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Volatile sulfur compounds (VSCs),

specifically hydrogen sulfide (H2S) and

methyl mercaptan (CH3SH), have been

shown to cause halitosis and also to

correlate with the strength of oral mal-

odor (1). Van den Velde et al. (1) dem-

onstrated that H2S and CH3SH alone

significantly contribute to oral malodor

originating from the oral cavity and that

the role of other compounds found in

mouth air is insignificant. Indeed,H2S is

always present in both physiological
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Background and Objective: Hydrogen sulfide (H2S) is one of two volatile sulfur

compounds that are known to be the main cause of oral malodor; the other is

methyl mercaptan. Other known volatiles existing in mouth air do not contribute

significantly to oral malodor originating in the oral cavity. Hydrogen sulfide is also

known to be an etiological factor in periodontal disease. However, the effects of

H2S on alveolar bone remain unclear. The objectives of this study were to deter-

mine the apoptotic effects of H2S on osteoblasts and to verify the apoptotic

molecular pathways.

Material and Methods: A clonal murine calvaria cell line was incubated with

50 ng/mL of H2S. To detect apoptosis, the cells were analysed by flow cytometry

and ELISA. Mitochondrial membrane depolarization was assessed using flow

cytometry as well. ELISA was used to evaluate the release of cytochrome c into

the cytosol and to assess Fas ligand, p53, tumor necrosis factor a, interleukin IL1-a
IL-b, IL-2, IL-4, IL-10, interferon-c, granulocyte-colony stimulating factor and

granulocyte-macrophage colony stimulating factor. Caspase-3, -8 and -9 activities

were estimated. Expression of BAX and Bcl-2 was assessed by real-time quanti-

tative RT-PCR. DNA fragmentation was detected by single-cell gel electropho-

resis. Fas receptors were evaluated by western blotting.

Results: After H2S incubation, apoptotic levels increased significantly in a

time-dependent manner. Mitochondrial membrane depolarization, the release of

cytochrome c, p53 and caspase-3, -8 and -9 and DNA fragmentation were all

significantly greater. BAX gene activity was upregulated, whereas Bcl-2 remained

low. Fas ligand/Fas receptor, tumor necrosis factor a and other cytokines were

not increased to a significant degree.

Conclusion: At less-than-pathological concentrations in gingival crevicular fluid,

H2S induces apoptosis in osteoblasts. The molecular mechanisms underlying the

apoptotic process include p53, a mitochondrial pathway and caspase-8 activation.
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and oral pathological halitosis (2). Pre-

vious studies, variously employing gas

chromatography, portable gas chro-

matography or a chemical procedure,

have demonstrated a clear relationship

among the concentration of VSCs,

periodontal disease and periodontal

pathogens (3–11). The few papers that

failed to demonstrate this relationship

utilized a portable sulfide monitor for

detecting H2S (12,13).

Some VSCs are known to be highly

toxic. Hydrogen sulfide inhibits cyto-

chrome c oxidase via a mechanism

similar to that of hydrogen cyanide;

consequently, H2S causes death by

means of cellular asphyxiation (14,15).

Volatile sulfur compounds have also

been shown to comprise one of the

pathogenic factors involved in peri-

odontitis (16). Volatile sulfur com-

pounds, particularly H2S, induce the

differentiation of osteoclasts in alveolar

bone (17). Moreover, increased levels

of VSCs both strongly suppress the

synthesis of collagen and increase col-

lagen degradation in human gingival

fibroblasts (18,19). Furthermore, VSCs

obstruct the normal functioning of the

basement membrane by making the

mucosa more permeable to periodon-

titis-causing agents, such as lipopoly-

saccharides and prostaglandin E2 (20).

Recent studies have described the acti-

vation of apoptosis by H2S in human

gingival soft tissues, such as fibroblasts,

keratinocytes and keratinocyte stem

cells (21–23).

Alveolar bone loss is one of the key

events in the development of peri-

odontitis, resulting in part from

increased osteoclast resorption and/or

decreased osteoblast formation. Some

growth factors and inflammatory

cytokines affect the development of

both osteoclasts and osteoblasts (24).

Tumor necrosis factor a (TNF-a) and
interleukin 1b (IL-1b) can induce

apoptosis in mouse osteoblasts (25).

