
Epithelial cell expression of BCL-2 family proteins
predicts mechanisms that regulate Helicobacter
pylori-induced pathology in the mouse stomach
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Corpus-predominant infection with Helicobacter pylori (HP) results in the activation of programmed cell death pathways
in surface, parietal, and chief cells. At present, mechanisms that regulate these pathways to result in HP-associated
pathology are not fully understood. Because it is not known which survival and death pathways are present in gastric
epithelial cells, we used an antibody panel to evaluate the expression of BCL-2 family prosurvival proteins or multi-Bcl-2
homology (BH)-domains (group 1) or BH3-only (group-2) proapoptotic proteins in the stomachs of uninfected or
HP-infected C57BL/6 mice. This strategy identified BCL-2, BAK, and BAD as the major prosurvival and proapoptotic
proteins, in surface cells and BAD as the only BCL-2 family protein expressed in parietal cells. Chief cells express altogether
different effectors, including BCL-XL/BCL-2, for survival but have no constitutively expressed proapoptotic proteins. In
model chief cells, however, the group 1 proapoptotic protein BCL-XS was expressed after exposure to proinflammatory
cytokines concomitant with reduced viability, demonstrating that chief cells can transcriptionally regulate the induction
of proapoptotic proteins to execute apoptosis. During HP infection, no additional BCL-2 family proteins were expressed in
epithelial cells, whereas those present either remained unchanged or were reduced as cell deletion occurred over time.
Additional studies demonstrated that the posttranslational regulation of BAD in surface and parietal cells was negatively
affected by HP infection, a result that may be directly related to an increase in apoptosis during infection. Thus, gastric
epithelial cells express cell-specific prosurvival and proapoptotic pathways. From the results presented here, mechanisms
that regulate HP-related changes in the survival and death profile of gastric epithelial cells can be predicted and then
tested, with the ultimate goal of elucidating important therapeutic targets to inhibit the progression of HP-related
pathology in the stomach.
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Programmed cell death (PCD) in the stomach regulates the
rate of epithelial cell turnover and is accelerated during He-
licobacter pylori (HP) infection in humans and in animal
models. Surface and pit epithelial cells, which are normally
replaced every 3–4 days, show a significant increase in PCD
during HP or Helicobacter felis (HF) infection in mice where
dying cells can be visualized by TUNEL staining or caspase-3
localization to extend from the surface deep into the gastric
neck.1,2 In culture, surface cells also die rapidly by PCD in the
presence of HP- or HF-induced factors like ammonia, CagA,
or gastrin.3–6 The death of parietal and chief cells, resulting in

atrophy of gastric glands, may also occur by PCD, but this
has been more difficult to document in vivo because of
macrophages or other phagocytic cells that delete the dying
cells. In isolated cell cultures, containing highly purified
parietal or chief cells, or in gastric glands, containing mostly
parietal and chief cells, PCD can be documented in the
presence of ammonia, HP, or proinflammatory TH-1 cyto-
kines by DNA laddering, caspase activation, and morpho-
logy.7–10 Although there is overwhelming support for the idea
that PCD is important in the pathogenesis of HP infection
and is instrumental in facilitating gastric atrophy and cancer
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progression, little is known about the regulators of PCD or
whether gastric epithelial cells undergo classical apoptosis,
apoptosis-like PCD, or other forms of cell death. Most stu-
dies concerning apoptosis and HP infection use cancer cell
lines that express numerous overlapping survival and death
pathways, which may or may not be present in native gastric
epithelial cells.

Proteins of the BCL-2 family are essential regulators of
apoptosis, which is one of many types of PCD.11 Prosurvival
members of the BCL-2 family in mammals, including BCL-2,
BCL-XL, BCL-W, Mcl-1, A1, BOO/DIVA/Bcl-2-10, and BCL-
B, contain four characteristic Bcl-2 homology (BH)-domains
(BH1–BH4) and protect cells from death by binding to mi-
tochondria and other intracellular membranes to inhibit the
release of cytochrome c or other activators of caspase acti-
vity.11–15 In contrast, proapoptotic proteins are in two
groups. Group 1 proteins, including BAX, BAK, BCL-XS,
BOK/MTD and BCL-GL, contain two or three BH domains.
Group 2, or BH3-only proteins, including BAD, BIK/NBK,
BID, Hrk/DP5, Blk, BMF, NOXA, PUMA/BBC-3, have only a
9–16 amino-acid BH3 domain.12,13 To execute the classical
form of apoptosis, group 1 proteins are activated by BH3-
only proteins (sensitization or an activation event), to result
in oligomer formation, membrane pore formation, and the
release of mitochondrial-associated apoptosis activators.11,14–16

Alternatively, BH3-only proteins may bind to and block the
anti-apoptotic activity of prosurvival proteins to facilitate the
activation of group 1 proteins without direct BH3-only
protein interaction.15,17 Whichever mechanism prevails, these
studies strongly support the notion that at least one BCL-2
family protein acts to support cell survival and at least one
group 1 and one BH3-only proapoptotic protein must be
present to execute apoptosis. Other forms of PCD, including
apoptosis-like PCD, autophagy, or parapoptosis may or may
not utilize BCL-2 family proteins to execute cell death.11

