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Abstract Helicobacter pylori is a gram negative bacte-
rium that infects the human stomach of approximately half
of the world’s population. It produces oxidative stress, and
mitochondria are one of the possible targets and the major
intracellular source of free radicals. The present study
was aimed at determining mitochondrial alterations in
H. pylori-infected gastric epithelial cells and its relationship
with oxidative stress, one of the recognized causes
of apoptotic processes. Cells were treated with a strain of
H. pylori for 24 h. Cellular oxidative burst, antioxidant
defense analysis, mitochondrial alterations and apoptosis-
related processes were measured. Our data provide evi-
dence on how superoxide acts on mitochondria to initiate
apoptotic pathways, with these changes occurring in the
presence of mitochondrial depolarization and other
morphological and functional changes. Treatment of
infected cells with Vitamin E prevented increases in intra-
cellular ROS and mitochondrial damage consistent with
H. pylori inducing a mitochondrial ROS mediated pro-
grammed cell death pathway.
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Introduction

Helicobacter pylori (H. pylori) is a highly successful
human pathogen that infects approximately half of the
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world’s population [1, 2]. H. pylori infection has been
implicated in the pathogenesis of chronic gastritis, peptic
ulcer and more rarely, gastric carcinoma and mucosa-
associated lymphoid tissue lymphoma (MALT) [1-3], but
the mechanisms leading to these disease manifestations
remain unclear. The bacterium induces a state of chronic
gastric mucosa inflammation due to the local immune
response inefficiency in eliminating this microorganism
with the subsequent persistent infection. The evolution of
this inflammatory state is related to both toxicity of bac-
terial strain and to host’s defenses. Strains bearing the cag
pathogenicity island, which includes the cagA gene, have
shown to be associated with increased gastric inflammation
[4], and both peptic ulcer disease and gastric cancer [5].
Furthermore, there are clinical findings that strongly sug-
gest that factors such as stress, diet, smoking, sanitization,
or host genetic background contribute to the pathogenesis
of the infection [6].

Several reports have described an association between
H. pylori infection and apoptosis in gastric epithelial cells
both “in vitro” [7, 8] and “in vivo” experiments [9-11].

Apoptosis, or programmed cell death, is essential in the
development and homeostasis of multicellular organisms.
This mechanism plays a major role in cellular growth
regulation, immune response development, and redundant
or abnormal cells clearance [12], but apoptosis may also
work as a defense system against bacterial and viral
infections [13]. H. pylori infection is believed to increase
epithelial proliferation and to be linked to apoptosis to
maintain cellular homeostasis.

Apoptosis is a passive way of cell suicide that can be
triggered by a variety of internal and external signals [14].
Programmed cell death generally represents a response to
gross injury induced either by an overdose of cytotoxic agents
(free radicals, drugs...), by serious injury (traumatisms,
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radiations...) [15] or by intracellular pathogens (Mycobacte-
rium tuberculosis, Mycobacterium bovis...) [16]. Some
authors have demonstrated that programmed cell death in
cultured gastric epithelial cells is due to the bacteria direct
effect and to the proinflammatory cytokines that are released
during infection [6, 17].

Apoptosis is associated with profound structural changes
and biochemical events leading to irreversible cell destruc-
tion. Morphological alterations include cell shrinkage
because of disordered volume regulation [18], loss of
membrane integrity [19], chromatin condensation and
emission of apoptotic bodies [20]. Functional alterations and
biochemical events include loss of lipid asymmetry mani-
fested by the translocation of phosphatidylserine residues
to the outer layer of the plasma membrane [21], lipidic
peroxidation, activation of caspases [22] and DNA frag-
mentation into oligonucleosomal fragments [23].

Preliminary studies have described that the apoptosis in
H. pylori infection is induced by a pathway involving Fas/
Fas ligand system [8, 24, 25]; although, it was recently
reported [26, 27] that a mitochondrial pathway contributed
to this process. Mitochondria are considered as pivotal
organelles in the process of most cell-death pathways
[28-30], liberating proapoptotic substances such as cyto-
chrome ¢ (cyt ¢).

The present study was aimed at characterizing ROS
changes and mitochondrial alterations during infection
with H. pylori in gastric epithelial cells.

Materials and methods
Cell line and culture condition

Human gastric carcinoma-derivated AGS epithelial cells
(ATCC® CRL 1739; Manassas, Virginia, USA) were
grown in RPMI medium 1640 (Sigma-Aldrich Inc, St.
Louis, MO, USA) supplemented with 10% fetal bovine
serum (FBS) (Biochrom AG, Berlin, Germany), 2 mM
L-glutamine, sodium bicarbonate 2 g/l and antibiotics
(ampicillin 125 pg/ml, gentamycin 40 pg/ml and cloxa-
cillin 125 pg/ml) at 37°C and 5% CO,.

Bacteria strain

Lyophilized H. pylori stock (ATCC® 700824, Manassas,
Virginia, USA) [cagA+/vacA sl/ml] was reconstituted
with 4 ml Trypticase Soy Broth (BD, San Jose, CA) and
cultured on sheep blood agar (Biomedics, Madrid, Spain)
at 37°C under microaerophilic atmosphere generated with
Campygen™ packets (OXOID Ltd, Hampshire, England).
Cultures were maintained for three days prior to passing;
bacteria were used between passages 2 and 15 from frozen

@ Springer

stocks.
activity.