Hydrogen sulfide easily diffuses

through the oral mucosa of a gingival

crevice model (20) and causes patho-

logical changes of alveolar bone tissues

in an in vivo rat model (17). In vitro

studies have shown that it also causes

inhibition of osteoblast proliferation

(26) and induction of osteoclast differ-

entiation (27). We previously reported

that H2S causes apoptosis in some oral

tissues (21–23). However, as H2S cau-

ses either apoptotic or anti-apoptotic

activities in different tissues (28–30),

H2S could have an anti-apoptotic effect

on osteoblasts.

The objectives of the present study

were to determine whether H2S causes

apoptosis in osteoblasts, as it has been

shown to do in other oral tissues (21–

23) and, if so, to identify these apop-

totic molecular pathways.

Material and methods

Cell culture

The osteoblastic cell line MC3T3-E1,

derived from newborn mouse calvaria,

was employed in this study (26). The

cells were cultured in a-minimum

essential medium (Gibco, Grand

Island, NY, USA) enriched with 10%

fetal bovine serum (Hyclone, Logan,

UT, USA) and 5 lg/mL gentamicin

(Gibco) at 37�C in an atmosphere of

air containing 5% CO2. For each

independent experiment, 5 · 105 cells

were cultured in 25 cm2 flasks and

allowed to attach overnight. Before

their incubation with H2S, the cells

were placed in fresh medium.

Hydrogen sulfide incubation system

The cells were incubated in enriched

medium in a chamber infused at

approximately 200 mL/min with a

constant flow of humidified air con-

taining 5% CO2 mixed with 50 ng/mL

of H2S for 24, 36 and 48 h, as

described previously (21–23), following

the procedures of Yaegaki et al. (21).

Permeator (Gastec, Kanagawa, Japan)

and H2S permeation tubes (Gastec)

were used to produce a 50 ng/mL

concentration of H2S in the test

chamber. As a result of diffusion, the

H2S concentration in the medium was

measured as 18 ng/mL (0.5 lM), much

lower than that found in gingival cre-

vicular fluids from periodontal gingival

tissues (31). Healthier gingiva showed

lower concentrations (31), so the con-

centration of H2S was less than that

found in pathological conditions.

Control cultures were incubated in 5%

CO2 and 95% air for 24, 36 and 48 h.

Detection of early apoptosis

Apoptotic and nonapoptotic cells were

detected using Guava Nexin PCA (GE

Healthcare Bioscience, Tokyo, Japan)

flow cytometric analysis. Briefly, the

cells were stained with two fluorescent

dyes: annexin V and 7-amino actino-

mycin D (7-AAD). Annexin V binds

to phosphatidylserine at the cell sur-

face during the early stages of apop-

tosis and dyes the apoptotic cells, while

7-AAD penetrates the cell membrane

only at the later stages of apoptosis or

necrosis and binds to DNA. After H2S

incubation, the cells were washed with

phosphate-buffered saline (PBS) solu-

tion and trypsinized. Pellet (cells frac-

tion), medium and PBS for washing

were collected and then resuspended in

cold Guava Nexin buffer at

1 · 106 cells/mL, followed by staining

as described above. The samples were

analysed using Guava EasyCyte and

Guava CytoSoft software (Guava

Technologies, Hayward, CA, USA).

To distinguish clearly between

apoptosis and necrosis, the cells were

also analysed with Cell Death Detec-

tion ELISA Plus (Roche Applied Sci-

ence, Mannheim, Germany) according

to the manufacturer�s instructions. This
assay quantifies histone-complexed

DNA fragments, i.e. mono- and oligo-

nucleosomes, in apoptotic cells. After

H2S treatment, the cells were washed

with PBS, trypsinized and pelleted, thus

removing DNA originating from

necrotic cells in the supernatant. The

pellet was resuspended in lysis buffer at

a concentration of 5 · 104 cells/mL.

After lysis, the supernatant containing

histone-complexed DNA fragments

was added to a streptavidin-coated

microplate for analysis. Peroxidase-la-

beled anti-DNA antibody binds to the

histone-complexed DNA fragments of

nucleosomes. After unbound antibod-

ies had been flushed out, the amount of

nucleosome material present was mea-

sured as peroxidase activity included in

the immune complex. The amount of

peroxidase was measured with 2,2¢-azi-
no-di[3-ethylbenzthiazolinsulfonate] as

a substrate, and the microplate reader

(Bio-Rad Benchmark; Bio-Rad Japan,

Tokyo, Japan) was set to 405 nm, with

a wavelength correction set to 490 nm.
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An enrichment factor (EF) showing the

specific enrichment of mono- and oli-

gonucleosomes released into the cyto-

plasm was derived by dividing the

absorbance value (AV) of the sample by

the AV of the negative control.