Because the regulation of some BCL-2 family proteins is
now understood at the molecular level, it is possible to pre-
dict how cells maintain homeostasis and what factors con-
tribute to the activation of cell death when specific proteins
are expressed. For instance, bcl-x gene expression is regulated
transcriptionally by factors that facilitate expression of either
the prosurvival or proapoptotic isoforms BCL-XL and -XS,
respectively.18–20 BCL-XL is thought to inhibit opening of the
mitochondrial permeability transition pore, which blocks the
loss of mitochondrial membrane potential and the leakage of
cytochrome c that occurs after an apoptotic signal.21 BCL-XL

may also bind directly to cytochrome c, thus inhibiting cas-
pase activation and apoptosis.22 BCL-XS antagonizes cell
death inhibition by binding to both BCL-XL and BCL-2.23

For homeostasis, the ratio of BCL-XL to -XS expression is
maintained in cells by sex steroids24,25 and glucocorticoids,26–28

whereas either inhibiting BCL-XL or stimulating -XS

expression facilitates apoptosis.21,29 In contrast, BAD is
posttranslationally regulated by phosphorylation, where
phospho-BAD is an inactive and nonphosphorylated BAD

is an active proapoptotic protein.30–32 The ligation of
receptors for growth and survival factors increase AKT,
MAKP, ERK1/2 and PKA signaling pathways to phosphor-
ylate BAD,30–35 and PP2A (and other phosphatases) actively
dephosphorylate BAD to initiate apoptosis.36,37 When not
phosphorylated, BAD forms heterodimers with protective
BCL-2-family proteins to inactivate their prosurvival func-
tion at the mitochondrial membrane.38

During HP infection, mechanisms that facilitate survival
and death of gastric epithelial cells, including surface, pit,
parietal, and chief cells, is not clearly established, and the role
of BCL-2-family prosurvival and proapoptotic proteins in the
pathogenesis of HP disease remains to be defined. Hence, the
aim of this study was to characterize the expression of BCL-
2-family prosurvival and proapoptotic proteins in control
and HP-infected mice. From the results presented here,
mechanisms that regulate HP-related changes in the survival
and death profile of gastric epithelial cells can be predicted
and then tested, with the ultimate goal of elucidating im-
portant therapeutic targets to inhibit the progression of HP-
related pathology in the stomach.

MATERIALS AND METHODS
Animals
Animals used for this study were maintained in accordance
with the guidelines of the Committee on Animals at the Beth
Israel Deaconess Medical Center and the Massachusetts
Institute of Technology and those prepared by the committee
on Care and Use of Laboratory Animals by the National
Research Council. The studies were also conducted by
approval from the IACUC Committee at each institution
under approved protocols. C57BL/6 mice (female) that were
free of Helicobacter spp., Citrobacter rodentium, Salmonella
spp., endoparasites, and antibodies to viral pathogens were
obtained from Taconic Farms (Germantown, NY, USA).
The mice were housed in microisolator caging within an
AAALAC-accredited facility.

Bacteria
HP (Sydney) used for oral inoculation were grown for 48 h at
371C under microaerobic conditions in 5% lysed horse blood
agar as described by Lee et al.39 The bacteria were harvested
after 48 h of growth, resuspended in PBS, assessed by Gram
stain and phase microscopy for purity, morphology, and
motility. In addition, the bacteria were tested for urease,
catalase, and oxidase activity.

Experimental Infection
Eighteen mice (8 weeks old) were infected with 108 CFU of
HP in 0.3ml of PBS three times, every other day. Nine
control mice were dosed with PBS only. At 6, 12, and 20
weeks postinfection (WPI), the stomach was excised
from three control and 5–6 infected mice at each time
point. Tissues from the antrum and corpus were taken for
quantitative culture, histopathological evaluation, and
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Figure 1 Morphology that was present in frozen sections from control tissues and at 6, 12 and 20 weeks postinfection (WPI) with HP that were used in

subsequent immunostaining studies. On the left, images represent the surface, pit and upper gland region. On the right, images represent the middle and

base of gastric glands, muscularis mucosa, and submucosa. Note that chief cells are nearly all deleted by 12 WPI (f) and that parietal and chief cells are

replaced along the length of gastric glands by SPEM metaplastic cells (MCs) at 20 WPI (g, h). Inflammation, identified by inflammatory cells in the lamina

propria and submucosa, and hyperplasia, identified by lengthening of gastric pits, increased significantly over time (c–h). CC, chief cells; I, inflammatory cells;

L, gland lumen; MM, muscularis mucosa; PC, parietal cells; SC, surface cells; SM, submucosa. Bar in h represents the magnification for images a–h and is

100 mm.
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immunocytochemistry. The original experiment was repeated
one time with three control mice and 5–6 infected mice per
time point and the data from like experimental groups were
pooled.

Quantitative Culture
Quantitative culture was carried out as described by Fox
et al 40 using tissues from the antrum to verify infection.
Although not discussed further, all HP-infected mice were
colonized with HP and those sham infected were not
colonized with HP.