Cultures were routinely screened for urease

Culture of AGS cells with H. pylori

When AGS epithelial cells were confluent, they were
washed twice and then fresh medium with 0.5% FBS and
free of antibiotics was added. The appropriate numbers of
bacteria were calculated by comparison of turbidity to
McFarland standards [31], being 1:200 the used MOI
(Multiplicity Of Infection) in all the assays (bacterial
density, 1 x 10* CFU/ml) (CFU: Colony Forming Units).
Cocultures were then placed at 37°C and 5% CO,.

AGS cells were supplemented with alpha-tocopheril
acetate (Vit E) (Ephynal®, Roche, Basel, Switzerland)
(10~ M) 30 minutes before adding the bacterium. AGS
and bacteria were cocultured for 24 h, with and without
Vit E.

For flow cytometry (FC) assays, AGS cells were cul-
tured in the presence of RPMI only (used as control) or
with suspensions of H. pylori. Supernatants were collected
in order to recover the cells that were detached during
treatment. After washing with physiological serum,
adherent cells were harvested with 2.2 mM EDTA in
trypsin (Sigma-Aldrich Inc, St. Louis, MO, USA) (this
treatment does not affect our results), mixed with super-
natant and labelled as it will be described.

FC experiments were performed in a Becton Dickinson
FACScan (BD Biosciences, San Diego, CA, USA) with
488 nm-line laser and FL1 (530/30 nm band pass filter),
FL2 (585/42 nm band pass filter) and FL3 (670 nm long
pass filter) detectors. At least 10,000 cells were examined
in each assay using Cell Quest program. Results were
expressed in Mean Fluorescence Intensity (MFI).

Confocal Microscopy (CM) assays were done by direct
labelling of the adherent cells in plates. All images were
taken using a x20 objective and amplified with different
zooms. Data for each experiment were obtained after
counting the cells in at least three fields. Images are then
analysed via the Olympus FV 1000 software (Olympus
Fluoview, version 1.6, Tokyo, Japan): after subtracting
background, total fluorescence of each field was divided by
the total number of cells, and the results were then pre-
sented as MFI/cell.

Cellular oxidative burst and antioxidant defense
analysis

2',7'-dichlorofluorescein diacetate (DCFH-DA)
oxidation

DCFH-DA is a nonpolar substance and freely diffuses
through the cell membrane; within the cell it is hydrolysed
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to fluorescein (DCFH), a polar compound that is trapped
within the cell. DCFH is a substrate that is easily oxidized
to DCF by hydrogen peroxide (and other substances
generated by oxidative metabolic burst) emitting fluores-
cence at 560 nm [32]. This fluorescence intensity is
directly proportional to these oxidant components. Cells
both infected and non-infected with the bacteria were
incubated for 45 min at 37°C with 5 uM DCFH-DA
(Molecular Probes, Oregon, USA). Cells were detached by
trypsinization, washed and cellular fluorescence intensity
was measured by FC. Results at 10°UFC/ml with and
without Vit E were corroborated by CM images.

Monobromobimanes (mBBr)

mBBr are non fluorescent molecules until they are conju-
gated with several low molecular weight thiols, mainly
glutathione. Reduced glutathione (GSH) protects cells
against oxidative injury produced in different metabolic
processes [33]. GSH depletion in H. pylori treated cells,
was assayed with mBBr. Briefly, cocultures were incubated
with 2 pM mBBr (Molecular Probes, Oregon, USA) at
37°C and 5% CO, for 10 min. After washing twice,
staining was observed by CM.

NAD(P)H

NAD(P)H quantity is in relationship with the complex I
redox status of the mitochondrial electronic transport chain
and its oxidation reflects the electrons release towards
oxygen molecules causing an interruption in the normal
flow of respiratory chain and superoxide anion (O,")
synthesis. Cells emit blue fluorescence in a proportional
way to their content in NAD(P)H molecules when they are
excited with an UV laser (360 nm) [34]. In our experi-
ments, cells were trypsinized and resuspended in 0.5%
RPMI and then acquired in a sorter (FACStar Plus, Becton
Dickinson). Seventy percent ethanol was used as a control;
the fluorescence of a control sample is set as 100% and a
zero NAD(P)H value is generated by analysing a sample of
cells fixed in 70% ethanol, which is devoid of NAD(P)H
[35]. Their fluorescence was analysed using a 450 centered
band-pass filter after excitation with UV laser.

Oxidative burst and morphological and functional
alterations of mitochondria

Mitochondrial superoxide determination

MitoSOX Red is a cell-permeable dye that is oxidized in
the presence of mitochondrial superoxide anion O,"~, the
main free radical produced in mitochondria. After oxida-
tion it becomes fluorescent emitting a red fluorescence after

488 nm laser excitation. Cells were incubated for 10 min
with MitoSOX Red reagent 5 uM (Molecular Probes,
Oregon, USA) in 0.5 ml of Hank’s Balanced Salt Solu-
tion (Sigma-Aldrich Inc, St. Louis, MO, USA) with
calcium and magnesium (CaCl, 140 mg/l, MgCl,-6 - H,O
100 mg/l and MgSO4-7 - HO 100 mg/l), and washing
twice cultures were observed in a CM using a 580 centered
band-pass filter.

