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damage in human gingival
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Background and Objective: Volatile sulfur compounds are the main compounds
causing halitosis. One of these compounds, hydrogen sulfide (H,S), which is
responsible for physiological halitosis, is reported also to have periodontal
pathogenic activities. Hydrogen sulfide has been shown to activate the apoptotic
process in different tissues. Apoptosis plays an important role in the development
of periodontitis. The aim of this study was to determine whether H,S causes
apoptosis in human gingival epithelial cells and to examine the cellular signaling
pathway initiating the process.

Material and Methods: Human gingival epithelial cells were incubated with

50 ng/mL H>S in air contining 5% CO, for 24, 48 or 72 h. To detect apoptosis, the
cells were stained with annexin V and 7-amino actinomycin D, and analyzed using
flow cytometry. Reactive oxygen species, mitochondrial membrane depolarization
and release of cytochrome C into the cytosol were assessed using flow cytometry
and enzyme-linked immunosorbent assay. Activity levels for the key apoptotic
enzymes caspase-9, -8 and -3 were also determined. Genomic DNA damage was
detected using single-cell gel electrophoresis.

Results: Apoptosis was significantly increased to 24.5 + 5.7 at 24 h and 41.5

+ 8.9% at 48 h (p < 0.01). Reactive oxygen species were enhanced and mito-
chondrial membrane depolarization was collapsed. Cytochrome C release was
dramatically increased (0.12 £ 0.02 vs. 0.02 £ 0.01 at 24 h and 0.21 £ 0.02 vs.
0.02 + 0.01 ng/mL at 48 h; p < 0.05). Caspase-9 and -3 were strongly activated,
while caspase-8 activity remained low. The percentage of DNA strand breaks
increased, especially at 48 h.

Conclusion: Hydrogen sulfide induces apoptosis in human gingival epithelial cells
by activating the mitochondrial pathway.
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‘Oral malodor’, the term used to des-
cribe offensive odors of the breath
originating mostly from the oral cavity,
is an increasing problem in today’s
society. Many compounds can be
found in human breath air, but volatile
sulfur compounds (VSCs) are the sub-
stances primarily responsible for oral
malodor (1). The VSCs in the oral
cavity are mainly hydrogen sulfide
(H,S) and methyl mercaptan (CH;SH).
Of the two, H,S plays a distinct role in
physiological halitosis (2).

Our previous research focused not
only on the esthetic problems of VSCs
but also on their toxicities. Studies
have shown that increased levels of
H,S in the oral environment have a
highly toxic effect on oral tissues and
play a role in the etiology and devel-
opment of periodontitis (3,4). The
VSCs have been shown to alter the
permeability of gingival tissues, thus
facilitating the penetration of lipo-
polysaccharide into gingival epithelium
and inducing inflammatory responses.
Moreover, VSCs can increase the pro-
duction of collagenase and prosta-
glandin E,, both of which are key
mediators in the processes of tissue
destruction and inflammation. In
studies focused on their effects on gin-
gival connective tissue, we stress that
VSCs inhibit collagen synthesis (5) and
decrease total protein production by
human gingival fibroblasts (6). In
addition, VSCs interfere in the wound-
healing process by inhibiting the pro-
liferation of epithelial cells (7) and the
synthesis of basal membranes (8).
Collectively, these findings suggest that
VSCs are periodontally pathogenic.

A number of recent studies have
demonstrated the involvement of H,S
in the apoptotic process. Under normal
conditions, apoptosis is essential for
regulating tissues during embryogene-
sis and for maintaining normal
homeostasis (9). Hydrogen sulfide may
play a bifunctional role in cell survival;
that is, while H,S inhibits apoptosis in
human polymorphonuclear neutroph-
ils (10), lymphocytes (11) and cardiac
myocytes (12), it may also stimulate
apoptosis in human aorta smooth
muscles cells (13), human lung fibro-
blasts (14) and/or pancreatic acinar
cells (15). In the oral environment,

however, the apoptotic effect of H,S on
human gingival cells has not been
elucidated.