Histopathological Evaluation
The tissues examined consisted of a section taken from the
lesser curvature to the middle of the stomach, beginning at
the squamocolumnar junction and ending at the gastro-
duodenal junction. Stomach tissues were fixed in 10% neu-
tral buffered formalin, processed, and then embedded in
paraffin by standard methods. Tissues were sectioned and
stained with hematoxylin and eosin. The corpus region of the
stomach was examined histologically for inflammatory and
epithelial changes consisting of (1) inflammation, (2)
hyperplasia/mucoid metaplasia, and (3) parietal cell atrophy.
Tissues were graded on an ascending scale ranging from 0
(normal) to 4 (marked). Tissues given a score of 1 contained
rare, small, or a single focal mild lesion. Tissues given a score
of 2 contained mild infiltrates or changes within limited re-
gions with no inflammatory extension into the submucosa.
Tissues given a score of 3 contained significant mucosal
changes over a moderately sized, rather than limited, area
with significant inflammatory extension into the submucosa.
Tissues scored 4 contained extensive marked mucosal chan-
ges over extensive areas and marked inflammatory involve-
ment of the submucosa.

Immunocytochemistry and Analysis by Confocal
Microscopy
Tissues used for analysis were taken from the lesser curvature
to the middle of the stomach, beginning at the squamoco-
lumnar junction and ending at the antrum. Tissues were
frozen in OCT, without fixation, in isopentane cooled with
liquid nitrogen. Five-micrometer sections were cut on a Leica
CM 1850 cryostat (Leica Instruments Inc., Nussloch,
Germany), adhered to Superfrost Plus slides (Fisher
Scientific, Pittsburgh, PA, USA), fixed for 1min in 80%
acetone at room temperature, and then stored at�801C until use.
Sections for DiOC6 (Molecular Probes) staining omitted the
acetone fixation step. For immunostaining, frozen sections
were incubated with gelatin(gel)-PBS (2mg/ml gelatin
(Knox), 150mmol/l NaCl, and 10mmol/l phosphate buffer,
pH 7.4) containing 5% normal serum (rabbit or goat
depending on the specific antibody) and 5% nonfat dry milk
to block, washed with gel-PBS, and then incubated with af-
finity purified specific antibody (listed below) followed by
rhodamine-labeled secondary antibody (all purchased from

Jackson Immunologicals). Tissues stained with DiOC6, to
evaluate colocalization with membranes of mitochondria and
the rough endoplasmic reticulum (rER), were carried out in
the cold room in conjunction with the secondary antibody
incubation step. Control and HP-infected tissues from a
single experiment were stained, en mass, on the same day
with one of the specific antibodies and then analyzed
immediately after staining using a Zeiss LSM-510 META
confocal laser system. Two images were taken for each tissue
(from the corpus only); one near the squamocolumnar
junction just distal to the cardia and one in the middle of the
section. The intensity of staining was graded on an ascending
scale ranging from 0 (no staining) to 4 (extremely strong
staining) for the surface cell area, parietal cell area, and chief
cell area, which were defined by using antibodies or probes
specific for the cell type expected to be most prominent in
the area including anti-Muc5A (Novocastra) for surface cells,
Dolichos biflorus agglutinin (Sigma) for parietal cells, and
anti-pepsinogen II (BioDesign) for chief cells. Grading was
carried out by one of the authors (DX Yang) directly on the
screen of the confocal microscope and then by another au-
thor (SJ Hagen) from images evaluated on the computer
screen without foreknowledge of source. If expression was
not apparent in the squamous nonglandular portion of the
normal mouse stomach in pilot experiments, which was used
as a positive control for many of the antibodies, positive
staining in other tissues was established before staining the
gastric mucosa in control and HP-infected mice. Blocking
peptide (when available) was added to each primary antibody
to test specificity and to set the background level for acqui-
sition of images for each sample before analysis on the

Figure 2 Quantification of progressive changes in inflammation, surface

cell hyperplasia, intestinal metaplasia, and atrophy in the sum of tissues

from Figure 1 that were used in this study. Pathology score evaluations of

0–4 are described, in detail, in ‘Materials and methods section’. * denotes a

significant increase (Po0.05) when compared to time-matched control

tissues. Note that inflammation increases significantly as early as 6 WPI and

that atrophy and metaplasia increase over time after 12 WPI. Infection

results in a severe phenotype by 20 WPI.