Mitochondrial membrane potential (Aym) assay

MitoProbe JC-1 Assay (Molecular Probes, Oregon, USA)
was used. JC-1 (5,5,6,6'-tetrachloro-1,1',3,3'-tetraethyl-
benzimidazoly-carbocianine iodide) is a cationic dye that
exhibits potential-dependent accumulation in mitochondria
[36], indicated by a fluorescence emission shift from green
(~525 nm) to red (~590 nm). In normal cells, due to the
electrochemical potential gradient, the JC-1 dye concen-
trates in the mitochondrial matrix, where it forms red
fluorescent aggregates. Any event that dissipates the
mitochondrial membrane potential (e.g. apoptosis) prevents
the accumulation of the JC-1 dye in the mitochondria. The
dye is dispersed throughout the entire cell, resulting in a
shift from red fluorescence (J-aggregates) to green fluo-
rescence (JC-1 monomers). AGS epithelial cells with
differently treated groups were stained with 2 pM JC-1 in
1 ml of RPMI 0.5% FBS for 15 min at 37°C and 5% CO,,
washed twice and analysed by CM. Red and green fluo-
rescences were collected through appropriated filters and
the red/green ratio was calculated as an index of Aym.

Examination of lipidic oxidation and mitochondrial
network structure

Nonyl acridine orange (NAO) presents high affinity by
cardiolipin [29], a polyunsaturated acidic glycerophos-
pholipid exclusively found in the inner mitochondrial
membrane (IMM). When NAO is bound to cardiolipin after
488 nm laser excitation, it emits fluorescence at 630 nm
whose quantity is related to mitochondrial cardiolipin
content providing a peroxidation index. Therefore, a
decreased red fluorescence is, among other reasons, related
to decreased mitochondrial cardiolipin content as a con-
sequence of peroxidation processes [37]. Cultures were
directly labelled in wells with 100 nM NAO (Molecular
Probes, Oregon, USA) for 10 min at 37°C in 0.5 ml of
0.5% FBS RPMI solution. After washing twice, CM ima-
ges were taken and fluorescence intensity by cell was
calculated.

This NAO bound to phospholipids of mitochondria
membranes allows CM observation of mitochondrial net-
work structures and the changes caused by bacterium
incubation.
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Apoptosis assays

A. Caspase-2 FLICA Assay (Sigma-Aldrich Inc, St.
Louis, MO, USA) contains green carboxy-fluorescein
(FAM), a derivate of benzyloxycarbonyl valylaspartyl-
valylalanylaspartic acid (VDVAD) fluoromethyl
ketone (FMK), a potent inhibitor with a preference for
caspase-2 activity. Because the FAM-VDVAD-FMK
in the cell becomes covalently bound to the enzyme, it
remains in the cell, while unbound reagent is washed
away. The green fluorescence signal is a measure of
active caspase-2 that was present in the cell at the time
the reagent was added [38]. Assays were performed
both by FC and by CM, according to the manufacturer
instructions. Briefly, for CM images cells were
directly labelled in 6-well plates with FLICA reagent
10x for 2 h at 37°C and 5% CO,. These labelled cells
were harvested by trypsinization and analysed by FC.

B. Staining cells with acridine orange (AO) enables
the determination of apoptosis based on nuclear
morphology [29]. AO is a cell-permeable dye that
enters all cells and intercalates DNA to appear green
with a green homogenous fluorescence; the nuclear
condensation (feature of apoptotic cells) causes an
intensification of this fluorescence and loss of homo-
geneous pattern [16]. Apoptotis cells were enumerated
by counting 500 cells at multiple randomly selected
fields. AGS epithelial cells were stained with 1 pM
AO (Sigma-Aldrich Inc, St. Louis, MO, USA) for
10 min at 37°C and 5% CO,, washed twice and
analysed by CM.

C. DNA Fragmentation Assay. Suicide-Track™ DNA
Ladder Isolation kit (Calbiochem, USA) was used.
The principle involves detecting the cytoplasmic
histone-associated DNA fragments (mononucleosome
and oligonucleosomes) formed during apoptosis.
Briefly, cells were trypsinized and centrifugated (both
adherent cells and supernatants). The pellet was
resuspended in 500 pl of Extraction Buffer, incubated
for 30 min on ice and centrifugated at 15.000 g/5 min
at room temperature. Carefully, supernatant was
removed and transferred to a clean tube, discarding
in this way the high molecular weight chromatin. It
was added 20 pl of Solution #2 and was incubated for
60 min. Afterwards 25 pl of Solution #3 was added,
gently mixed and incubated at 50°C for 3 h. The DNA
was precipitated with the kit reagents provided and
dissolved in 50 pl of Resuspension Buffer. Samples
and DNA marker were resolved in 1.5% agarose gel at
50 V for 2 h containing 10.000X SYBR Green®I in
1 x Tris-Acetate-EDTA buffer. The bands were visu-
alized using an UV-illumination (GELPRINTER
PLUS, Madrid, Spain).
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Statistical analysis

Experiments were carried out at least in triplicate and data
in text and figures are expressed as mean values + stan-
dard deviation (SD). Statistical analysis was performed
using the statistical software, SPSS version 12.0 (SPSS
Inc., Chicago, IL, USA). Differences between groups were
analysed with a t-test (T-student) or a non-parametric test
(Wilcoxon test). A p-value of less than 0.05 (2-tailed test)
was considered statistically significant.

