme-linked immuno-

sorbent assay (ELISA) kit (Cell
Proliferation ~ ELISA,  5-bromo-2-
deoxyuridine; Roche Diagnostics).

5-Bromo-2-deoxyuridine was added to
the medium during the last 2 h of
incubation. After fixation, the 5-bro-
mo-2-deoxyuridine incorporated into
the cells was assessed using the assay
kit, in accordance with the manufac-
turer’s instructions.

Cell cycle analysis

Cells (5 x 10*/mL) were seeded in 100-
mm dishes, exposed to H,S (5 or
10 ng/mL) for 24 h, then fixed with ice-
cold 70% ethanol. Cells were washed
twice in phosphate-buffered saline then
treated with 150 pg/mL of RNase

(Sigma, St Louis, MO, USA) at room
temperature for 30 min and resus-
pended in phosphate-buffered saline
containing 50 ug/mL of propidium
iodide (Sigma). DNA fluorescence was
measured using a flow cytometer
(EPICS XL; Beckman Coulter, Full-
erton, CA, USA).

Western blotting

Cells were exposed to H»S (10 ng/mL)
for varying times and then treated with
Isogen (Nippon Gene, Tokyo, Japan).
Protein concentrations were deter-
mined using the bicinchoninic acid
Protein Assay Reagent (Pierce, Rock-
ford, IL, USA). Extracts containing
the same amounts of protein (20 pg)
were separated by 7.5 or 12.5% sodium
dodecyl sulfate—polyacrylamide gel
electrophoresis and transferred to
poly(vinylidene difluoride) membranes
(Immobilon; Millipore, Billerica, MA,
USA). Membranes were blocked in
blocking buffer (Block Ace Powder;
Dainippon, Osaka, Japan) then probed
with anti-Rb (1 : 500; Pharmingen,
San Diego, CA, USA), anti-p21°P!
(1 : 2000; Cell Signaling, Beverly, MA,
USA), anti-p27%"! (1 : 2500; Pharm-
ingen) and anti-B-actin (1 : 4000; Sig-
ma) primary antibodies followed by
incubation with alkaline phosphatase-
conjugated antimouse secondary anti-
body (Promega, Madison, WI, USA).
The proteins were detected using
5-bromo-4-chloro-3-indolyl-phosphate/
nitroblue tetrazolium (Color Develop-
ment Substrate; Promega) as a sub-
strate of alkaline phosphatase.

Statistical analysis

Data are expressed as means =+
standard deviation. The Student’s
t-test for unpaired samples was used to
compare mean values between the
control and test groups. A p-value of
less than 0.05 was considered statisti-
cally significant.

Results

Necrosis assay

To determine whether necrosis of Ca9-
22 was induced by exposure to H,S, we
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Table 1. Necrosis of Ca9-22 cells treated with H,S

Cell viability (%)

Cytotoxicity (%)

Control 97.6 + 0.59
H,S 5 ng/mL 974 £ 0.73
Control 96.2 + 0.49
H,S 10 ng/mL 95.5 £ 0.66

0.53 £ 1.92
1.43 + 1.49
2.68 £ 6.16
248 + 443

Necrosis was evaluated 24 h after exposure to 5
dye exclusion test and by monitoring the enzyma

or 10 ng/mL of H,S using the Trypan Blue
tic activity of lactate dehydrogenase released

into the culture medium. Values represent the means = standard deviation of four replicates.

There were no significant differences compared

examined the results of the Trypan
Blue dye-exclusion test and lactate
dehydrogenase activity. As shown in
Table 1, there were no statistical dif-
ferences between the groups in cellular
viability and cytotoxicity. The most
head of stimulation time that we used
was 24 hours, therefore necrosis was
not induced by H,S in this study.

DNA synthesis

The Ca9-22 cells were exposed to 5 or
10 ng/mL of H,S for 24 h. The effect
of H,S on DNA synthesis was
determined using the 5-bromo-2-de-
oxyuridine =~ ELISA.  Figure 1A,B
shows that both concentrations of
H,S significantly decreased the incor-
poration of 5-bromo-2-deoxyuridine
into DNA.