Detection of apoptosis in human
gingival tissues indicates that it may
play an important role in the develop-
ment and control of inflammation and
cell destruction in periodontal disease
(16-19). Thus, programmed cell death
might be one of the mechanisms
involved in the pathogenesis of perio-
dontitis. In a previous study, we showed
that H,S, at concentrations lower than
those found in pathological gingival
crevicular fluid, causes genomic DNA
damage and apoptosis in human gingi-
val fibroblasts (20). In the present study,
we focus on the interrelationship of
H,S, apoptosis and gingival epithelial
cells, since the gingival epithelial cells
serve as the first line of defense against
periodontal pathogens. We also exam-
ine the cellular signaling pathways
implicated in the apoptotic process.

Material and methods

Cell culture

Cells from a human gingival epithelial
cell line, Ca9-22 (Health Science
Research Resources Bank, Osaka,
Japan), were cultured in Dulbecco’s
modified Eagle’s medium (Invitrogen,
Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (Invitro-
gen) at 37°C in an atmosphere of air
containing 5% carbon dioxide (CO,).
For each experiment, the cells were
plated in 25 cm? flasks at 4 x 10° cells
well density and allowed to attach
overnight. Prior to incubation, the cells
were washed twice in prewarmed phos-
phate-buffered saline (PBS) and then
placed in fresh medium. The prepared
samples were placed in an H,S incuba-
tion system and incubated in air con-
tining 5% CO, mixed with H,S (50 ng/
mL) for 24, 48 or 72 h for apoptosis
detection and 24 and 48 h for apoptotic
pathway analysis. However, as a result
of diffusion, the amount of H,S in the
medium was found to be only 18 ng/mL
(0.5 pmol/L), a much lower concentra-
tion than the one found in gingival
crevicular fluids from periodontal
gingival tissues, which is 1.9 mmol/L
HoS as reported by Persson (21).

Negative control samples were sub-
jected to an identical procedure, except
that they were incubated in air con-
taining CO, without H,S.

Hydrogen sulfide incubation system

The H,S incubation system allows
incubation in a 37°C incubator with a
H.S sealed chamber. The 25 cm? flasks
containing the Ca9-22 cells were placed
inside the sealed chamber. A standard
H,S permeator (PD-1B-2; Gastec,
Kanagawa, Japan), and H,S perme-
ation tubes (Permeacal; Gastec) were
used to supply 5% CO, in H,S at
50 ng/mL concentration in the cham-
ber with a constant air flow of more
than 200 mL/min.

Detection of apoptosis

For the detection of apoptosis and for
distinguishing non-apoptotic  from
apoptotic cells, a Guava Nexin PCA
(Guava Technologies, Hayward, CA,
USA) was used. The method is based
on double staining with two fluorescent
dyes, allowing direct detection via flow
cytometry. This assay includes annexin
V for the detection of early apoptosis
and 7-amino actinomycin D (7-AAD)
as an indicator of late apoptosis or
necrosis. annexin V binds phosphati-
dylserine translocated to the external
membrane surface in early apoptotic
cells (22), and 7-AAD, a DNA inter-
calator, permeates late-stage apoptotic
and necrotic cells. After treatment
with H,S for 24 or 48 h, the cells were
washed with PBS, trypsinized, pelleted
and resuspended in cold Guava Nexin
buffer at a concentration of 1 x 10°
cells mL. Subsequently, the cells were
double stained with 2.5 pL of 7-AAD
and 5 pL of Annexin V-PE and imme-
diately placed in ice for 20 min. For
each experiment, 2000 cells were ana-
lyzed using Guava EasyCyte flow
cytometry. Data acquisition and
analysis were performed using Guava
CytoSoft™ software.

Reactive oxygen species (ROS)

Oxidative stress was assessed through
measurement of levels of ROS in the
mitochondria using a red mitochon-



drial superoxide indicator (MitoSOX,
Invitrogen). After tryspinization, the
cells were centrifuged for 5 min at
1500 g. The supernatant was dis-
carded, and the cells were resuspended
in Dulbecco’s PBS (with Ca’?" and
Mg>") to a final concentration of
10° cells/mL. A 100 pL aliquot sample
was then added, along with 1 mm
MitoSOX reagent stock solution and
900 pL Dulbecco’s PBS (with Ca®*
and Mg”> ") in a 1.5 mL test tube. The
samples were incubated for 10 min at
37°C and then analyzed by flow
cytometry.