Results
Reactive oxygen species (ROS) production

Firstly, we verified that AGS cell line was sensitive to
H. pylori through an alteration in its oxidative status.
Therefore, AGS were incubated with various bacterial
densities (1 x 10* CFU/ml, 1 x 10> CFU/ml, 1 x 10°
CFU/ml, 1 x 10’ CFU/ml, 1 x 10° CFU/ml and 2 x 10°
CFU/ml) for 12, 24 and 48 h and we analysed free radicals
synthesis. The oxidation of DCFH-DA, a non-fluorescence
probe, to DCF, a fluorescence probe was then measured.

The data obtained by FC showed a fluorescence increase
directly proportional to the bacterial density and time of
incubation (P < 0.05); except for the highest density
(2 x 108 CFU/ml) and for the longer infection time (48 h)
where the culture cells were detached in considerable
proportions (they were death by necrosis, measured with
Trypan Blue) and the emission of fluorescence was lost.

At 24 h we found the most relevant alterations. Our
experiments showed that H. pylori increased DCF fluo-
rescence in a dose dependent manner, from 1.5-fold
increase with 1 x 10* CFU/ml to 2.5-fold increase with
108 CFU/ml, compared to controls (all P < 0.05) (Fig. 1,
top panel). We decided to work with 10® CFU/ml since it is
related to one of the most used MOI in the bibliography
(1:200) [31, 39] and because the free radicals synthesis
almost completely disappeared after Vit E addition. Data
were obtained by FC and corroborated by CM images
(Fig. 1, low panel).

ROS include radical species such as peroxide anion,
hydroperoxyl radical, hydroxyl, carbonate, peroxyl and
alkoxyl radical, and non-radical species such as H,O,,
HOCI, fatty acid hydroperoxides, and singlet oxygen.
These oxidant species can be generated in either extrami-
tochondrial or mitochondrial locations. Mitochondria,
however, are one of the most important sources of intra-
cellular ROS, namely superoxide.

We used MitoSOX Red, a non-fluorescent reduced
probe, to evaluate specifically intramitochondrial sources
of free radicals since this substrate is exclusively oxidized
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Fig. 1 Cell oxidative burst
evaluated by FC or CM and
DCFH-DA labelling. A dose-
response graphic (where each
value corresponds to the

mean + SD of four separate
experiments) shows a DCF
fluorescence increase in H.
pylori-treated cells for 24 h
(140.0 &+ 31.7 MFI;

155.5 £ 26.9 MFI;

172.0 £ 17.2 MFL;

204.3 + 37.0 MFIL;

231.3 + 24.4 MFI versus

93.7 + 26.2 MFI) (*P < 0.05).
Antioxidant addition at

1 x 10° CFU/ml bacterial
density, decreased fluorescence

MFI

100 =

il

values (116.8 + 38.3 MFI) 0
(**P < 0.05 compared to the
coculture), as it is also displayed
in the images recorded by
confocal microscopy
(Olympus). Original
magnification, x20

Control

by O,"". Oxidized MitoSOX Red’s fluorescence is
therefore proportional to the amount of mitochondrial
O,"". In our experiments, CM images (Fig.2) of
MitoSOX Red reagent showed higher fluorescent values
in H. pylori cocultures (7.79 £ 0.89 MFI versus 4.35 £+
0.49 MFI) (P < 0.05), indicating that, at least, a propor-
tion of free radicals synthesis that the bacterium causes,
are taking place in mitochondria. Since our hypothesis is
based on the assumption that the oxidative stress is the
cause of the subsequent mitochondrial alterations that we
were going to analyse, we carried out experiments with an
exogenous antioxidant (Vit E) which was capable of
totally eliminating the excess of free radicals, both ROS
(Fig. 1) and O,"~ (Fig. 2c) even with the highest CFU/ml
of H. pylori.

Cellular antioxidant defense

Mitochondrial electron transport generates superoxide as a
by-product and primary ROS at the Complexes I and III.
The total O,"~ formation represents more than 1% of O,
consumption in the electronic transport chain, although the

CONTROL 104

10° 106 107 103 103+VitE

Coinfected cells
108 CFU/mL

Coinfected cells
(108 CFU/mL) + Vit E (10-*M)

net O,°~ efflux rate are much lower due to its detoxifica-
tion by matrix and by intramembrane space enzymes.
Although GSH/GSSG systems constitute the major redox
buffer in the cytosol, mitochondria also appear to have
their own GSH pool independent of the cytosolic GSH
pool. O,°~ detoxification leading to oxidation of an amount
of GSH that is converted in GSSG and GSSG, at the same
time, must be reduced to GSH by glutathione reductase
with NAD(P)H as a cofactor. If this reduction is not
possible, GSH depletion could sensitize cells against
apoptotic stimuli [40].

