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Background and Objective: Hydrogen sulfide (H2S) is a volatile sulfur compound

responsible for physiological halitosis. H2S was also reported as having peri-

odontal pathologic activities. Gingival crevicular epithelium is the first barrier

against periodontal pathogens and their products; oral keratinocyte stem cells

OKSCs play key roles in maintaining this barrier. The p53 pathway is responsi-

ble for regulating key biological events. Increased apoptosis and cell-cycle arrest

of DNA repair can affect keratinocyte stem cells, having a direct impact on the

architecture of the oral epithelial tissue. However, the link between H2S, p53

activity and OKSCs has not yet been fully explored. The main objective of the

present study was to explore the implications of the p53 pathway in OKSCs

following exposure to H2S.

Material and Methods: OKSCs were isolated from human gingival epithelium

and incubated with physiological levels of H2S for 24 and 48 h. Apoptosis and

the mitochondrial membrane potential were detected using flow cytometry.

Cytochrome c, total p53, phosphorylated p53 and caspase activity were assessed

using specific ELISAs. p53 Pathway gene activity was assayed using quantitative

RT-PCR.

Results: The levels of apoptosis were significantly increased following incubation

in the presence of H2S, especially after 48 h (36.95 ± 1.91% vs. 4.77 ± 0.74%).

Caspases 9 and 3 were activated, whereas caspase-8 activity remained low. Total

p53 activity and particularly phosphorylated p53 at serine 46, were significantly

enhanced compared with controls (47.11 ± 9.84 units/mL vs. 1.5 ± 0 units/mL

and 32.22 ± 10.23 units/mL vs. 0.15 ± 0 units/mL, respectively, at 48 h).

Among p53 pathway genes, apoptosis-related genes [i.e. phosphatase and tensin

homolog (PTEN), B-cell CLL/lymphoma 2 (BCL2), sirtuin 3 (SIRT3) and casp-

ases]) were dramatically increased when compared with controls. Moreover, cell-

cycle progression genes [i.e. E2F transcription factor (E2F) family and histone

deacetylase (HDAC)] and DNA-repair genes [i.e. growth arrest and DNA-dam-

age-inducible, gamma (GADD45G) family and serine/threonine-protein kinase

Chk2 (CHEK2)] were also increased.
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Conclusion: Following incubation with H2S, OKSCs express multiple p53-associ-

ated genes, including programmed cell death, cell-cycle control and DNA-repair

genes.

Volatile sulfur compounds (VSCs),

mainly composed of in-mouth air, are

the only compounds that correlate

with oral malodor strength. Among

VSCs produced mainly by periodontal

pathogens in the oral cavity, particu-

larly those coating the tongue, hydro-

gen sulfide (H2S) is the main gas

responsible for oral malodor, espe-

cially in physiological halitosis, and

methyl mercaptan (CH3SH) is present

at a higher level than H2S in mouth

air from periodontal patients (1–5).
Previous research reported a strong

connection among the development of

periodontal disease, periodontal

pathogens and H2S (3,4). Ratkay

et al. suggested that the effects of

VSCs on periodontal tissues are simi-

lar to those induced by lipopolysac-

charide. Namely, VSCs, such as

CH3SH, can significantly enhance the

secretion of prostaglandin E2, cyclic

AMP and procollagenase by human

gingival fibroblasts, and also stimulate

mononuclear cells to produce interleu-

kin-1, which can increase cyclic AMP

production. Moreover, the activity of

cathepsin B was also significantly

enhanced (6).

H2S can induce osteoclast differen-

tiation in the alveolar bone (7,8), sup-

press collagen synthesis and increase

collagen degradation (9,10), inhibit

the proliferation of oral epithelial (11)