Detection of mitochondrial
membrane potential

Changes in mitochondrial membrane
potential in H,S-exposed epithelial
cells were detected by Guava EasyCyte
MitoPotential. The depolarization of
the membrane was evaluated through
measurement of the uptake of a cat-
ionic dye, 5,5.,6,6’-tetrachloro-1,1",3,
3’-tetraethyl-benzamidazolocarbo-
cyanin iodide, commonly known as
JC-1, into mitochondria. Collapse of
the membrane potential initiates the
early stages of the mitochondrial
pathway-dependent apoptosis. In this
assay, JC-1 fluoresces either green or
orange, depending on mitochondrial
membrane potential. The dye 7-AAD
was used for monitoring cell mem-
brane permeability associated with late
apoptosis or necrotic cell death. After
incubation with H,S, the cells were
trypsinized, pelleted and resuspended
in 200 pL. Dulbecco’s MEM together
with 2 pL JC-1 and 2 pL 7-AAD. The
cells were incubated for 30 min in a
37°C CO; incubator and then analyzed
for fluorescence by a flow cytometer.

Detection of cytochrome C

For analysis of cytochrome C release
into the cytosol, subcellular fraction-
ation was performed to separate the
mitochondria from the cytosol, and
only the cytosolic fraction was used in
the assay. The assay (Cytochrome C
ELISA, Calbiochem, San Diego, CA,
USA) employed a quantitative sand-
wich enzyme immunoassay technique.
Controls, samples and manufacturer-
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provided standards were pipetted into
wells precoated with a monoclonal
antibody specific for cytochrome C.
After the cells were washed with PBS,
an enzyme-linked monoclonal anti-
body specific for cytochrome C was
added to all wells. Following another
washing step, a substrate solution was
added to wells. The color developed in
proportion to the amount of cyto-
chrome C bound in the first step.
When color development was stopped,
the optical density was determined
using a microplate reader (Bio-Rad
Benchmark Plus, Bio-Rad Japan, To-
kyo, Japan) set to 450 nm with a
wavelength correction set to 540 nm.

Caspase-3 activity assay

Caspase-3 activity was determined
using a Caspase-3 Detection Kit
(Oncogene Research Products, San
Diego, CA, USA). The assay uses fluo-
rescein isothiocyanate (FITC) as a
fluorescent marker, conjugated with
Asp-Glu-Val-Asp-O-methyl-fluorom-
ethylketone (also known as DEVD-
FMK), a cell-permeable caspase peptide
inhibitor. The FITC-DEVD-FMK
binds irreversibly to activated caspase-3
in apoptotic cells, and its FITC label
allows for direct detection by a flow
cytometer. After trypsinization and
centrifugation, the cells were resus-
pended in PBS at a final concentration
of 1x10°cells mL. A quantity of
300 pL of each sample, and a control
sample was combined with 1 pLL FITC—
DEVD-FMK in microfuge tubes and
incubated for 1 h in a 37°C incubator
with air containing 5% CO,. Sub-
sequently, the cells were centrifuged for
5 min at 2500 g, the supernatant was
removed, the cells were resuspended in
500 pL of washing buffer (prepared
immediately before use), and the cells
were again centrifuged for 5 min at
2500 g. The cells were then resuspended
in 300 uL of washing buffer and
analyzed via a Guava EasyCyte flow
cytometer using the FL-1 standard
channel.

Caspase-9 activity assay

For the detection of caspase-9 levels,
a Caspase-9 Detection Kit (Calbio-

chem, San Diego, CA) was used. The
assay uses a caspase-9 inhibitor, Leu-
Glu-His-Asp-methyl-fluoromethylke-
tone (LEHD-FMK), which binds
irreversibly to activated caspase-9, and
the fluorescent marker FITC. After
tryspinzation and centrifugation, the
concentration of the cells was adjusted
to 1x10°cells mL using the tech-
nique described for the caspase-3
activity assay. The cells were then
resuspended in 300 pL of washing
buffer and analyzed by the Guava
EasyCyte flow cytometer using the
FL-1 standard channel.