We evaluated GSH and NADPH content in AGS after
bacterium infection. NAD(P)H cellular content was cal-
culated according to the difference between the fluo-
rescence intensity values of the samples and of the 70%
ethanol-treated cells (mean 49.5 MFI). Controls cells
shown a fluorescence mean value of 49.8 MFI, and a mean
value of 31.2 MFI was observed in H. pylori-infected cells
which represented a 37.4% decrease in NAD(P)H content
respect to control. With the Vit E pre-treatment the fluo-
rescence mean was 40.3 MFI, a 19.2% decreased compared
to control (all P < 0.05, Fig. 3).
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Fig. 2 Superoxide anion
production as determined by
CM and MitoSOX-staining.
Fluorescence was increased in
H. pylori-infected cells for 24 h M 8.00
(b) (7.79 £+ 0.89 MFI)

compared to controls (a) F 600 -
(4.35 £+ 0.49 MFI) (*P < 0.05). | I
The Vit E pre-treatment in 4,00 L
cocultures decreased this
fluorescence (¢) (5.41 & 1.46
MEFI). Images were recorded by

10,0 4

2,00 4

RE

BR

confocal microscopy
(Olympus). Data are &= SD
from three independent
experiments. Original
magnification, x20 zoom 2

a Control

125

ol

75

*k

MFI

50 -

25 1

T
CONTROL 108

T
108+Vit E EtOH

Fig. 3 NAD(P)H cellular content. The coinfected samples for 24 h
were exciting with the UV laser in a FACStar Plus. The cell
autofluorescence decreased with the coinfection (99.3 + 3.9 MFI
versus 80.7 £+ 8.3 MFI) (*P < 0.05 compared to controls) and part of
this autofluorescence was recovered with the Vit E addition
(89.8 £ 8.0 MFI) (¥*P < 0.05 compared to the coculture). Cells
fixed in 70% ethanol were used as a control because they are devoid
of NAD(P)H. Data are &+ SD from three independent experiments

To evaluate GSH content, we incubated cells with mBBr
and found mBBr fluorescence decreased with increased
bacterial density (from 1 x 10* to 10® CFU/ml). A 31.9%
decrease was observed at a MOI of 200:1, whereas the Vit
E addition to this concentration counteracted this diminu-
tion (all P < 0.05, Fig. 4).
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¢ Coinfected cells
(108CFU/mL) + Vit E (10-‘M)

b Coinfected cells
103CFU/mL

Cardiolipin peroxidation and mitochondrial structure

Mitochondria are specially sensitive to peroxidation
because cardiolipin, the phospholipid most abundant in
them, is rich in unsaturated fatty acids.

We evaluated cardiolipin levels as NAO fluorescence
(Fig. 5A). After H. pylori infection for 24 h the NAO
fluorescence of cocultures was found to be significantly
lower than control cells (a 40% decrease with
1 x 108 CFU/ml). The Vit E addition counteracted this
NAO fluorescence (all P < 0.05).

Images obtained after NAO staining also allowed us to
observe the mitochondrial network disposition (Fig. 5B,
top panel). In control cells, the filamentous disposition is
located in all the cytoplasma (arrow). In coinfected cells
the filaments are broken in round and isolated mitochon-
dria, mainly placed at perinuclear zone, showing a
punctuate phenotype (blank arrow). This structural
alteration was not observed with H. pylori infected cells
pretreated with Vit E. H. pylori infection also induces cell-
size reduction and loss of adhesion as it is observed with
phase-contrast microscopy (Fig. 5B, low panel), charac-
teristics associated to hummingbird phenotype described
by some authors [41, 42].

Cardiolipin not only interacts with proteins to conserve
the structure of multimeric mitochondrial complexes, but
also it seems to be involved in early apoptotic events since
its oxidation could be essential for the transduction of
apoptotic signals such as formation of the mitochondrial
permeability transition pore (PTP) that facilitates the
release of cyt ¢ into the cytosol [43].
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Fig. 4 mBBr staining of thiols
detected by CM. A higher

30.0
content of reduced thiols (e.g.,
glutathione) was observed in
control cells (a) versus H. pylori 20.0 4

treated cells for 24 h (b) based
on the fluorescence per cell

values (16.3 £ 1.5 MFI versus 10.0 4
23.9 £ 5.0 MFI) (*P < 0.05
compared to controls). Vit E

—n=

EE

pretreatment prevented the
observed decrease in
fluorescence (23.3 £ 5.8 MFI)
(**P < 0.05 compared to the
coculture) (c).Images were
recorded by confocal
microscopy (Olympus). Each
point corresponds to the

mean £ SD of three separate
experiments. Original

magnification, x20 zoom 2 =t
a Control

On the other hand, conditions in which GSH and/or
NAD(P)H are depleted, favour mitochondrial-membrane
permeabilization via an effect that involves the PTP and
the dissipation of Ayrm [44].

Mitochondrial membrane potential

We used the fluorescent probe JC-1 to assess whether a
Aym loss was taking place. JC-1, a cationic lipophilic
dye becomes concentrated in the mitochondria of healthy
cells. This aggregate fluoresces red at higher potential but
at lower potential this reagent cannot accumulated in the
mitochondria and remains as monomers in the cytoplasm
which fluoresces green. The ratio between red and green
signals is a measure of Aym. We observed that the
incubation with H. pylori modifies the JC-1 green and red
fluorescence, creating a 2.8-fold decrease in red/green
ratio with 10® CFU/ml H. pylori (0.43 =+ 0.12) compared
to control cells (1.20 & 0.10). This fact suggests that
J-aggregates proportion (a structure that is observed in
mitochondria, emitting higher levels of red fluorescence
emission) is diminished when compared to monomers
(structure observed in cytosol exhibiting fluorescence in
the green part of the spectrum). And taking into account
that fluorocrome accumulation in mitochondria is Aym
dependent, this decrease in the ratio indicates a loss of
Aym. If according to our hypothesis this potential loss is
a consequence of oxidative processes derived from the
enhanced free radicals synthesis (cardiolipin oxidation
and decrease of the reserves of antioxidants), then the
Vit E treatment will also be adequate to revert the Aym
decrease. In our experiments the addition of antioxi-
dant nearly restored the ratio (1.09 &£ 0.12) to the mean

b Coinfected cells
108CFU/mL

¢ Coinfected cells
(108CFU/mL) + Vit E (10“M)

value observed with the control cells (all P < 0.05,
Fig. 6).