Detection of mitochondrial
membrane potential

Guava EasyCyte MitoPotential Kit

(Guava Technologies) was used to

detect depolarization of the mitochon-

drial membrane potential. This assay

employs two fluorescent dyes: 5,5¢,6,
6¢-terachloro-1,1¢,3,3¢-tetra ethyl benz-

imidazole carbocyanine iodide (JC-1),

for evaluating the mitochondrial mem-

brane potential changes, and 7-AAD

for indicating late-stage apoptotic and

necrotic cells. After H2S exposure, the

cells were washed with PBS, trypsinized

and centrifuged. Theywere resuspended

in 200 lL of medium at a final concen-

tration of 5 · 105 cells/mL, followed by

the addition of 2 lLof JC-1 and 2 lLof

7-AAD. After 30 min incubation at

37�C in air containing 5%CO2, the cells

were analysed by means of flow cytom-

etry (Guava EasyCyte; Guava Tech-

nologies).

Detection of cytochrome c

Rat/mouse cytochrome c immunoas-

say (R&D Systems, Minneapolis, MN,

USA) was used for cytochrome c

detection. The cells were washed three

times with PBS to remove serum

components and then permeabilized

using PBS containing 0.5% Triton X-

100 at a concentration of 1 · 106 cells/

mL. Following centrifugation, the

supernatant, the cytosolic fraction, was

added to the wells together with an

enzyme-linked monoclonal antibody

specific for cytochrome c. After the

unbound antibodies were washed out,

a substrate solution was added to each

well according to the manufacturer�s
instructions. The color developed in

proportion to the amount of cyto-

chrome c available in each sample. The

optical density was measured using a

microplate reader (Bio-Rad Bench-

mark; Bio-Rad Japan) set to 450 nm,

with a wavelength correction set to

540 nm.

Detection of caspase-3, -8 and -9
activity

Specific detection kits were employed

for the quantitative assessment of cas-

pase-3, -8 and -9 (Calbiochem, San

Diego, CA, USA). The assays involve

nontoxic and cell-permeable fluorescent

markers that bind irreversibly to acti-

vated caspase-3, -8 or -9. Briefly, 300 lL
of each sample, concentrated at 1 ·
106 cells/mL, was labeled with 1 lL of

fluorescein isothiocyanate fluorescein-

conjugated Asp-Glu-Val-Asp-O-me-

thyl-fluormethylketon for caspase-3,

fluorescein-conjugated Ile-Glu(OMe)-

Thr-Asp-O-methyl-fluormethylketon for

caspase-8 or fluorescein-conjugated

Leu-Glu(OMe)-His-Asp-O-methyl-fluor-

methylketon for caspase-9. After 1 h of

incubation at 37�C, the FITC label

allowed direct detection of each acti-

vated caspase with a fluorescence plate

reader (Fluoroskan Ascent FL, Vantaa,

Finland). The samplesweremeasured at

excitation filter = 485 nm and emis-

sion filter = 535 nm.

Detection of p53

The p53 pan ELISA kit (Roche Applied

Science) was used to detect the tumor-

suppressor protein p53, which triggers

both mitochondrial pathways and

cell-death ligand/receptor pathways

involving caspase-8 (32–36). After H2S

incubation, the cells were washed with

PBS, trypsinized, pelleted, and resus-

pended in lysis buffer at a concentration

of 1 · 107 cells/mL. Standards, samples

or controls were pipetted into wells

precoated with the biotin-labeled cap-

ture antibody. The p53-containing

sample reacts with captured antibody

and peroxidase-labeled detection anti-

body to form a stable immunocomplex.

Subsequent to the washing step, the

peroxidase bound in the complex is

developed by tetramethylbenzidine as a

substrate. Assay results are quantified

spectrophotometrically at 450 nm, with

a correctionwavelengthof 690 nmusing

a microtiter plate reader (Bio-Rad

Benchmark; Bio-Rad Japan).