Caspase-8 activity assay

To evaluate caspase-8 activity, a Cas-
pase-8 Detection Kit (Calbiochem)
was used. A synthetic caspase-8
inhibitor, Ile-Glu-Thr-Asp-methyl-flu-
oromethylketone (IETD-FMK), and
FITC were wused for this assay,
allowing direct detection with a flow
cytometer. After tryspinzation and
centrifugation, the concentration of
cells was adjusted to 1 x 10° cells mL
using the technique described for the
caspase-3 activity assay. The cells were
then resuspended in 300 pL of wash-
ing buffer and analyzed by the Guava
EasyCyte flow cytometer using the
FL-1 standard channel.

Single-cell gel electrophoresis assay

Genomic DNA damage was detected
using single-cell gel electrophoresis
(Comet Assay; Trevigen, Gaithers-
burg, MD, USA), based on the prin-
ciple that DNA has a highly organized
structure which, in damaged DNA, is
disrupted. When placed in an electric
field, undamaged DNA strands
migrate very slowly and remain con-
fined within the nucleoid, compared
with the small fragments of damaged
DNA, which move much faster. When
viewed under the microscope, the cell is
shaped like a comet, its head corre-
sponding to the nuclear region and its
tail the damaged DNA fragments. The
cells were suspended in PBS at a con-
centration of 1 x 10° cells/mL. Fur-
ther, the cells were incorporated in
agarose gel (LMAgarose; Trevigen).
They were lysed using a lysis solution



34 Cualenic et al.

and then placed in an electrophoretic
field at a constant voltage of 1 V/cm
for 10 min. The slides holding the
samples (CometSlide; Trevigen) were
placed in 70% ethanol for 5 min. After
drying, the cells were stained using
SYBR Green | (Trevigen). This was
followed by image analysis using a
fluorescence microscope. The images
were obtained with a digital camera
and processed using imaging software
(TriTek CometScore, Sumerduck, VA,
USA). For assessing the amount of
DNA damage induced by H,S, the
following parameters were analyzed:
tail length, which indicates the distance
of damaged DNA migration from the
nucleoid; percentage of DNA in the
tail, which expresses the proportion of
total DNA present in the tail; and tail
moment, which represents the product
of two values, namely the percentage
of DNA in the comet tail and the tail
length.

Statistical analysis

Results from five independent experi-
ments are  presented as  the
means = SD. Statistical analysis was
performed using one-way analysis of
variance (ANOVA). Statistical signifi-
cance was accepted at p < 0.05.

Results

Hydrogen sulfide-induced apoptosis

The percentage of apoptotic cells
increased in a time-dependent manner.
A significant difference in early apop-
totic levels was found between test
groups (p < 0.01, ANOVA). In addi-
tion, the number of early apoptotic
cells was significantly increased after
both 24 and 48 h compared with their
control  groups (24.5 £ 5.7  wvs.
5.5 & 2.3% after 24 h and 41.5 + 8.9
vs. 4.1 £ 0.8% at 48 h of incubation;
p < 0.01, ANOVA; Fig. 1A). After 24
and 48 h, late apoptotic and necrotic
events were found to be < 5%. The
data support the observation that the
cells were in different stages of early
apoptosis after 2 days of incubation
with H,S, and very few cells were in a
late apoptotic or a necrotic stage. After
72 h, the percentage of necrosis and
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Fig. 1. Hydrogen sulfide triggers apoptosis
in epithelial cells derived from human gin-
giva. Apoptosis levels were detected by flow
cytometry after staining with Annexin V
and 7-AAD. (A) Percentage of early apop-
totic cells. After both 24 and 48 h, a sig-
nificant difference was found between
samples and their corresponding controls.
After 72 h, early apoptosis was decreased.
The data show that after 48 h of incubation,
the main biological event was early apop-
tosis, with very few late apoptotic and
necrotic cells. (B) Late apoptotic and
necrotic cells. After 24 and 48 h, the pres-
ence of these cells was < 5% at each time
point, while after 72 h the levels of necrosis
and late apoptosis were greatly increased.
Each bar represents the mean + SD of 5
independent experiments (*p < 0.05 vs.
control).

late apoptosis was significantly
increased (40.6 £ 8.4 vs. 3.5 = 1.9%;
p < 0.01, ANOVA), while ecarly
apoptosis decreased to 10% of the
total cell number (Fig. 1B).