Assessment of apoptosis

The previous data indicate that oxidative stress causes
alterations in the cell that seem to be related to the pro-
grammed cell death. To verify whether apoptotic processes
are being produced in cells of our experiments, we ana-
lysed the caspase-2 activation, since this molecule
participates in proteolytic enzymes cascade initiation in
response to pro-apoptotic signals. Moreover, its activation
is also related to cytotoxic stress, which is required for the
mitochondrial permeabilization, for the release of cyt ¢ and
for the translocation of Bax from the cytoplasm to mito-
chondria, features of apoptotic processes by mitochondrial
pathway [38]. Data obtained by FC showed that caspase-2
activity, is increased by 33% compared to controls values
when bacterial density was 10® CFU/ml (201.0 + 3.6 MFI
versus 265.3 £ 22.5 MFI, P < 0.05). Experiments carried
out in Vit E presence corroborated that the caspase-2
activation happened as a result of the increased free radical
synthesis, since antioxidant addition to the coculture
decreased fluorescence values (237 + 61.7 MFI). Results
were corroborated by CM images, showing a fluorescence
increase in infected cells compared to controls (P < 0.05)
and to Vit E-treated cells (Fig. 7).

We additionally assessed the expression levels of exe-
cutioner caspase-3 (processed downstream of caspase-2 in
apoptotic cascade), which is common to both the mito-
chondria and the death receptor apoptotic pathway.
RT-PCR and Western Blot techniques demonstrated an
increase in both RNA and protein levels (data not shown).
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A

12.0 - % *k
M
F 80-
|

40-

b Coinfected cells ¢ Coinfected cells

B a Control 108CFU/mL (108CFU/mL) + Vit E (10-*M)

Fig. 5 Cardiolipin content detected by NAO-staining. (A) Cardio-
lipin peroxidation indicated by NAO fluorescence measured at
640 nm is shown. The mean fluorescence values were 6.88 £+ 1.16
MFI for cells infected with H. pylori for 24 h and 11.41 £+ 0.87 MFI
for the control cells (*P < 0.05). Treatment of H. pylori infected
AGS cells with Vit E increased NAO fluorescence (9.12 £+ 0.54 MFI)
to a level near that observed with the control cells (**P < 0.05
compared to the coculture without Vit E). Each point corresponds to
the mean £ SD of three independent experiments. (B) CM images of
NAO-stained cells. Top panel: Appearance of the mitochondrial
network. In control cells (a), the mitochondria were arranged as

To further confirm that H. pylori infection induces
apoptotic processes in AGS cells DNA structure was
analysed by AO staining and DNA laddering. Nuclear
morphology was assessed by adding AO, a nucleic acid
selective fluorescent cationic dye, to each well and
examining the cells under blue fluorescence. AGS cells
used as control displayed normal cellular morphology
(homogeneous staining) (Fig. 8a, arrow). In comparison
with controls, infected cells displayed features of apop-
tosis, such as reduced size and enhanced fluorescence of
condensed and marginated nuclear chromatin (Fig. 8b,
blank arrow), showing a 35% increase of apoptotic cells.
Images with the Vit E addition (Fig. 8c) showed the
almost total recovery compared to controls (only an 8.3%
increase of apoptotic cells) (all P < 0.05). In coinfected
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filaments (arrow). After 24 h H. pylori infection disrupted this
structure by mitochondrial fission generating round and isolated
mitochondria (b) (blank arrow). With the Vit E addition the images
were similar to controls (c) both in fluorescence and in morphology.
Lower panel: The phase-contrast microscopy images display the
changes in size and the loss of adhesion of coinfected cells, features
that are associated with hummingbird phenotype. Images were
recorded by confocal microscopy (Olympus). Representative fields
are shown from the results of three separate experiments. Original
magnification, x20 zoom 3

cells, DNA 1.5% agarose gel electrophoresis revealed the
formation of DNA fragments of oligonucleosomal size
(180-200 bp) (Fig. 9), an observation also consistent with
apoptosis.