Regulation of HP-induced cell death

SJ Hagen et al

1230 Laboratory Investigation | Volume 88 November 2008 | www.laboratoryinvestigation.org

http://www.laboratoryinvestigation.org


confocal microscope—so that the negative control showed no
specific background staining (a black image). The blocking
peptides used were as follows and purchased from Santa Cruz
Biotechnology Inc. (SC Santa Cruz, CA, USA) or from Cell
Signaling Technology (Center St Jamaica Plain, MA, USA):
(1) BCL-2, N-19 (SC); BCL-XL/S L-19 (SC); BAD C-20 (SC);
BAX, N-20 (SC), and BADser112 (CST). Blocking peptide-
antibody staining solutions were prepared by adding a
fivefold excess of blocking peptide by weight to the anti-
body, allowing interaction for a minimum of 2 h at room

temperature, and then diluting the antibody to a final con-
centration, as discussed below. If blocking peptides were not
available (anti-Bak, SC; anti-BAD, CST), the confocal back-
ground level was determined using second antibody alone. If
results were negative in gastric mucosa but positive for a
control tissue, whole stomach sample was also evaluated by
western analysis and the results always confirmed the nega-
tive immunostaining results (not shown). The antibodies
used and dilutions for immunostaining were as follows:
(1) rabbit anti-BCL-2 (N-19; 1:50), (2) rabbit anti-BCL-XL/S

Figure 3 Expression of BCL-2 in sections of the stomach from control (untreated) mice. (a) BCL-2 expression is high in the squamous (SQ) epithelium of the

esophagus (E) and nonglandular stomach and in much lower concentration in the corpus (C). (b) In sections that contain the entire mucosa, BCL-2

expression is found in surface cells (SCs) and in chief cells (CCs), but did not appear to be expressed above background levels in the parietal cells (PCs).

(c) Expression of BCL-2 is found in the cytoplasm (arrows) of SCs. (d) In the parietal cell area, staining of individual parietal cells (arrows) was barely above

background levels when compared to sections in which the primary antibody was not used (not shown). (e) In CCs, the expression of BCL-2 is strongest

within the cytoplasm at the base of cells (arrows). L, lumen of a gastric gland; MM, muscularis mucosa; SM, submucosa. Bar in b represents the magnification

for images a, b and is 50 mm. Bar in e represents the magnification for images c–e and is 20mm.
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(L-19; 1:200), (3) goat anti-BCL-W (N-19; 1:50), (4) rabbit
anti-BAX (P-19; 1:200), (5) rabbit anti-BAX (N-20; 1:200);
(6) rabbit anti-BAD (C-20; 1:50), (7) rabbit anti-BAK
(H-211; 1:50), (8) goat anti-BID (M-20; 1:50), (9) goat
anti-Hrk (M-20; 1:100), and (10) goat anti-Bim (M-20;
1:50); all were purchased from Santa Cruz Biotechnology Inc.
The expression of BAX, BAD, and BADser112 was also
determined by using rabbit anti-BAX (554106; 5 mg/ml) from
BD Biosciences (Bedford, MA, USA), and rabbit anti-BAD
(9292; 1:50) or rabbit anti-BADser112 (9291; 1:50) from Cell
Signaling Technology. Colocalization of signal was evaluated
by using Velocity software (Improvision, Lexington, MA,
USA).

Immunoblotting
Mucosal scrapings from the mouse stomach (corpus) were
prepared as described by us previously.41 K562 and chief cells
in culture were solubilized in RIPA gel sample buffer con-
taining 0.15M NaCl, 1% NP-40, 0.5% SDS, 0.05M Tris (pH
8), 4mM EDTA, and one tablet of the complete mini pro-
tease inhibitor (Roche). After boiling, the protein con-
centration was determined and then proteins from each
sample were separated by SDS–PAGE. The separated proteins
were transferred to PDVF membranes (Bio-Rad) using a Bio-

Rad Trans-Blot semidry transfer cell, blocked with buffer
containing nonfat dry milk, and then incubated with primary
antibody. Bands were visualized by incubating with 125I-
labeled protein A and autoradiography (whole stomach/
K562 cells) or by enhanced chemiluminescence (Amersham-
cultured chief cells).

Cultured Chief Cells
Isolated chief cells were prepared from the rat stomach
(Sprague–Dawley; Taconic, Germantown, NY, USA) by
density gradient and centrifugal elutriation techniques as
described previously by others,8,42–46 and modified by us to
obtain highly enriched chief cells. Enriched chief cells were
plated at density of 2.9� 105 cells per cm2 in collagen-coated
Transwell plates and incubated in 5% CO2 in air at 371C in a
1:1 mixture of Ham’s F-12 and Dulbecco’s minimum essential
medium, supplemented with heat-inactivated 10% fetal
bovine serum, 8 mg/ml insulin, 1mg/ml hydrocortisone,
100U/ml penicillin, 100U/ml streptomycin, 0.25 mg/ml
amphotericin B, and 100 ng/ml of hepatocyte growth factor.
After the cells were confluent, hepatocyte growth factor and
hydrocortisone were withdrawn overnight. Cytomix, 100% of
a stock cytokine mixture containing 10 ng/ml each of IFN-g,
TNF-a, and IL-1b, was then added to the basolateral chamber

Table 1 Expression levels of prosurvival and proapoptotic proteins in the uninfected mouse stomach

Antibody Squamous stomach Surface pit Parietal Chief Lamina propria Muscularis mucosa Other

Prosurvival

BCL-2 ++++ + � ++ � +

BCL-W � � � � +++ (Nerve) �
BCL-XL � � � +++ � �

Proapoptotic

BCL-XS � � � � � � BCL-XL isoform is

expressed

BAX � + � � ++++ (Smooth muscle) ++++ (Smooth

muscle)

BAK ++++ +++ � � � �
BAD ++ ++++ (A) ++ (UG) � � �

++ (C) ++++ (LG)

BADser112 � � (A) ++ (UG) � � �
++ (C) + (LG)

BIM � � � � � � Pancreas ++++

BID � � � � � � Spleen +++

Pancreas ++++

Hrk � � � � � � Lymphoid nodule +++

Weak level of expression (+); moderate level of expression (++); high level of expression (+++); extremely high level of expression (++++); no expression (�). A,
expression at the apical surface; C, expression in the cytoplasm; UG, expression in upper glands; LG, expression in lower glands. The ‘Other’ category was used if no
specific staining was obtained.