Mitochondrial changes

The mitochondrial apoptotic pathway
is marked by profound changes in
mitochondria. The presence of ROS in
the mitochondria was  detected
according to the number of MitoSOX-
positive cells in five independent
experiments. A significant difference
was observed after both 24 and 48 h
between H,S-incubated samples and
their  respective  control  groups
(429 £ 9.5 vs. 7.6 £ 3.6% at 24 h
and 56.6 = 4.1 vs. 9.1 £ 3.7% at
48 h; p < 0.01, ANOVA; Fig. 2A).
Another line of assessment relied on
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Fig. 2. Mitochondrial changes. (A) Reac-
tive oxygen species, a marker of cellular
stress, were significantly increased com-
pared with control groups at each point of
analysis.  (B) Mitochondrial
electrical gradient was disrupted after both
24 and 48 h of H»S incubation. (C) Release
of cytochrome C from mitochondria into
cytosol is a key event in the activation of the
intrinsic apoptotic pathway. After both 24
and 48 h, release of cytochrome C into the
cytosol was significantly increased com-
pared with the corresponding control
groups. Each  bar
mean + SD of 5 independent experiments
(*p < 0.05 vs. control).

membrane

represents  the

JC-1, a fluorescent dye that can
monitor mitochondrial membrane
depolarization. The percentage of
membrane-depolarized  cells  was
significantly increased at each time
point compared with control groups
(45.8 £ 11 vs. 14.5 £ 5% at 24 h and
38.1 £ 10.5 vs. 19.6 £ 5.5% at 48 h;
p < 0.01, ANOVA; Fig. 2B). A key
event in the intrinsic apoptotic
pathway is the release of cytochrome C
from the mitochondria. A significant
increment of cytochrome C levels into
cytosol was observed after both 24 and
48 h (0.12 = 0.02 vs. 0.02 £+ 0.01 ng/
mL at 24h and 0.21 £+ 0.02 vs.
0.02 + 0.01 ng/mL at 48 h; p < 0.05,
ANOVA; Fig. 2C).



Caspase activities

Following H,S incubation, caspase-9,
an upstream regulator of the apoptotic
process, was significantly activated
compared with control groups (18.7 +
3.8vs. 5.3 £ 2.5%at24 hand 51.1 +
2.8 vs. 4.6 = 1.1% at 48 h; p < 0.01,
ANOVA; Fig. 3A). Significant differ-
ences were also found between caspase-
3 activity levels in test groups compared
with their control groups (25.6 + 8.4
vs. 3.3 £ 1.1% at 24 h and 46.1 £ 8
vs. 3.0 £ 1.2% at 48h; p < 0.05,
ANOVA; Fig. 3B). At the same time,
caspase-8 levels remained very low and
were comparable to control groups,
suggesting that the apoptotic process
initiated by H,S is independent of the
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Fig. 3. Caspase activities. For
activity detection, FITC,
marker allowing direct detection by a flow

caspase
a fluorescent

cytometer, was conjugated with caspase
peptide inhibitors for caspase-9, -3 or -8.
(A,B) Caspase-9 and -3 levels, respectively,
were significantly increased compared with
their control groups, suggesting that H,S-
induced apoptosis is activated via an
intrinsic apoptotic pathway. (C) Caspase-8
activity remained low, comparable to the
control group, proving the inactivity of the
death-receptor apoptotic pathway. Each bar
represents mean + SD of 5 independent
experiments (*p < 0.05 vs. control).
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extrinsic pathway (5.5 = 2.1  vs.
4.5 £ 23% at 24 h and 7.0 £ 1.5 vs.
2.8 + 2.1% at 48 h; Fig. 3C).