Discussion

The exact mechanisms by which H. pylori colonization
causes damage to gastric epithelial cells is unknown, but
some hypotheses point at oxidative stress. This oxidative
stress is the main consequence of the infiltration of the
subepithelial gastric lamina propria by phagocytes, mainly
neutrophils and macrophages which produce large amounts
of ROS as a host defense reaction.
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a Control

Fig. 6 Mitochondrial membrane potential (Ayym) as determined by
CM and JC-1-labelling, calculated as an intensity ratio of JC-1
fluorescence. Control cells (a) showed high red and low green
fluorescences and cells appeared bright red because of the formation
of J-aggregates. In H. pylori-treated cells for 24 h (b), the JC-1 red/
green ratio was reduced by 64.2% (0.43 £ 0.12 MFI) with compared

b Coinfected cells
108CFU/mL

C Coinfected cells
(108CFU/mL) + Vit E (10*M)

to controls (1.20 & 0.10 MFI) (*P < 0.05) and JC-1 molecules
remained as green cytoplasmic monomers. With the antioxidant
addition the ratio value was similar to controls (1.09 £ 0.12 MFI)
(**P < 0.05 compared to the coculture) (c). Images were recorded by
confocal microscopy (Olympus). Data are & SD from three indepen-
dent experiments. Original magnification, x20

a Control

Fig. 7 Caspase-2 detection determined by CM. A 33% increase was
observed in caspase-2 activity in cocultures (b) for 24 h, measured as
FLICA inhibitor fluorescence, compared to controls (a) (P < 0.05).
The Vit E addition reverted the fluorescence values to the

In this study we specifically examined mitochondrial
alterations at epithelial cell level in response to H. pylori
infection. Our work is based on the assumption that bac-
teria produces oxidative stress in the gastric mucosa [7, 45—
48] and that mitochondria are one of the possible targets
and the major intracellular source of free radicals [49],
since it is estimated that 2-4% of the oxygen consumed by
mitochondria is converted to O,°~ by the electron transport
system [50].

b Coinfected cells
108CFU/mL

¢ Coinfected cells
(108CFU/mL) + Vit E (10*M)

corresponding controls (¢) (no statistically significant differences).
Images were recorded by confocal microscopy (Olympus). Results
are representative of three separate experiments. Original magnifica-
tion, x20 zoom 2

We have been able to show that H. pylori causes the
buildup of free radicals in epithelial mucosa cells in an
infection density-dependent manner, both at the cellular
level (Fig. 1) and at the mitochondrial level (Fig. 2).
0,"" is the predominant ROS synthesized in mitochondria
[51] and is generated as a by-product of oxidative phos-
phorylation. Elevated amounts of O,°” could have
detrimental effects on nearby molecules, modifying
several proteins of the IMM, lipids or even mitochondrial
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a Control

Fig. 8 AO staining of AGS cells evaluated by CM. Nuclei showed
green fluorescence. In controls a normal morphology (arrow) with an
homogeneous staining is observed (a) whereas in the culture with the
bacterium for 24 h morphologic features of apoptosis (blank arrow),
including condensed and marginated chromatin is observed (b). The

2000

1500

1000

750

Fig. 9 DNA fragmentation revealed by agarose gel electrophoresis.
After 24 h nuclear morphology changes characteristic of apoptosis
appear within the cell together with a distinctive biochemical event:
the endonuclease-mediated cleavage of nuclear DNA. In apoptotic
cells specific DNA cleavage becomes evident in electrophoresis
analysis as a typical ladder pattern due to multiple DNA fragments.
(M: marker; Lane a: Control; Lane b: coinfected cells; Lane c:
coculture 4+ Vit E)

DNA (which has limited protection because of its lack of
histones) [52].

In physiological conditions, mitochondria have several
enzymes (manganese-dependent superoxide dismutase,

@ Springer

b Coinfected clls
108CFU/mL

C Coinfected cells
(108CFU/mL) + Vit E (104M)

Vit E partially avoided these alterations (c¢). Data of mean fluores-
cence per cell were: controls, 2.59 &+ 0.16 MFI; coculture,
341 £ 0.73 MFL coculture 4+ Vit E, 2.81 £ 0.70 MFI (all
P < 0.05). Representative fields are shown from the results of three
separate experiments. Original magnification, x20 zoom 2

glutathione peroxidase) and non-enzimatic
(NADPH, vitamins C and E) that maintain O,°~
trations at very low levels [53, 54]. But when some events
cause an overproduction of free radicals, these systems are
not able to eliminate the excess. Therefore, overproduction
of oxygen radicals may also reduce the antioxidant
defenses, and in our experiments, NAD(P)H (Fig. 3) and
GSH (Fig. 4) were decreased when cells were H. pylori-
coinfected.

According to these results, an antioxidant exogenous
treatment (Vit E), could prevent damage whether the
scavenger was able to eliminate the free radicals excess and
recover antioxidant defenses [55, 56]. Our results show that
a concentration of 10~* M of Vit E is effective both to
remove free radicals synthesized (ROS and O,"7) as a
consequence of the infection (Figs. 1 and 2) and to increase
antioxidant levels (Figs.3 and 4). Enzymes such as
superoxide dismutase, glutathione peroxidase, catalase,
glutathione reductase or transhidrogenase NADP glutathi-
one, and other smaller molecules such as glutathione,
NADP)H and vitamins C and E are connected and
constitute an effective antioxidant system against free
radicals. Therefore, when any of these mechanisms are
altered, the global systems effectiveness will be modified.

Lipids of cellular membranes are particularly suscepti-
ble to oxidation due to the amount of double bonds in these
structures. Cardiolipin is an acidic glycerophospholipid
that primarily is present in the IMM and is susceptible to
lipidic peroxidation, via ROS attack [57], due to two rea-
sons: its unsaturated structure and its location near the
place of most cellular O,"~ production, the electron
transport system [58]. We show that in H. pylori-infected
cultures, mitochondria suffer a loss of cardiolipin by per-
oxidation (Fig. SA) because when cultures were
simultaneously exposed to infection and exogenous treat-
ment with Vit E, a NAO staining pattern was observed that

systems
concen-
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is similar to control cells. As the ROS burst is concurrent
with loss of NAO staining, this event suggests the possi-
bility of a causal relationship.