Regulation of HP-induced cell death

SJ Hagen et al

1232 Laboratory Investigation | Volume 88 November 2008 | www.laboratoryinvestigation.org

http://www.laboratoryinvestigation.org


of chief cell cultures. Viability was measured by using the
crystal violet assay, as described previously by us.6

Statistical Analysis
Combined data were expressed as mean±s.e. Statistical
analysis of data were carried out with SigmaStat software
(Jandel Scientific Software, San Rafael, CA, USA) using the
unpaired t-test for analysis of two groups or one-way analysis
of variance for many groups. Differences were regarded as
statistically significant at Po0.05.

RESULTS
HP (Sydney) Infection in the Mouse Stomach
To establish an HP model in the mouse stomach that was
suitable for the analysis of cell survival and death protein
expression, we infected mice with HP (Sydney strain, SS1)
and evaluated the histology in conventional paraffin and
frozen sections at a number of time points after infection
(Figures 1 and 2). Of interest was to establish three condi-
tions for analysis. First, an early time point that showed little
histological change after infection, which occurred at 6 WPI
(Figures 1c, d and 2). The rationale for this time point was to

evaluate tissues before the deletion of gland epithelial cells,
perhaps allowing detection of changes in protein expression
that would facilitate cell death and atrophy in this model. For
the latest time point, which occurred at 20 WPI (Figures 1g, h
and 2), our aim was to have tissues that showed the hallmarks
of HP infection including (1) lengthening of gastric pits with
concomitant surface cell hyperplasia, (2) deletion of chief and
parietal cells resulting in gland atrophy, (3) replacement of
corpus glandular cells with spasmolytic polypeptide-expres-
sing metaplasia (SPEM) cells, and (4) severe inflammation,
especially at the base of gastric glands. For the middle time
point (Figures 1e, f and 2), we sought an intermediate phe-
notype, which occurred at 12 WPI. In all cases the stomach
corpus from control, sham infected, mice at 6, 12, and 20
WPI had normal histology (Figures 1a, b and 2).

BCL-2 and BCL-X Expression in Mouse Stomach
In contrast to the high level of expression of BCL-2 in the
nonglandular stomach and esophagus (Figure 3a; Table 1),
BCL-2 expression was far less evident in epithelial cells from
the corpus (Figure 3a) and was limited to surface, pit, and
chief cells (Figure 3b; Table 1). In surface and pit cells, the

Figure 4 Expression of BCL-2 in sections from mice infected with HP. (a) At 12 WPI, there was lengthening of gastric pits (Pit) and hyperplasia of surface cells

(SCs) so that the expression of BCL-2 was increased overall in this location. Although chief cells (CCs) were nearly deleted at 20 WPI, the few remaining

contained BCL-2. (b) At 20 WPI, SCs expressed BCL-2, but the localization was mostly limited to the base of cells (arrows) and the cytoplasmic localization

(asterisk) was not present. (c) At 20 WPI, metaplastic cells (MCs) that occupy the gastric glands (refer to Figure 1h) expressed BCL-2 in the basal cytoplasm

(arrows). LP, lamina propria; MM, muscularis mucosa; SM, submucosa. Bar in c represents the magnification for images a, b and is 50 mm.
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localization of BCL-2 was throughout the cell cytoplasm with
notable density along the basal and lateral membranes
whereas in chief cells it was concentrated at the base of cells,

which is the area known to contain rER and mitochondria
and to be devoid of secretory granules (Figure 3c and e). For
parietal cells, there was weak signal for BCL-2 in both stained
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and control tissues suggesting that, if present, BCL-2
expression in parietal cells is below detection limits of the
immunostaining procedure (Figure 3d).

In HP-infected mice at 6 WPI, the expression of BCL-2 was
the same as in control tissues (not shown). At 12 WPI, the
expression of BCL-2 in surface and pit cells was unchanged
but lengthening of gastric pits containing BCL-2 positive cells
was evident (Figure 4a). Although few chief cells were present
at 12 WPI, those remaining were positive for BCL-2
(Figure 4a). At 20 WPI, BCL-2 localization in surface cells
was restricted to the basal cytoplasm and the intracellular
expression was greatly reduced (Figure 4b). BCL-2 was also
expressed in SPEM cells (Figure 4c), and in inflammatory
cells (not shown) at 6, 12 and 20 WPI.