and fibroblastic (12) cells, and delay

wound healing in vivo (9). VSCs also

increase the permeability of the base-

ment membrane to prostaglandin E2

or lipopolysaccharides (13). More-

over, studies on the relationship

between apoptosis and periodontitis

demonstrate that apoptosis – pro-

grammed cell death – plays a critical

role in inflammation and in the

immune response, contributing to

periodontal pathology (5,12–14). We

have also described the pro-apoptotic

effects of H2S on oral tissues such as

human gingival fibroblasts (14,15),

human gingival keratinocytes (16) and

osteoblasts (7). Together with the

activation of apoptosis, physiological

levels of H2S in the gingival crevice

have also been shown to cause oxida-

tive stress, genomic DNA damage

and stabilization of tumor suppressor

protein p53 in keratinocyte stem cells

(14–17). The oral epithelium is the

first barrier against microbiological,

chemical or physical insults. The

integrity of this barrier is highly

dependent on the continuous activity

of oral keratinocyte stem cells (OK-

SCs). Tissue homeostasis can there-

fore be disrupted by dysfunctions in

the activity of OKSCs. Cells respond

to genotoxic or cellular stress through

the p53 signaling pathway (18). p53

regulates a wide variety of biological

processes, such as cell-cycle inhibition

, growth arrest, DNA repair, senes-

cence or apoptosis (19). Excessive or

insufficient activity of these processes

can contribute to a wide range of dis-

eases, such as cancer, degenerative

disorders or viral infections (20).

In a previous study we showed that

p53 is activated and initiates mito-

chondrial apoptosis in keratinocyte

stem cells (17). However, owing to the

unavailability of OKSCs, we utilized

a keratinocyte stem-cell line origi-

nated from human skin. Therefore,

we have recently managed to isolate a

novel population of OKSCs from

human gingiva (21). Stem cells were

separated using a magnetic separation

technique and two markers – integrin

a6b4 (expressed only on basal kerati-

nocytes) and CD71 (a proliferation-

related marker). Cells with the

a6b4
pos CD71neg phenotype were char-

acterized as OKSCs (21). The previ-

ous study focused only on the

apoptotic process (17). Moreover, the

p53 pathway activity following expo-

sure of OKSCs to H2S has not yet

been fully understood. The specific

aim of the present study was to

explore the extensive molecular mech-

anisms underlying p53 pathway acti-

vation following exposure of a

population of OKSCs, separated from

human gingival epithelium, to H2S.

Material and methods

Separation and culture of OKSCs

All protocols were approved by the

Research Ethics Committee of Nip-

pon Dental University. Gingival tis-

sues were supplied by patients

undergoing oral surgery at Nippon

Dental University Hospital. Informed

consent was obtained from all

patients involved in the study. The

cells used in the experiments were

human OKSCs separated from

human gingival epithelium using a

protocol developed in our laboratory

(21). Tissues were subjected to enzy-

matic dissociation in 3 mg/mL of col-

lagenase (Sigma, St Louis, MO,

USA) and 4 mg/mL of Dispase II

(Sigma) for 24 h at 4°C. After treat-

ment, the epidermis and the connec-

tive tissue were separated. To obtain

viable single keratinocyte cells, the

epithelial sheets were treated with

0.05% trypsin (Sigma) for 30 min at

37°C. OKSCs were magnetically sepa-

rated using two markers – integrin-

a6b4 [mouse monoclonal (450-30A)

antibody to Integrin alpha 6 beta 4;

Abcam®, Tokyo, Japan] and a prolif-

eration-related marker, CD71 (Mi-

croBeads conjugated to monoclonal

mouse anti-human CD71 IgG2a;

Miltenyi Biotec Inc., Auburn, CA,

USA) – and a MACS® Separator

(Miltenyi Biotec Inc.). For magnetic

separation the cells were incubated

with a6b4-fluorescein isothiocyanate-

conjugated antibody (Abcam). The

cells were further reacted with goat

anti-mouse IgG MicroBeads (Miltenyi

Biotec Inc.), then the cell suspension

was loaded onto a column placed in

the magnetic field. The magnetically

labeled cells were retained in the col-

umn – a6b4
pos cell fraction – while
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the unlabeled cells ran through the

column (the a6b4
neg fraction). Further

a6b4
pos cell fraction was magnetically

labeled with CD71 MicroBeads. The

labeled CD71 cells were retained in

the column, while the unlabeled

CD71 cells ran through the column.

After both separations the total num-

ber of cells was divided into three

fractions: a6b4
neg (normal keratino-

cytes); a6b4
pos CD71pos (transit-ampli-

fying cells); and a6b4
pos CD71neg

(OKSCs). The cells with the

a6b4
pos CD71neg phenotype were used

in the H2S experiments.