Real-time quantitative RT-PCR

Real-time quantitative RT-PCR was

used to analyse the levels of pro-apop-

totic (BAX) and anti-apoptotic (Bcl-2)

gene expression.The cells were seeded in

enriched medium in 96-well plates at a

concentration of 1 · 105 cells/mL and

then incubated with or without 50 ng/

mL H2S for 24, 36 or 48 h. TaqMan

Gene Expression Cells-to-CT KitTM

(Ambion�, Austin, TX, USA) was used

according to the manufacturer�s
instructions for all steps from isolation

of RNA to RT-PCR. To extract RNA,

the cells were washed with PBS and

treated with lysis solution containing

Dnase I. The lysates were used as a

template for the synthesis of cDNA.The

RT reaction was carried out for 1 h at

37�C followed by 5 min at 95�C. Real-

time quantitative RT-PCR (StepOne-

Plus Real-Time PCR System; Applied

Biosystems, Foster City, CA, USA) was

performed in the following conditions:

2 min at 50�C, 10 min at 95�C, followed
by 40 cycles of 15 s at 95�C, and 1 min at

60�C. b-Actin was used as an endoge-

nous control. Each sample was analysed

in triplicate. The levels of the relative

quantification were calculated by STE-

PONE Software version 2.0 (StepOne-

Plus Real-Time PCR System; Applied

Biosystems) using the 2�DDCT method

(37).

DNA fragmentation

Single-cell gel electrophoresis (Comet

Assay; Trevigen, Gaithersburg, MD,

USA) was used to detect genomic DNA

fragmentation. This assay exploits the

capacity of cleaved DNA fragments to

migrate out of the nucleoid under the

influence of an electric field. Undam-

aged DNA migrates more slowly than

damaged DNA or remains within the

confines of the nucleoid. Viewed under

themicroscope, the cell is comet shaped,

with its head corresponding to the

nuclear region and its tail showing the

damaged DNA fragments.

The cells were suspended in PBS at a

concentration of 1 · 105 cells/mL.

After cell lysis was accomplished with

the use of a lysis solution, the cells were

mixed with agarose gel (LMAgarose;

Trevigen) and then placed in an elec-

trophoretic field at a constant voltage

of 10 V for 10 min. Following electro-

phoresis, the cells were stained with

the use of SYBR Green (Trevigen).
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Cell-image analysis, performed with a

fluorescence microscope and imaging

software (TriTek CometScore, Sumer-

duck, VA, USA), assessed the follow-

ing parameters: tail length; percentage

of DNA in the tail; and tail moment.

Tail length refers to the distance of

damaged DNA migration from the

nucleoid; percentage of DNA in the

tail refers to the proportion of total

DNA present in the tail; and tail

moment represents the index of in-

duced DNA damage, indicating both

the migration of damaged DNA and

the relative amount of DNA in the tail,

derived from the percentage of DNA in

the comet tail and the tail length.

Detection of Fas, Fas ligand and
cytokines

Specific ELISA kits were employed for

the detection of human Fas ligand

(Mouse Fas ligand/TNFSF6 Immuno-

assay; R&D Systems) and of various

cytokines, as follows: TNF-a, IL1-a,
IL-b, IL-2, IL-4, IL-10, interferon-c
(IFN-c), granulocyte-colony stimulat-

ing factor (G-CSF) and granulocyte-

macrophage colony stimulating factor

(GM-CSF) (Multi-Analyte ELISAr-

rayTM Kit; SABiosciences, Frederick,

MD,USA).Briefly, todetectFas ligand,

the samples (controls or standards)were

pipetted into microwells precoated with

monoclonal antibodies specific to each

substance. Following incubation, an

enzyme-linked polyclonal antibody was

added to the wells. In the next step,

horseradish peroxidase and then the

substrate solution were added to each

well. The intensity of the color was

measured using a microplate reader set

to 450 nm,with awavelength correction

set to 540 nm (Bio-Rad Benchmark;

Bio-Rad Japan).

Fas activity was detected using FAS

(FL-335): sc-7886 antibody (Santa

Cruz Biotechnology, Inc., Santa Cruz,

CA, USA), and a previously estab-

lished western blot technique was

employed (26,27).

Statistical analysis

Statistical analysis was performed

using unpaired t-test. Results from all

experiments are presented as the

means ± SD. Statistical significance

was accepted at p < 0.05.