Although BCL-W was expressed in cells of the lamina
propria, it was not expressed in epithelial cells in control or in
HP-infected mice (Table 1). As such, BCL-X was the only
other prosurvival BCL-2 family protein we tested that was
expressed in the corpus mucosa (Table 1). Because antibodies
to BCL-X recognize both the 27 kDa long (BCL-XL, pro-
survival) and 18 kDa short (BCL-XS, proapoptotic) isoforms
of the bcl-x gene, we used solubilized mucosal scrapings from
the stomach and performed western blotting to demonstrate
that the 27 kDa prosurvival BCL-XL isoform is constitutively
expressed in the stomach (Figure 5a). K562 cells, which ex-
press BCL-XL, were used to confirm the molecular weight
(Figure 5a).

In the corpus region from all control mice, BCL-X loca-
lized specifically to chief cells (Figure 5b and c; Table 1).
Because some parietal cells reside at the base of gastric glands
in close proximity to chief cells, it was unclear if parietal cells

Figure 6 Expression of BCL-X in tissues from mice infected with HP at 6 (a),

12 (b), and 20 (c) WPI. (a) At 6 WPI, the expression of BCL-X was the same as

in control tissues and confined to the base of gastric glands in chief cells

(CCs). Surface cells (SCs) and parietal cells (PCs) did not express BCL-X. (b) At

12 WPI, the expression of BCL-X was significantly attenuated, because of

deletion of CCs from the base of gastric glands. However, the remaining

CCs showed high to moderate expression of BCL-X. (c) At 20 WPI, SPEM

metaplastic cells (MCs) show weak to moderate expression for BCL-X only at

the base of cells. Note that inflammatory cells (I) also expressed high levels of

BCL-X. MM, muscularis mucosa; SM, submucosa. Bar in b represents the

magnification for images a, b and is 50mm. The bar in c is also 50mm.

Figure 5 Expression of BCL-X in tissue samples from control (untreated) mice. (a) By gel electrophoresis and western blotting, the 27 kDa form of BCL-X,

BCL-XL, is the predominant isoform in the gastric mucosa. Mucosal scrapings from the stomach were compared to cultured K562 cells, a cell line that

constitutively expresses BCL-XL. (b, c) Full-length tissue samples (serial sections) showing the specificity of antibody staining for BCL-XL/S to chief cells (CCs).

Note that when using blocking peptide (c), CC expression is negative and the image is black. This figure is an example of how the confocal was set to

acquire all of the specific immunostaining images in this report. (d–f) Localization of BCL-X in tissue samples labeled with anti-BCL-XL/S antibody (d),

Dolichos biflorus agglutinin for parietal cells (e), and merged images (f). Note that BCL-X is expressed only in CCs at the base of gastric glands (green-CC) and

is not colocalized with parietal cells (red-PC), because no yellow color is present to indicate colocalization of the red and green signals. (g–i) High

magnification images of CCs from the base of gastric glands in the mouse stomach stained with anti-BCL-XL/S antibody (g) and with DiOC6 for cell

membranes (h). Thresholding techniques were used to show colocalization of BCL-X (red-CC) with high intensity DiOC6 label (green-PC) that represents the

localization of rER and mitochondrial membranes in CCs. The yellow signal represents areas of colocalization (arrows in h–i). Parietal cells (PCs) have

numerous large mitochondria and were used to set the high intensity threshold for mitochondria and rER in i. Bar in f represents the magnification for

images b–f and is 50 mm. Bar in i represents the magnification for images g–i and is 20 mm. MM, muscularis mucosa.
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in that location also express BCL-X. Therefore, tissues were
stained with anti-BCL-X (Figure 5d) in combination with D.
biflorus agglutinin, which specifically stains parietal cells from
the mouse (Figure 5e), to confirm exclusive expression of
BCL-X to chief cells. This conclusion was made because
no yellow signal was present in the merged images of
Figure 5d and e to indicate colocalization with parietal
cells (Figure 5f). In high magnification images from control
tissues, BCL-X localized most strongly to the base of
chief cells (Figure 5g) and was in association with
intracellular membranes like mitochondria or rER. This
conclusion was supported by costaining tissues with anti-
BCL-X (Figure 5g) and DiOC6 (Figure 5h) and evaluating
the coincidence of signals by image processing in merged

images (Figure 5i). Bright yellow signal was present, espe-
cially in the subnuclear region of chief cells, in the merged
images to indicate colocalization of BCL-X with membranes
(Figure 5i).