For each experiment the cells were

cultured in 35-mm-diameter dishes

precoated with human collagen type

IV (20 lg/mL) (Sigma) at 36°C in an

atmosphere of 5% CO2 at 2 9 105

cells/dish and were allowed to attach

overnight. Before exposure to H2S,

the cells were washed with phosphate-

buffered saline and then placed in

fresh medium. The medium used was

EpiLife® Defined Growth Supplement

(EDGS) (Cascade Biologics, Portland,

OR, USA) supplemented with

0.25 lg/mL of Fungizone and

0.250 mg/mL of kanamycin. The sam-

ples were placed in an H2S incubation

system and incubated in 50 ng/mL of

H2S mixed with 5% CO2 in air for 24

and 48 h for apoptosis detection and

for 48 h for apoptotic pathway analy-

sis. In the medium, as a result of dif-

fusion, H2S concentration was found

to be 0.5 lM, a much lower concen-

tration than that found in gingival

crevicular fluids from periodontal gin-

gival tissues (5). Negative-control

samples were incubated in CO2 with-

out H2S.

The H2S incubation system consists

of an H2S permeator (PD-1B-2; Gas-

tec, Kanagawa, Japan) and H2S per-

meation tubes (Permeacal; Gastec)

and has been fully described previous-

lt work (14–17).

Flow cytometry

Flow cytometry was used to detect

apoptosis and mitochondrial mem-

brane potential, as described later.

Data acquisition was performed using

the Guava EasyCyte (Guava Technol-

ogies, Hayward, CA, USA) flow

cytometer. Data analysis was per-

formed using Guava CytoSoft soft-

ware.

Apoptosis detection

Early apoptosis and late apoptosis

which contains necrotic cells too were

detected using an apoptosis kit

(Guava Nexin PCA; Guava Technol-

ogies). The method of detection is

based on two fluorescent dyes – 7-am-

inoactinomycin D (7-AAD) and

Annexin V-phycoerythrin conjugate

(Annexin V-PE) – allowing direct

detection and quantification via flow

cytometry. Each experiment was per-

formed using 1 9 103 OKSCs.

Mitochondrial membrane potential

Membrane depolarization was ana-

lyzed by measuring the uptake, into

the mitochondria, of a cationic dye,

5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-
benzamidazolocarbocyanin iodide, also

known as JC-1. 7-AAD was used to

detect late apoptotic and necrotic

cells. Following incubation with H2S,

the cells were incubated with 2 lL of

JC-1 and 2 lL of 7-AAD for 30 min

and then analyzed by flow cytometry.

ELISA detection

A quantitative sandwich enzyme

immunoassay technique was employed

for cytochrome c, caspases 8, 9 and 3,

total p53 and phosphorylated p53.

The following kits were used: Cyto-

chrome C ELISA (Calbiochem,

Darmstadt, Germany) for cytochrome

c; Human caspase-8 ELISA Quantiki-

neTM (R&D Systems, Minneapolis,

MN, USA) for caspase-8; Human cas-

pase-9 ELISA QuantikineTM (R&D

Systems), for caspase-9; Human active

caspase-3 ELISA QuantikineTM (R&D

Systems) for caspase-3; Total p53

ELISA kit (Cyclex Co., Nagano,

Japan) for total p53; and Phospo-p53

Ser 46 ELISA kit, (CycLex Co.) for

phosphorylated p53. Samples, con-

trols and standards were pipetted into

wells precoated with a monoclonal

antibody specific for each marker.

Following a washing step, substrate

solution was added to the wells. After

another washing step, an enzyme-

linked monoclonal antibody specific

for each assay was added to all wells.

The absorbance was determined using

a microplate reader (Bio-Rad Bench-

mark Plus; Bio-Rad, Tokyo, Japan)

set to specific wavelengths.

Real-time RT-PCR analysis

For analyzing p53 signaling-associ-

ated genes we used a TaqMan® Array

Human p53 Signaling, Fast 96-well

Plate (Applied Biosystems, Foster

City, CA, USA). The plate contains

genes related to the p53 pathway with

key roles in cell-cycle control and

DNA damage and repair, the apopto-

tic process and cell senescence, as well

as signal transduction molecules and

transcription factors. The protocol

followed the manufacturer’s instruc-

tions. Briefly, the first step was to use

a reverse-transcription reaction to

obtain complementary DNA from

total RNA. The next step was the

reconstitution of the array plate using

10 lL of master mix and the comple-

mentary DNA sample. The plates

were run on a real-time PCR system

(StepOnePlus Real-Time PCR System;

Applied Biosystems) that allows the

quantification of RNA-expression

levels.