Results

Apoptosis induced by hydrogen
sulfide

The number of early apoptotic cells

increased as a result of H2S incubation

in a time-dependent manner compared

with their respective controls (8.74 ±

3.15 vs. 2.40 ± 1.32% for 24 h;

22.44 ± 4.10 vs. 2.81 ± 1.24% for

36 h; and 21.22 ± 1.18 vs. 2.68 ±

1.18% for 48 h, p < 0.01 respectively,

n = 5; Fig. 1A). Late apoptotic and

necrotic cells were significantly in-

creased for 36 and 48 h (5.87 ± 2.37 vs.

1.14 ± 0.03% for 24 h; 44.97 ± 10.47

vs. 1.71 ± 0.64%for36 h; and50.61 ±

9.54 vs. 1.98 ± 0.63% for 48 h, p <

0.01 respectively, n = 5; Fig. 1B).

Moreover, Cell Death ELISA� assay

showed that the enrichment factor,

indicating the portion of detected

A

B

C

Fig. 1. Detection of early apoptosis, late apoptosis and necrosis. (A) Early apoptotic cells (%)

were increased after 24, 36 and 48 h in a time-dependent manner. Each bar represents the

mean ± SDof five independent experiments (*p < 0.01). (B) Late apoptotic and necrotic cells

were also increased, especially after 36 and 48 h. Each bar represents the mean ± SD of five

independent experiments (*p < 0.01). (C) Cell Death ELISA assay also indicated that the

apoptotic cells, shown as enrichment factor, were significantly increased in a time-dependent

manner. Each bar represents the mean ± SD of five independent experiments (**p < 0.05).
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nucleosome in the cytosol of apoptotic

cells, increased dramatically compared

with controls for 36 and 48 h (0.72 ±

0.34 vs. 0.02 ± 0.01 for 36 h, p < 0.01;

and 0.89 ± 0.36 vs. 0.02 ± 0.01 for

48 h, p < 0.05, n = 5; Fig. 1C).

Mitochondrial changes

Membrane depolarization of mito-

chondria increased at each time point

followingH2S incubation (13.86 ±1.71

vs.3.69 ± 1.85%for24 h;48.07 ±5.92

vs. 2.04 ± 1.53%for36 h; and49.12 ±

5.58 vs. 7.17 ± 2.52% for 48 h, p <

0.01 respectively, n = 5; Fig. 2A).

Cytochrome c release into cytosol also

increased dramatically compared with

controls (1.92 ± 0.50 vs. 0.08 ± 0.01 ng/

mL for 24 h, p < 0.05; 4.73 ± 0.96 vs.

0.12 ± 0.04 ng/mL for 36 h; and 1.17 ±

0.16 vs. 0.20 ± 0.10 ng/mL for 48 h,

p < 0.01 for both, n = 5; Fig. 2B).

Caspase activities

Caspase-3, -8 and -9 were also strongly

activated in H2S-treated samples com-

pared with their respective controls.

Caspase-3, an executioner enzyme of

the apoptosis process, was found to be

activated significantly more than the

control at each time point [8.28 ± 3.03

vs. 1.80 ± 0.65 relative fluorescence units

(RFU) for 24 h, p < 0.05; 18.54 ±

4.97 vs. 0.41 ± 0.11 RFU for 36 h,

p < 0.01; and 13.52 ± 4.48 vs.

3.66 ± 1.19 RFU for 48 h, p < 0.05,

n = 5; Fig. 3A]. Caspase-9 activity

was significantly higher in the samples

than in the control (7.51 ± 3.97 vs.

1.54 ± 0.31 RFU for 24 h, p < 0.05;

14.64 ± 3.16 vs. 0.54 ± 0.26 RFU for

36 h; and 14.16 ± 3.61 vs. 1.15 ±

0.73 RFU for 48 h, p < 0.01 for both,

n = 5; Fig. 3B). Caspase-8 activity

was also increased in a time-dependent

manner, with a significant difference

found for 36 and 48 h (1.92 ± 0.63 vs.

1.15 ± 0.44 RFU for 24 h; 6.23 ± 0.82

vs. 0.54 ± 0.13 RFU for 36 h, and

5.19 ± 0.51 vs. 0.65 ± 0.33 RFU for

48 h, p < 0.01 for both 36 h and 48 h,

n = 5; Fig. 3C).

p53 expression

The expression of tumor-suppressor

protein p53 also increased signifi-

cantly compared with the controls

(48.45 ± 4.76 vs.15.04 ± 1.44 pg/mL

for 24 h; 70.99 ± 5.70 vs. 12.57 ± 2

.62 pg/mL for 36 h; and 72.50 ± 6.65

vs. 15.51 ± 3.82 pg/mL for 48 h,

p < 0.01 respectively, n = 5; Fig. 4).