During HP infection, the expression of BCL-X at 6 WPI
was the same as in control tissues (Figure 6a; Table 2). By 12
WPI, a considerable number of chief cells were deleted from
gastric glands and the overall expression of BCL-X was sig-
nificantly reduced (Figure 6b; Table 2). By 20 WPI, few to no
chief cells were present in the mucosa so chief cell-specific
staining for BCL-X was absent (Figure 6c; Table 2). However,
SPEM cells along the length of gastric glands at 12 and 20
WPI expressed low levels of BCL-X along their basal surface
(Figure 6c), a localization that is similar to that of BCL-2 in

Table 2 Level of expression and number of cells in the mucosa that express prosurvival and proapoptotic BCL-2 family proteins
at 6, 12, and 20 weeks postinfection (WPI) with Helicobacter pyloria

WPI Surface (S/Cyto)

Parietal (UG/LG) Chief

SPEM

Lamina propria

Expression Number of cells Expression Number of cells Expression Number of cells

BCL-2

6 + � � ++ +++ � � �
12 + � � ++ + + + +++

20 + � � � � + ++ +++

BAX

6 + � � � � � ++++ +

12 + � � � � � ++++ +++

20 + � � � � � ++++ +++

BAK

6 +++ � � � � � +++ +

12 +++ � � � � � +++ ++

20 +++ � � � � � +++ +++

BAD

6 ++/+ ++/++++ ++++ � � � � �
12 ++/+ ++/+++ ++ � � � � �
20 �/+ ++/+++ + � � � ++++ ++

BADser112

6 �/++ ++/+ ++++ � � � � �
12 �/++ ++/++ ++ � � � � �
20 �/+ �/+ + � � � ++++ ++

BCL-XL/S

6 � � � +++ +++ � � �
12 � � � +++ + + +++ ++

20 � � � � � + +++ +++

Low level of expression or number of cells because of HP-induced atrophy (+); moderate level of expression or number of cells because of HP-induced atrophy
(++); high level of expression or normal compliment of cells with little to no HP-induced atrophy (+++); extremely high level of expression or number of cells
(++++); no expression or cells remaining because of HP-induced atrophy (�). S, luminal surface expression; Cyto, expression limited to the cell cytoplasm;
UG, expression in parietal cells of the upper gland; LG, expression in parietal cells of the lower gland.
a
BCL-2, BAX, BAK, BID, BIM, and Hrk were all present in inflammtory cells during HP infection.
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Figure 4c. The ratio of BCL-XL/-XS would not be detected in
our immunostaining data for tissues infected with HP be-
cause the antibody recognizes both isoforms of BCL-X. In
addition, because immune cells also express BCL-X (Figure
6c; Table 2), data from whole stomach samples for western
blots would not be informative about in vivo changes in ratio
of BCL-XL/-XS in chief cells.

Because inflammation in HP-infection is robust at the base
of gastric glands where chief cells reside (Figure 1d, f, and h)

Figure 8 Expression of BAK in tissues from mice infected with HP at 12 (a) and 20 (b) WPI. (a) At 12 WPI, BAK was strongly expressed in surface cells (SCs) and

extended the length of gastric pits (Pit). There was no expression over background in the gastric glands, containing parietal and chief cells. Inflammatory cells (I) in

the lamina propria (LP) also strongly expressed BAK. (b) At 20 WPI, BAK expression remained strong in SCs (not shown) and was highly expressed in inflammatory

cells in the LP and submucosa (SM). MM, muscularis mucosa. Bar in b represents the magnification for images a, b and is 50mm.

Figure 7 Expression of BCL-XL/S in cultured chief cells exposed for

48 h to no treatment (control) or to 100% cytomix (cytomix) containing

10 ng/ml each of IFN-g, TNF-a, and IL-1b. Note that chief cells constitutively

express high levels of the prosurvival protein BCL-XL, which is reduced

significantly in the presence of cytomix. In addition, cytomix induces

the expression of the proapoptotic effector, BCL-XS. Cytomix concomitantly

reduced the viability of cultured chief cells to 51.478±3.503% of

control in 48 h.
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and is associated with TH-1 cytokines, we incubated cultured
chief cells with cytomix, containing IFN-g, TNF-a, and IL-1b,
to determine whether bcl-x expression can be tran-
scriptionally regulated, in vitro. Interestingly, the viability of
cultured chief cells was reduced to 51.478±3.503% of con-

trol in 48 h with cytomix and this treatment also resulted in
changes in the ratio of BCL-XL/-XS (Figure 7). Although the
prosurvival protein BCL-XL was significantly reduced when
compared to cells grown in control conditions, the expression
BCL-XS was increased so that a distinct band at 18 kDa was

Figure 9 Expression of BAX in control tissues (a) and from mice infected with HP at 20 WPI (b). (a) In control tissues, BAX was weakly expressed in surface

cells (SCs) but was strongly expressed in smooth muscle cells of the muscularis mucosa (MM) and external muscle (ME). There was also BAX expression in

the lamina propria (LP), which may represent smooth muscle that is known to be present in the LP. There was little expression of BAX over background in

the gastric gland, containing parietal and chief cells. (b) At 20 WPI, BAX remained weakly expressed in SCs (not shown) but was highly expressed in

inflammatory cells (I) in the LP and submucosa (SM). MM, muscularis mucosa. Bar in b represents the magnification for images a, b and is 50mm.