Statistical analysis

The results from five independent

experiments are presented as

mean ± standard deviation. Statistical

analysis was performed using one-way

analysis of variance. Statistical signifi-

cance was accepted at p < 0.05. The

levels of the relative quantification

were calculated using the 2�DDCt

method by the real-time PCR system

mentioned above (22).

Results

H2S-induced apoptosis

The results obtained using the Guava

EasyCyte results flow cytometer were

analyzed using Guava CytoSoft soft-

ware. Early apoptotic cells were

clearly separated, as reported previ-

ously (23). The number of early
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apoptotic cells was significantly

increased, in a time-dependent man-

ner, after both 24 and 48 h of incuba-

tion when compared with their

control groups (27.13 ± 1.88% vs.

2.79 ± 0.72% after 24 h of incubation

and 36.95 ± 1.91% vs. 4.77 ± 0.74%

at 48 h of incubation) (p < 0.05,

respectively, n = 6) (Fig. 1). At each

time point, late apoptotic and necrotic

events were found to be < 5%, and

no difference was found between the

control and test groups at any time

point.

Total p53 and phosphorylated p53

At each time point total levels of p53

which is tumor suppressor limits cellu-

lar proliferation by inducing cell-cycle

arrest and apoptosis in response to cel-

lular stresses such as DNA damage,

were significantly increased compared

to their respective controls (16–18)
(24.69 ± 6.45 units/mL vs. 1.5 ± 0

units/mL at 24 h and 47.11 ± 9.84

units/mL vs. 1.5 ± 0 units/mL at

48 h) (p < 0.05, n = 6) (Fig. 2A).

Phosphorylated p53 at serine 46, which

plays a critical role in p53-mediated

apoptosis, was also increased after

both 24 and 48 h (18.02 ± 4.26 units/

mL vs. 0.15 ± 0 units/mL at 24 h and

32.22 ± 10.23 units/mL vs. 0.15 ± 0

units/mL at 48 h) (p < 0.05, n = 6)

(Fig. 2B).

Cytochrome c and mitochondrial

membrane potential detection

Depolarized mitochondrial membrane

causes the release of cytochrome c,

which activates the caspase cascade

(14–17). The number of membrane-

depolarized cells was significantly

increased at each time point com-

pared with controls (28.53 ± 3.85%

vs. 5.78 ± 1.08% at 24 h and

48.18 ± 10.22% vs. 6.08 ± 2.89% at

48 h) (p < 0.01, n = 6). A significant

increase of cytochrome c in the cyto-

sol was also observed (0.26 ± 0.01 ng/

mL vs. 0.18 ± 0.01 ng/mL at 24 h

and 0.46 ± 0.05 ng/mL vs. 0.18 ±
0.01 ng/mL at 48 h) (p < 0.05,

n = 6).

Caspase activities

After incubation in H2S, caspase-3,

executer enzyme of apoptosis, was sig-

nificantly activated compared with

controls (14–17) (0.75 ± 0.19 ng/mL

vs. 0.20 ± 0.01 ng/mL at 24 h and

1.22 ± 0.23 ng/mL vs. 0.22 ± 0.23 ng/

mL at 48 h) (p < 0.05, n = 6). Signifi-

cant differences were also found

between caspase-9 activity, which acti-

vates caspase-3, in test groups com-

pared with their controls (6

.20 ± 1.19 ng/mL vs. 1.36 ± 0.59 ng/

mL at 24 h and 12.53 ± 0.83 ng/mL

vs. 1.36 ± 0.59 ng/mL at 48 h)

(p < 0.01, n = 6). On the contrary,

caspase-8 levels remained low and

comparable with those in control

groups (0.18 ± 0.05 ng/mL vs. 0.24 ±
0.01 ng/mL at 24 h and 0.14 ± 0.04

ng/mL vs. 0.24 ± 0.04 ng/mL at 48 h)

(n = 6) (Table 1).

p53 Pathway

Multiple p53 pathway genes were

increased by sevenfold or higher fol-

lowing 48 h of incubation in H2S. For

each gene the results were expressed as

relative fold-change compared with

their respective controls. The relative

fold-changes of apoptosis-related genes

were as follows: phosphatase and

tensin homolog (PTEN), 7.90 ± 0.04;