BAX and Bcl-2 gene expression

BAX gene expression became signifi-

cantly upregulated compared with con-

trols for 36 and 48 h (7.86 ± 0.14 vs.

3.65 ± 0.47 for 36 h; and 4.51 ± 0.04

vs. 3.63 ± 0.06 for 48 h, p < 0.01,

n = 5; Fig. 5A). The anti-apoptotic

gene Bcl-2 remained low following H2S

incubation; no significant differencewas

found compared with controls

(0.57 ± 0.16 vs. 1.02 ± 0.02 for 24 h;

0.79 ± 0.13 vs. 1.31 ± 0.16 for 36 h;

and 0.79 ± 0.08 vs. 1.10 ± 0.36 for

48 h, n = 5; Fig. 5B).

DNA fragmentation

Tail length, percentage of DNA in tail,

and their product, tail moment, are all

parameters that increased, indicating

significantly more DNA strand breaks

in test samples than in corresponding

controls (Table 1).

Death ligand pathway

After both 24 and 48 h of H2S treat-

ment, Fas ligand, Fas receptor, TNF-a,
IL1-a, IL-b, IL-2, IL-4, IL-10, IFN-c,
G-CSF and GM-CSF levels remained

low, comparable to their respective

control groups (data not shown).

Discussion

It has been previously established

that the apoptotic process is actively

involved in the initiation and

development of periodontal diseases

(21–23,32). One of the distinguishing

characteristics of periodontitis is bone

loss. The rate of bone formation and

resorption is largely determined by the

numbers of osteoblasts and osteoclasts

present (24,25). Apoptosis could have a

A

B

Fig. 2. Mitochondrial changes. (A) Mitochondrial membrane electrical gradient was dis-

rupted after H2S treatment; the percentage of cells with depolarization increased. Each bar

represents the mean ± SD of five independent experiments (*p < 0.01). (B) Cytochrome c

release into cytosol was also significantly increased, especially after 36 h. Each data point

represents the mean ± SD of five independent experiments (*p < 0.01).
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significant impact on the number of

osteoblasts presenting at the site of

bone formation. Many reports have

suggested that VSCs may accelerate the

progression of periodontal disease (20–

23,26,27). However, there is limited

scientific evidence to explain the rela-

tionship between bone resorption and

H2S in periodontitis, although it has

been proved that H2S penetrates into

alveolar bone through gingival tissues

(17,20). We used 50 ng/mL of H2S to

simulate its concentration in the tissue

in this study, which would approxi-

mate the lowest concentration of H2S

present in a gingival crevice or peri-

odontal pocket (31).

In this study, we demonstrate that

H2S, at lower-than-pathological con-

centrations, induces apoptosis in osteo-

blasts. After exposure to H2S, the

number of osteoblasts at an early stage

of apoptosis was significantly increased.

Moreover, late apoptotic and necrotic

cells also increased after H2S treatment,

but flow cytometry cannot distinguish

between these two forms of cell death.

Therefore, another assay, Cell Death

ELISA�, was employed in this study. A

significant increase in the number of

apoptotic cells was found in samples

exposed to H2S compared with those

not exposed to H2S after necrotic cells

were removed. Both flow cytometry and

ELISA showed that H2S caused apop-

tosis in osteoblasts.

DNA fragmentation was observed

using single-cell gel electrophoresis.

The parameters of tail length, per-

centage of DNA in the tail and tail

moment were significantly increased.

There is well-documented evidence

that the tumor-suppressor protein p53

regulates the cellular response to DNA

damage (32). In this study, the total

p53 level was significantly increased in

H2S-exposed cells compared with their

respective controls. p53 triggers one of

the major pathways involved in apop-

tosis, the cell death ligand/receptor

pathway, including caspase-8, and the

intrinsic mitochondrial pathway (36).

In the intrinsic pathway, BAX, which

is a pro-apoptotic member of the Bcl-2

family, is a p53-primary-response mol-

ecule (38). BAX activation mediates

mitochondrial membrane depolariza-

tion, which can lead to the activation of

the mitochondrial apoptotic pathway.