Cardiolipin is not only an essential phospholipid for
eukariotic energy metabolism but also it plays a key role
in maintaining mitochondrial structure and function and
thus, in cell survival. As CM images shown, our NAO
staining experiments revealed that H. pylori infection
leads to changes in the mitochondrial phenotype (Fig. 5B,
top panel): the typical reticulotubular mitochondrial
morphology of healthy cells [59] disintegrates into mul-
tiple small and round organelles after H. pylori infection,
rendering the fragmented mitochondrial phenotype that is
typical of mitochondrial fission processes. The number
and morphology of mitochondria within a cell are con-
trolled by regulated rates of organelle fusion and fission.
Any shift in the balance towards fission gives a rise to the
fragmentation of the network and remodelling of the
mitochondrial cristae observed during the early stages of
apoptotic cell death [60-63]. Vit E treatment restored
both the mitochondrial (Fig. 5B-c, top panel) and cellular
(Fig. 5B-c, low panel) morphology, suggesting that ROS
could have an important role in the regulation of fission
and fusion processes.

It is also known that mitochondrial uncoupling is asso-
ciated with increased mitochondrial production of ROS
[58]. The passage of electrons along the respiratory chain
in mitochondria during oxidative phosphorylation, releases
energy and also generates a transmembrane potential gra-
dient across the IMM, but when this process is altered, its
potential decreases. AGS infected with H. pylori showed a
progressive dissipation of Ay, (Fig. 6), as determined by
the Ay,-sensitive probe JC-1. It would be reasonable to
assume that if these alterations are being triggered by ROS,
cellular redox scavengers would tend to prevent them. In
our experiments we demonstrate this event because of JC-1
fluorescence red/green ratio in AGS/H. pylori cocultures
pre-treated with Vit E increased levels as the control cul-
tures (Fig. 6).

All these alterations (oxidative burst, decrease in anti-
oxidant defenses, lipidic oxidation, mitochondrial fission
and transmembrane potential dissipation) are related in
different clinical conditions with early apoptosis [64]. This
is why Ay, is lost during the early phase of apoptosis; the
outer mitochondrial membrane becomes permeable due to
the opening of the mitochondrial PTP that allows the
release of soluble intermembrane proteins into the cytosol
[65, 66]. The opening of the PTP results in an uncoupling
of the respiratory chain and interruption of electron transfer
due to the release of intermitochondrial molecules into the
cytosol with overproduction of O, [67]. The onset of
PTP has been implicated as a key mechanism underlying
both necrotic and apoptotic cell death, and ROS are a few

of the many agents that promote its opening [68]. PTP
activation appears to be irreversible and has profound
consequences for cell function [69-71], which is associated
with mitochondrial swelling, release of molecules into the
cytoplasm, such as apoptosis-inducing factor or cyt ¢, and
activation of proteases such as caspases [72, 73], enzymes
which participate in a series of reactions that are triggered
in response to pro-apoptotic signals. Previous reports have
shown that H. pylori induces activation of caspase 8 and 3
and subsequent cleavage of PARP, leading to an increased
level of apoptosis in gastric ephitelial cells both “in vivo”
and “in vitro” [74]. In the present work, we have observed
that H. pylori plays a role in caspase activation (both at
initiator and executioner caspases level), a fact that is,
however, antagonized by Vit E (Fig. 7), one of the major
lipophilic antioxidant agents, suggesting that ROS are
implicated in downstream events leading to an increased
level of apoptosis.

It is now clear, that intramitochondrial anti-oxidants
such as GSH, NADH, NAD(P)H and superoxide dismu-
tase-Mn are endogenous inhibitors of PTP opening [75, 76]
and that conditions in which GSH and/or NAD(P)H are
depleted favour mitochondrial-membrane permeabilization
via an effect that involves the PTP. NAD(P)H concentra-
tions also appear to be reduced in several models of cell
death, and it is accepted that a massive depletion has the
same predictive value for cell death as the dissipation of
Ay, [44].

In addition, the DNA condensation (Fig. 8) and frag-
mentation (Fig. 9), which are the characteristic morpho-
logical features of apoptosis, were detected in AGS infected
cells. Features which were inhibited, but not completely
abolished, by Vit E. This fact could indicate that other
mechanisms, apart from the H. pylori induction of ROS
synthesis, may be involved in this effect. In fact, some
authors have demonstrated that H. pylori can directly induce
apoptosis of gastric epithelial cells in vitro by Fas/Fas ligand
system activation [8, 24, 25, 77]. Our study, however, shows
that the mitochondrial pathway plays a critical role in
H. pylori-mediated apoptosis in gastric epithelial cells.

In summary, our data provide direct information and
detailed evidence of how superoxide acts on mitochondria
to initiate apoptotic pathways in H. pylori-infected AGS
cells. These changes are occurring in the presence of
mitochondrial depolarisation and other morphological and
functional changes. An antioxidant therapy could be useful
to the clinical management of infected patients.
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