B-cell CLL/lymphoma 2 (BCL2),

8.09 ± 0.32; sirtuin 3 (SIRT3), 7.77 ±
1.94; caspase 3 (CASP3), 14.04 ± 1.09;

caspase 4 (CASP4), 7.35 ± 1.52; cas-

pase 7 (CASP7), 8.87 ± 1.47; caspase 6

(CASP6), 7.75 ± 1.07; and histone

deacetylase 5 (HDAC5), 7.17 ± 0.33

(n = 3) (Fig. 3A). The relative fold-

changes of cell-cycle progression genes

were as follows: E2F transcription

factor 6 (E2F6), 7.07 ± 0.93; E2F tran-

scription factor 2 (E2F2), 30.09 ± 1.61;

E2F transcription factor 4 (E2F4),

14.90 ± 0.82; and histone deacetylase

4 (HDAC4), 7.33 ± 0.78 (n = 3)

(Fig. 3B). The relative fold-changes of
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Fig 1. Hydrogen sulfide (H2S) triggers

apoptosis in human oral keratinocyte stem

cells isolated from the gingival epithelium.

After both 24 and 48 h, a significant differ-

ence was found between samples and their

corresponding controls. Each data point

represents mean ± standard deviation of

six independent experiments (p < 0.05 vs.

control).
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Fig 2. p53 Activity. (A) Total p53 activity following incubation of oral keratinocyte stem

cells (OKSCs) in hydrogen sulfide (H2S). Total p53 includes phosphorylated p53. (B) Phos-

phorylated p53 activity following incubation of OKSCs in (H2S). Each data point repre-

sents mean ± standard deviation of six independent experiments (p < 0.05 vs. control).
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DNA-repair genes were as follows:

growth arrest and DNA-damage-

inducible, gamma (GADD45G), 62.69 ±
2.26; growth arrest and DNA-damage-

inducible, alpha (GADD45A), 17.03 ±
1.27; growth arrest and DNA-damage-

inducible, beta (GADD45B), 8.92 ±
0.98; checkpoint kinase 2 (CHEK2),

7.14 ± 1.10; and sirtuin 6 (SIRT6),

8.89 ± 0.98 (n = 3) (Fig. 3C).

Discussion

Depending on cell type, apoptosis is

activated through the intrinsic-mito-

chondrial pathway or the extrinsic

cell-death ligand pathway: p53 plays

an important role in both pathways.

Regardless of the type of stress upon

p53 activation, the cells respond with

a wide range of biological processes,

ultimately leading to cell-cycle arrest

followed either by DNA repair or by

apoptosis (24,25). In our previous

studies we have identified the expres-

sion of p53 pathway genes that are

involved in the apoptotic process, the

inhibition of cell-cycle progression,

DNA repair or senescence (17). A

cell’s fate can be decided by specific

phosphorylation of p53 (26). Phos-

phorylation at serine 46 activates p53-

dependent apoptosis following severe

DNA damage (27). Physiological lev-

els of H2S inhibit superoxide dismu-

tase (14). Inhibition of superoxide

dismutase activity causes critical accu-

mulation of reactive oxygen species,

which translates into cellular oxidative

stress. Moreover, H2S is recognized to

be a decisive inhibitor of cytochrome

c oxidase, which is a key enzyme for

oxidative phosphorylation in the

respiratory chain of the mitochondria

to produce adenosine triphosphate (27

–29). Consequently, a large amount

of reactive oxygen species are pro-

duced (30,31). Oxidative stress can

damage cellular biomolecules, includ-

ing DNA, which in turn stabilizes

p53. In human gingival tissues, H2S

produces a large number of DNA

double-strand breaks (14–17). The

present study demonstrated that after

48 h of incubation in H2S there was a

significant increase in both the total

levels of p53 and serine 46 phosphory-

lated-p53. As p53 is an important

activator of major apoptotic path-

ways, apoptotic levels were signifi-

cantly increased when compared with

respective controls, as determined by

flow cytometry. To distinguish

between the two apoptotic pathways

we analyzed key markers from both

pathways using ELISAs. For the

intrinsic pathway we analyzed mito-

chondrial changes and the activity of

initiator caspases that are involved in

the mitochondrial pathway. After

48 h of incubation with H2S, the

mitochondrial membrane potential

had collapsed. Disruption of the elec-

trochemical gradient is crucial for the

release of cytochrome c from the

inner mitochondrial membrane into

the cytosol (32). It was also shown

that there was a significant release of

cytochrome c into the cytosol. Cyto-

chrome c triggers the formation of

the apoptosome, which in turn

recruits and activates initiator cas-

pase-9 (33). In this study, OKSCs

exposed to H2S showed a significant

increase in caspase-9 activity. At the

same time, caspase-8 was not acti-

vated, suggesting that the extrinsic

cell-death ligand pathway is not

involved in the apoptotic process;

moreover, cytotoxic T-cell-mediated

apoptosis was excluded from this

study (34).