Cell cycle analysis

To determine whether the observed cell
growth inhibition was caused by cell
cycle arrest, the distribution of cells in
different phases of the cell cycle was
examined 24 h after exposure to 5 or
10 ng/mL of H,S. Flow cytometric
analyses of the DNA content revealed
that both concentrations of H,S signi-
ficantly increased Gj-phase popula-
tions and significantly decreased
S-phase populations (Fig. 2A,B and
Table 2).

Rb phosphorylation and p21"! and
p27XiP! expression, as determined by
western blotting

Western blot analysis was performed
to investigate Rb phosphorylation and
the expression of p21<'P! and p27%P!
after exposure to 10 ng/mL of H,S for
0, 6, 12, 18 and 24 h. Rb phosphory-

with the control.
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Fig. 1. Effect of H,S on DNA synthesis in
Ca9-22 cells. Cells were cultured with 5 ng/
mL (A) or 10 ng/mL (B) of H,S for 24 h,
then 5-bromo-2-deoxyuridine incorporation
into the DNA was measured using a
S-bromo-2-deoxyuridine
immunosorbent assay kit. Values represent
the means 4 standard deviation of five

enzyme-linked

replicates. *, p < 0.05 compared with the
control.

lation was inhibited by exposure to
H,S (Fig. 3). The expression of p21<P!
was enhanced after exposure to H,S
for 6 h and elevated in a time-depend-
ent manner. There was no difference in
the expression of p27%P! compared
with the control (Fig. 4).

Discussion

In present study, we aimed to investi-
gate the effects of H,S on cell prolif-
eration and the cell cycle in oral
epithelial cells. Ca9-22 cells have been
used in previous studies as a culture
model of oral epithelial cells (22-25)
because Ca9-22 cells are well-charac-
terized epithelial cells that are epithe-
lial-like in morphology and produce
epidermal growth factor receptor
extensively (26). We also thought that
Ca9-22 cells would be an optimal
model of oral epithelial cells in this
study.

Recent studies have indicated that
volatile sulfur compounds may con-
tribute to the etiology of periodontal
disease (27). It has been reported that
subgingival bacterial species (Prevotella
intermedia, Tannerella  forsythus,
Treponema denticola) associated with
periodontal diseases were detected in
sulfide-positive periodontal pockets
(28). These studies have described
the relationship between CH3SH and
periodontal conditions, because
CH;SH is present at a relatively high
concentration in patients with perio-
dontal disease (6). Most reports on H»S
have focused on the toxicological effects
rather than on physiological functions,
and, furthermore, the physiological
functions of H,S in oral tissues remain
almost unknown despite the fact that
H.S is the principal cause of physiolo-
gical halitosis.

In recent years, a number of studies
have demonstrated that endogenous
H,S is a gas transmitter, along with
nitric oxide and carbon monoxide (29).
The physiological effects of H,S on the
cardiovascular system and neuromod-
ulates have been also reported (e.g.
H,S inhibits cell proliferation by the
modulation of extracellular signal-
regulated kinase 1/2 phosphorylation
and the expression of p21<P' in HEK-
293 cells) (20). Moreover, Du et al.
(21) reported that H,S suppresses the
proliferation of rat vascular smooth
muscle cells through the mitogen-acti-
vated protein kinase pathway and
suggested that endogenous H,S is a
vital modulator in cardiovascular
physiology and  pathophysiology.
Similarly to the results of these reports,
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Fig. 2. Effect of H,S on cell cycle progression in Ca9-22 cells. Cells were cultured with 5 ng/mL (A) or 10 ng/mL (B) of H,S for 24 h. The cell
cycle distribution in the Gy, S and G, phases was measured using a flow cytometer. The results shown are representative of those from the four

independent experiments.