Genomic DNA damage

Using single-cell gel electrophoresis, we
also observed the genotoxicity of H,S
by evaluating the DNA ‘comet’ tail
shape. Tail length, percentage of DNA
in tail, and their product, tail moment,
are parameters correlated with the
number of DNA strand breaks. All
parameters were increased, suggesting
significantly more DNA strand breaks
in test groups than in the correspond-
ing control groups: for tail length,
7.82 £ 294 vs. 1.97 £ 0.06 at 24 h
and 16.71 £ 6.86 vs. 0.97 + 0.06 at
48 h (p < 0.05, ANOVA; Fig. 4A);
for DNA in tail, 12.92 + 4.12 vs.
2.26 £ 0.08% at 24 h and 16.52 £
4.14 vs. 2.73 £ 0.57% at 48 h (p <
0.05; Fig. 4B); and for tail moment,
1.51 £ 0.51 vs. 0.09 £ 0.05% at 24 h
and 3.95 £ 0.72 vs. 0.11 £ 0.07% at
48 h (p < 0.05, ANOVA; Fig. 4C).

Discussion

Apoptosis, or programmed cell death,
is a normal process in the development
of multicellular organisms. Cells initi-
ate the apoptotic process in response to
a wide variety of stimuli; cell death is
thus regulated and homeostasis main-
tained. Dysfunctions during the apop-
totic process may lead to -either
prolonged cell survival or premature
cell death. Therefore, excessive or
insufficient apoptosis contributes to a
wide range of human diseases, such as
cancer, viral infections and degenera-
tive disorders (23,24).

Studies of the relationship between
apoptosis and the development of perio-
dontal disease have shown that apop-
tosis plays a critical role in host immune
response and inflammation, both of
which are involved in periodontitis.
Previous studies have reported apopto-
sis of polymorphonuclear leukocytes in
gingival tissues with periodontitis
(25,26). Periodontal disease leads to
progressive degradation of connective
tissue. Apoptosis among periodontal
ligament fibroblasts increased in the
early stages of periodontitis (27).
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Fig. 4. Genomic DNA damage following
hydrogen sulfide
DNA damage was detected using single-cell
gel electrophoresis and quantified using
three different parameters. (A) Tail length,

incubation. Genomic

expressing distance of damaged DNA
migration from the nucleoid, was signifi-
cantly increased after 24 and 48 h compared
with control cells. (B) Percentage of DNA
in tail, showing the proportion of total
DNA in tail, was increased after both 24
and 48 h. (C) Tail moment, representing the
product of the first two parameters, was
significantly increased at each time point
compared with control groups. Each bar
represents mean + SD of 5 independent
experiments; 75 nuclei analyzed per experi-
ment (*p < 0.05 vs. control).

Human gingival fibroblasts infected
with  Porphyromonas gingivalis for
24-36 h showed activation of the mito-
chondrial pathway and nuclear DNA
degradation (28), while apoptotic
inducers, such as butyric acid, caused
apoptosis in  gingival fibroblasts
isolated from inflamed periodontal
lesions (29). Gingival tissues in chronic
periodontitis have increased apoptotic
activity (16,28,30), while severe perio-
dontitis is marked by a rise in the
number of pro-apoptotic genes (31).
Thus, apoptosis is actively involved in
periodontal pathogenesis.

In healthy gingiva, oral epithelium
plays a key role as a barrier against
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pathogens or toxic compounds. The
maintenance of this epithelial barrier
is therefore extremely important for
the preservation of normal gingival
structure and function. However,
during the progression of periodontal
disease, this barrier can be affected.
Several studies have focused on the
relationship between oral malodorous
compounds and this epithelial barrier.
A study conducted by Tonzetich & Ng
used a porcine model for gingival
crevicular epithelia to show that
exposure to concentrations of VSCs
much lower than those found in
periodontal pockets caused increased
permeability of sublingual nonkerati-
nized mucosa (32). Another study,
also conducted by Tonzetich and
others, shows that VSCs can cause
total disruption of the basement
membrane (33). Furthermore, VSCs
induced an important decrease in the
collagen content of the VSC-exposed
cell cultures (5,6). Other studies
showed that increased concentrations
of CH3SH have an inhibitory effect on
both cell growth and proliferation in
human oral epithelial cell lines (34).
Hydrogen sulfide was also shown to
induce cell cycle arrest in oral epithe-
lial cells, which may contribute to
delayed epithelial repair (35). How-
ever, the apoptotic effect of H,S on
oral epithelial cells and the molecular
mechanisms of this process remain
unexplained. In the healthy epithe-
lium, apoptosis occurs after basal
keratinocytes mature and then differ-
entiate. In the oral cavity, an enhanced
apoptotic process may attenuate the
barrier functions of epithelium against
periodontally pathogenic strains of
microorganisms or their products.