Expression of the gene encoding

the executioner caspase-3 was 15-fold

higher in OKSCs exposed to H2S

than in the control group, providing

further evidence to support the fact

that the mitochondrial intrinsic path-

way is responsible for H2S-induced

apoptosis. Our PCR data also showed

that besides caspase-3, other down-

stream caspases (caspases 6 and 7) are

also involved. The caspase 6 gene,

which is activated in the cytochrome

c-induced pathway, was increased sev-

enfold more than in controls. Aside

the executioner role in apoptosis, cas-

pase-6 is also responsible for keratin

cleavage during apoptosis in epithelial

cells (35). Caspase-6 may therefore be

involved in the disruption of the cyto-

skeleton in OKSCs during the apop-

totic process. Caspase-7 activity was

also significantly increased. It has

been shown that caspase-7, together

with caspase-3, is a key mediator of

the mitochondrial events of apoptosis

(36). In addition to its role as a down-

stream caspase in the intrinsic path-

way, caspase-7 participates in

cytochrome c release and is an apop-

tosis-inducing factor. Caspase-4 is an

inflammatory caspase member of the

caspase-1 family found in endoplas-

mic reticulum (37). Recent research

demonstrates that caspase-4 is mainly

activated in endoplasmic reticulum-

stress induced apoptosis (38). In our

study, H2S also significantly increased

the expression of the caspase 4 gene

compared with controls, suggesting

that other pathways, such as the cas-

pase-4 pathway, may also be impli-

cated in the apoptotic process in

gingival keratinocyte stem cells as well

as in p53 activation.

p53 Phosphorylation and stabiliza-

tion is mediated by a DNA check-

point protein, checkpoints factor-2

(Chek2) (39). In our experiments, the

Chek2 gene was expressed at a

significantly higher level compared

with specific controls. Data on p53

obtained from this study showed that

from total p53, only two-thirds was

phosphorylated at serine 46, suggest-

ing that p53 activation is involved not

only in the apoptotic process but also

in other processes (e.g. cell-cycle pro-

gression) (26). This implication is also

Table 1. Caspase activities at 48 h of incubation with hydrogen sulfide (H2S)

Caspase-9 Caspase-8 Caspase-3

Control 1.36 ± 0.59 0.24 ± 0.04 0.22 ± 0.23

Sample 12.53 ± 0.83 0.14 ± 0.04 1.22 ± 0.23

All caspase activities are expressed in ng/mL. Caspase-8 activity remained low, proving the

inactivity of the extrinsic apoptotic pathway. Caspase-9 and -3 levels were significantly

increased, suggesting that H2S-induced apoptosis is activated via an intrinsic apoptotic

pathway. Each data point represents the mean ± standard deviation of six independent

experiments (p < 0.05 vs. control).
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supported by activation of genes

involved in cell-cycle arrest and DNA

repair following incubation in H2S.

Previous studies have shown that H2S

induces cell-cycle arrest at the G(1)

phase in human gingival keratinocytes

(11). E2F factors play key roles in the

regulation of cell-cycle control and of

proapoptotic proteins, like p53 (40).

Generally E2F factors are divided

into two subclasses: a pro-prolifera-

tive class (e.g. E2F2); and a pro-cell

cycle exit class (e.g. E2F4 and E2F6)

(41). E2F4 is known to play key roles

in G1/S transition, S-phase progres-

sion and mitosis, whereas E2F6 acts

as a repressor of E2F-mediated tran-

scription at the S/G2 phase of the cell

cycle (42). Some studies have pro-

vided evidence that E2F repressors

act downstream of p53 (42–44). After

48 h of incubation, expression of

E2F4 and E2F6 genes was signifi-

cantly upregulated in OKSCs. While

E2F2 is known to promote cell-cycle

progression, overexpression of E2F2

can promote ectopic S-phase entry,

ultimately leading to the activation of

apoptosis (39). In our experiment, the

E2F2 gene was expressed much more

strongly than the other E2F factor

genes and therefore may contribute to

the apoptotic process in OKSCs.