Our RT-PCR data demonstrated that

the BAX gene was upregulated in a

time-dependent manner, but Bcl-2, an

anti-apoptotic gene, remained low. In

fact, following H2S incubation, depo-

larization of the mitochondrial mem-

brane was significantly increased.

Following membrane depolariza-

tion, cytochrome c is released from the

mitochondrial inner membrane into

the cytoplasm (39). In our study, the

cytochrome c level in the cytoplasm of

H2S-treated cells was significantly

higher than in the controls. The release

of cytochrome c in turn initiates the

apoptotic caspase cascade through

activation of the initiator, caspase-9.

Downstream of the apoptotic cascade

is the activation of caspase-3 (40). In

the present study, a significant increase

in the activity of both caspase-9 and

caspase-3 was found after H2S expo-

sure. We concluded that the intrinsic

A

B

C

Fig. 3. Detection of caspase-3, -8 and -9 activities. (A) Caspase-3, an executioner caspase,

was activated in a time-dependent manner. Each bar represents the mean ± SD of five

independent experiments (*p < 0.01, **p < 0.05). (B) The activity of caspase-9, an initiator

caspase, also increased in a time-dependent manner, suggesting that H2S-induced apoptosis is

activated via an intrinsic apoptotic pathway. Each bar represents the mean ± SD of five

independent experiments (*p < 0.01, **p < 0.05). (C) Caspase-8 activity also increased in a

time-dependent manner. Each bar represents the mean ± SD of five independent experi-

ments (*p < 0.01).
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mitochondrial pathway was activated

by H2S during the process of apoptosis

in osteoblasts.

Both caspase-9 and caspase-8 are

defined as initiator caspases that can in

turn activate caspase-3 as the executor

caspase of apoptosis. The extrinsic

pathway, involving a receptor ligand-

mediated mechanism, was also exam-

ined in this study. Caspase-8 was

activated in a time-dependent manner

following H2S incubation. Caspase-8,

which is activated by both inducible

dimerization and inducible cleavage, is

Fig. 4. Effect of H2S on p53 levels. The expression of tumor-suppressor protein p53

increased in a time-dependent manner. Each data point represents the mean ± SD of five

independent experiments (*p < 0.01).

A

B

Fig. 5. Real-time quantitative RT-PCR. (A) BAX gene activity was upregulated, especially

after 36 h. Each bar represents the mean ± SD of five independent experiments (*p < 0.01).

(B) Bcl-2 gene activity remained low following H2S treatment.
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a key initiator caspase in apoptosis

associated with Fas, ligand-activated

tumour-necrosis factor receptor-1 or

tumour-necrosis factor-related apop-

tosis-inducing ligands (TRAILs) (34–

36,41). Effector cells for TRAILs are

T cells or natural killer cells (42,43).

However, it is well established that

TRAILs cause neither caspase-8 acti-

vation nor apoptosis in osteoblasts

(44,45); moreover, no T cells or natural

killer cells were found in our osteoblast

culture. Therefore, caspase-8 activa-

tion in this study could not have been

caused by TRAILs. Next, we measured

Fas and Fas ligand activity. Both levels

remained low, suggesting that they are

not involved in H2S-induced apoptosis.

Several studies have shown that many

cytokines, especially TNF-a, can acti-

vate caspase-8 and can initiate apop-

tosis in osteoblasts (46–55). Thus, we

measured the activity of TNF-a, IL1-a,
IL-b, IL-2, IL-4, IL-10, IFN-c, G-CSF

and GM-CSF after H2S exposure.

However, there was no difference in

these cytokine levels between the test

samples and their respective controls.

It has been suggested that none of

the cell-death ligand receptors in the

extrinsic pathway is involved, while

caspase-8 is activated in the apoptotic

process. In fact, many previous studies

have shown that p53 directly activates

the caspase-8 pathway independent of

the extrinsic pathways (33–36,56–58).

In this study, p53 and caspase-8 were

both significantly activated at each

time point after H2S exposure, while

no cell-death ligand receptors were

activated. This result suggests that

caspase-8 activation by H2S might be

directly associated with p53, as

described by others (33–36,56–58).

In conclusion, our study determined

that H2S, at concentrations normally

found in human gingival crevicular

fluid, induces apoptosis in osteoblasts.

The molecular mechanisms underlying

the apoptotic process include p53, a

mitochondrial pathway and caspase-8

activation.
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