In the present study, we demon-
strated that H,S induces apoptosis in
epithelial cells derived from human
gingiva, and we identified the mecha-
nisms underlying activation of the
apoptotic signaling pathway. After 24
and 48 h incubation in a physiological
concentration of H,S, more than one-
third of the cells were found to be in
different stages of early apoptosis (20),
whereas late apoptotic and necrotic
levels were lower than 5%. Our data
show that after 2 days of incubation, the
main events caused by H,S are features

of early apoptosis. Apoptotic levels
were also detected after 72 h. Necrosis
and late apoptosis was dramatically
increased at 72 h, while early apoptotic
levels decreased to one-quarter of the
48 h incubation levels. Therefore, to
analyze the apoptotic pathway we
employed 24 and 48 h incubation times,
since at both these time points the main
cell death event was early apoptosis.
The two main mechanisms in the
apoptotic process involve activation of
an intrinsic pathway, in which the
mitochondrion plays a central role,
and activation of an extrinsic pathway,
involving a receptor—ligand-mediated
mechanism  (36). To  distinguish
between the two pathways, we ana-
lyzed mitochondrial changes. Increased
production of ROS in mitochondria
causes disruption of the electrochemi-
cal gradient across the inner mito-
chondrial membrane, which then
activates the apoptotic process (37).
We found that H,S increased ROS and
caused a significant loss of the
mitochondrial inner transmembrane
potential. Collapse of this potential is
associated with early stages of apop-
tosis; moreover, it leads to a key event
in the mitochondrial pathway of apop-
tosis, that is, the release of cyto-
chrome C from the mitochondria
intermembrane into  cytosol. In
response to H,S, the release of cyto-
chrome C was significantly increased,

Intrinsic pathway H5S

especially after 48 h of incubation. In
turn, cytochrome C release initiates the
apoptotic caspase cascade by activat-
ing caspase-9, an initiator caspase
responsible for the upstream regulation
of apoptosis (38,39). In this study,
caspase-9 levels were markedly
increased. Exposure to H,S also
increased the activity of caspase-3, an
executioner caspase responsible for the
downstream regulation of the apopto-
tic process (40). Meanwhile, caspase-8
levels remained low and were compa-
rable to control levels. Caspase-8 is an
initiator caspase activated in the
receptor-ligand-mediated  apoptosis
(41), and its inactivity suggests that the
extrinsic pathway is not involved in
H,S-induced apoptosis.

Taken together, these results suggest
that H,S induces apoptosis by activat-
ing the mitochondrial intrinsic path-
way (Fig. 5). In a previous study, H,S
was shown to induce genomic DNA
damage in human gingival fibroblasts
(20). Using a single-cell gel electro-
phoresis, we also observed an incre-
ment in the number of DNA strand
breaks at the genomic level, proving
the genotoxic effect of H,S. Genomic
DNA damage suggests that other
molecular pathways, such as the p53
pathway, might be involved in the
apoptotic process and that H,S may
have pathological effects on human
gingiva at the genomic level.
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Fig. 5. Hydrogen sulfide triggers mitochondrion-dependent apoptosis via the intrinsic
pathway. Hydrogen sulfide increases levels of ROS in the mitochondria and collapses the
mitochondrial membrane potential (AW,,). These events are followed by release of cyto-
chrome C from the mitochondria intermembrane into the cytosol. Cytochrome C activates
caspase-9, an upstream caspase, which in turn activates caspase-3. Caspase-3 activation
ultimately leads to DNA damage and apoptosis. Caspase-8 inactivity suggests that the
extrinsic pathway is not involved in the process. For the techniques employed please refer to

the ‘Material and methods’ section.
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