The PTEN gene encodes the phos-

phatase and tensin homolog tumor

suppressor protein involved in cell

cycle regulation by coordinating G1

arrest and in the apoptotic process by

negatively regulating the Akt/PI3K

pathway (44). Another important

function of PTEN is to protect p53

from MDM2 (murine double minute)-

mediated degradation (44). H2S acti-

vated the PTEN gene in OKSCs and

therefore H2S may downregulate cell

growth and survival. So far, 18

enzymes belonging to the HDAC fam-

ily have been discovered, each of which

plays different roles in cell growth, dif-

ferentiation, apoptosis or senescence.

In our study, the HDAC4 and HDAC5

genes were activated following incuba-

tion in H2S. Studies show that

HDAC4 inhibits cell-cycle progression

in other organs (45). Expression of

HDAC4 in keratinocyte stem cells fol-

lowing the cellular stress induced by

H2S inhibits the progression of prolif-

erating OKSCs. HDAC5 appears to

act independently from p53 but its

overexpression may be involved in ini-

tiation of the apoptotic process (46).

Another important event following

p53 activation beside apoptosis or cell

growth arrest is DNA repair in cells

where DNA damage can be corrected.
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Fig 3. p53 Pathway gene activity. (A) Apoptotic genes activated as a result of 48 h of

exposure to hydrogen sulfide (H2S). (B) Cell-cycle progression genes in oral keratinocyte

stem cells activated by H2S; (C) DNA-repair genes activated as a result of the genotoxic

effect of H2S. Data are given as mean and standard deviation of three independent experi-

ments. BCL2, B-cell CLL/lymphoma 2; CASP3, caspase 3; CASP4, caspase 4; CASP6,

caspase 6; CASP7, caspase 7; CHEK2, checkpoint kinase 2; E2F2, E2F transcription fac-

tor 2; E2F4, E2F transcription factor 4; E2F6, E2F transcription factor 6; GADD45A,

growth arrest and DNA-damage-inducible, alpha; GADD45B, growth arrest and DNA-

damage-inducible, beta; GADD45G, growth arrest and DNA-damage-inducible, gamma;

HDAC4, histone deacetylase 4; HDAC5, histone deacetylase 5; PTEN, phosphatase and

tensin homolog; SIRT3, sirtuin 3; SIRT6, sirtuin 6.
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The DNA-repair capacity of OKSCs

is vital for the normal functioning of

the oral epithelial tissue. It is well

known that GADD45 is a protein

that plays a major role in DNA repair

and cell-cycle checkpoints (47,48).

Our data showed that all GADD45

genes (GADD45G, GADD45A and

GADD45B) were significantly more

active when compared with respective

controls. This demonstrates that in

some OKSCs, p53 also activates the

transcription of genes involved in

DNA repair. The sirtuin family has

important molecular functions in

stress regulation and aging (49). In

the present study, OKSCs displayed a

significant upregulation of SIRT3 and

SIRT6 genes. The SIRT3 gene

encodes a protein located in the mito-

chondrial matrix with a key role in

cell respiration, decreasing the pro-

duction of reactive oxygen species and

inhibiting p53-regulated growth arrest

(50). Recent findings have shown that

as a response to oxidative stress,

sirtuin 6 is recruited to sites of

DNA damage and repairs the DNA

double-strand breaks (51). Our data

suggested that both sirtuin 6 and sir-

tuin 3 might act as protective mecha-

nisms developed by OKSCs against

the genotoxic effects generated by

exposure to H2S. Finally we deter-

mined the p53 pathway activated by

H2S.

VSCs increase the permeability of

the gingival crevicular epithelial

model (13). Apoptosis is a normal

biological event in many tissues,

including gingival crevicular epithelia,

which maintains a subtle balance

between cell loss and production. A

disruption of this balance may result

in impairment of epithelial, especially

OKSC, functions and severely affect

the histological architecture and

homeostasis in gingival tissues. How-

ever, the connection between gingival

keratinocyte stem cells and periodon-

titis has not yet been elucidated. The

present study demonstrates that in

response to H2S, the p53 tumor sup-

pressor was activated in OKSCs. The

p53 machinery results in protective

mechanisms such as DNA repair, cell-

cycle inhibition and apoptosis to elim-

inate cells with nonrepairable DNA

damage and to prevent newly divided

cells from inheriting chromosomal

aberrations (11,52). The above biolog-

ical functions of OKSCs might pre-

vent malignant formation in the oral

cavity (53,54).
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