Table 2. The population of Ca9-22 cells, in the presence or absence of H,S, in G, S and G,

phases

%G, %S %G,
Control 36.7 = 2.0 34.6 + 4.0 28.7 + 3.2
H,S 5 ng/mL 60.2 £ 2.4%%* 23.6 + 3.0%* 16.3 £ 3.7%*
Control 324 + 3.7 436 + 2.0 24.1 + 2.1
H,S 10 ng/mL 55.8 £ 6.2%%* 18.4 £ 5.8%%* 258 + 5.8

Cells were exposed to H,S at the indicated concentrations for 24 h. The cell cycle distribution
was measured with a flow cytometer. Values represent the means + standard deviation of
four independent experiments. **, p < 0.01; *** p < 0.001 compared with the control.

we indicated that H,S induced G,
phase arrest in Ca9-22 cells. Along
with nitric oxide and carbon mono-
xide, it has been implied that H,S is
able to infiltrate the three-dimensional
structure of receptors, enzymes and
channels, and presumably alter their

conformation to affect function (30). In
Ca9-22 cells, it was suggested that H,S
penetrated the plasma membrane and
mediated the cell cycle.

Rb protein is known to control cell
cycle progression during G; phase
transition, in response to extracellular

signals for growth inhibition, and Rb
phosphorylation has an important role
in the expression of genes with the
products affecting the cell cycle (31). The
cyclin-dependent kinase complex phos-
phorylates Rb protein and is negatively
regulated by p21°P! and p27%P! as
both are cyclin-dependent kinase inhib-
itors (31-36). In the present study, we
demonstrated that H,S inhibited Rb
phosphorylation and increased p21<P!
expression, and indicated that H,S
induced cell cycle arrest in Ca9-22 cells.
p53 is a known transcription factor of
p21€P! (37) and plays a role in DNA
damage and apoptosis (38). In this
study, the expression of p21<P! was
elevated, suggesting that H,S may acti-
vate the p53 pathway. H,S did not affect
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Fig. 3. Effect of H,S on retinoblastoma protein phosphorylation in Ca9-22 cells. Cells were
cultured with 10 ng/mL of H,S for 0, 6, 12, 18 or 24 h. The expressions of retinoblastoma
protein and B-actin were analyzed by western blotting. Extracts containing the same amounts
of protein (20 pg) were separated by 7.5% sodium dodecyl sulfate—polyacrylamide gel
electrophoresis. pRb, hypophosphorylated retinoblastoma protein; ppRb, hyperphosphor-

ylated retinoblastoma protein.
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Fig. 4. Effect of H,S on p21°P! and p27%"P! levels in Ca9-22 cells. Cells were cultured with
10 ng/mL of H,S for 0, 6, 12, 18 or 24 h, then the expressions of p21<P!, p27XiP! and B-actin
were analyzed by western blotting. Extracts containing the same amounts of protein (20 pg)
were separated by 12.5% sodium dodecyl sulfate—polyacrylamide gel electrophoresis.

the expression of p27%"!, possibly indi-
cating a peculiar effect of H,S that was
dependent on the cell line used.

In a previous study we reported that
CH3SH (50 ng/mL) inhibited the cell
growth and cell proliferation of oral
epithelial cells by inducing necrosis,
and suggested that CH;SH might have
a important role in the periodontal
pathogenic mechanism by causing the
barrier function of the gingival epithe-
lium to be lost (19). However, exposure
to CH3SH (50 ng/mL) for 24 h did not
induce cell cycle arrest (data not
shown). The present study suggested
that H,S inhibits gingival epithelial cell
proliferation by a different mechanism
from that of CH;SH.

The concentrations of H»S (3.5 and
7 p.p.m.) used in this study were
higher than that in normal mouth air,
but, although rare, a concentration
of 3.5 p.p.m. of H,S is detected in
patients with severe oral malodor.
Perrson et al. reported that the highest

concentration of H»S in gingival cre-
vicular fluid was 1.9 mm (39), which is
equivalent to 64.8 p.p.m. It is there-
fore thought that H,S is more con-
centrated in local areas like deep
periodontal pockets and therefore
higher than the concentrations used in
this study. It is suggested that H,S
might inhibit epithelial cell prolifer-
ation in deep periodontal pockets and
contribute to delayed epithelial repair.
Further study is therefore required
to clarify the molecular mechanisms
underlying the pathological effects
of st

In conclusion, our study demon-
strated that H,S decreased DNA syn-
thesis and induced G, phase arrest via
an elevated p21°P! level in Ca9-22
cells. This study is an initial experiment
in investigating the relationship
between periodontitis and H,S and a
first step in the investigation of the
physiological functions of H,S in the
oral cavity.
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