Figure 10 Expression of BAD in sections from control mice (a) and from mice at 6 (b), 12 (c) and 20 (d) WPI. The expression of BADser112 is also shown in an

adjacent serial section from control mice (e) and at higher magnification (f). (a) The expression of BAD was in surface cells (SCs) and parietal cells (PCs) in the

untreated gastric mucosa. In SCs, BAD was strongly expressed in the apical cytoplasm and was localized diffusely in the remaining cytoplasm. In PCs, BAD

showed a pit-to-base gradient of expression where the signal for BAD was low in PCs just below the gastric pit and was extremely strong in some cells at the

base of gastric glands. The expression of BAD in chief cells (CCs) was not above background levels as determined when using a secondary antibody alone

(not shown). The box indicates the location of staining for BADser112 in Figure 8e and f. (b) At 6 WPI, BAD expression was like control where it localized

to both surface and PCs. BAD appeared to be reduced at the apical surface in both apical and cytoplasmic locations. (c) At 12 WPI, the expression of BAD in surface

cells remained weak in apical and cytoplasmic locations but was present in all surface cells in the elongated gastric pit. In addition, the expression in PCs was

reduced significantly, with strong expression only in a few cells at the base of gastric glands. (d) At 20 WPI, the apical expression of BAD in SCs was absent

although cytoplasmic expression remained moderately strong. PCs, although few were remaining, retained the pit-to-base gradient expression of BAD. (e, f)

Phospho-Badser112 was localized in SCs and in PCs. In SCs, phospho-Badser112 expression was found in a cytoplasmic location. In PCs, expression for phospho-

Badser112 was at the apical surface (arrows) with some expression in the cytoplasm (asterisks with arrows). This localization of Badser112 occurred only in PCs from

the upper neck. Bar in d represents the magnification for images a–e and is 50mm. Bar in f is 20mm. MM, muscularis mucosa.
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present on western blots (Figure 7). It should be noted that
BCL-XS was not expressed in either whole stomach (Figure
5a) or in isolated chief cells with no cytokine treatment
(control Figure 7).

Expression of ProApoptotic Proteins in the Mouse
Gastric Mucosa
BAK was the only group 1 proapoptotic protein to be highly
expressed in the gastric corpus and its localization in
the epithelium was limited to surface and pit cells
(Figure 8a; Table 1). During HP infection, the expression of
BAKwas like BCL-2 in Figure 4a and was localized to surface
and pit cells (Table 2). BAK was also strongly expressed in
inflammatory cells during HP infection (Figure 8a and b;
Table 2).

BAX localization was difficult to evaluate because we ob-
tained two results, one with numerous different lots of an
affinity purified anti-BAX antibody from Santa Cruz (Figure
9a and b; Table 1) and another with an unpurified anti-serum
to BAX that was purchased from BD Biosciences (not
shown). The later antibody confirmed BAX expression in
surface, chief, and smooth muscle cells as was described
previously by Krajewski et al,47 with the same antibody. With
the affinity purified anti-BAX antibody from Santa Cruz,
weak staining of surface cells was present although staining of
other epithelial cells, like chief cells, could not be demon-
strated (Figure 9a; Table 1). BAX expression, however, was
strong in smooth muscle cells in the muscularis mucosa,
external muscle, and in the lamina propria (Figure 9a; Table 1).
During HP infection, the expression of BAX remained weakly
expressed in surface and pit cells but was strong in in-
flammatory cells in the lamina propria and submucosa
(Figure 9b).

The only BH3-only protein that was expressed in the
gastric corpus was BAD and its localization was limited to
surface, pit, and parietal cells (Figure 10a; Table 1). In surface
and pit cells, BAD was highly expressed at the apical cell
surface but was also found in the cell cytoplasm (Figure 10a;
Table 1). Parietal cells expressed BAD in an ascending gra-
dient, with moderate expression in parietal cells from upper
glands and increasingly stronger expression as parietal cells
move to the base of gastric glands (Figure 10a; Table 1). At 6
WPI, the expression of BAD in surface cells decreased,
especially in the apical location, and in parietal cells it was
not different from control (Figure 10b; Table 2). At 12–20
WPI, the expression of BAD in surface cells was present in the
cytoplasm but the strong apical expression disappeared
(Figure 10c and d; Table 2). BAD in parietal cells from upper
glands at 12 WPI was similar to control but parietal cells at
the base of gastric glands were in groups with less expression
than in control cells at the same location (Figure 10c; Table 2).
By 20 WPI, parietal cells still expressed BAD but there were
fewer cells along the length of gastric glands so that BAD
expression overall decreased accordingly (Figure 10d; Table 2).
Inflammatory cells also showed strong expression for BAD

during HP infection (Table 2). The same results were
obtained with antibodies from Santa Cruz and from Cell
Signaling Technology.

PostTranslational Processing of BAD in Tissues from
HP-Infected Mice
Although the studies above demonstrate the localization of
BAD protein overall, they do not address whether there is
posttranslational modification of BAD during HP infection,
in vivo. Thus, we evaluated the expression of phospho-
BADser112, which was in the cytoplasm of surface cells and at
the apical surface of parietal cells in the middle of gastric
glands in control tissues (Figure 10e). Confocal images also
suggest intracellular labeling of parietal cells in control tissues
(Figure 10f). At 6 WPI, the localization of BADser112 in
parietal cells, which were colabeled with D. biflorus aggluti-
nin, was similar to control tissues (Figure 11a and c–e). In
contrast, areas with atrophy and inflammation irrespective of
length of infection (12 or 20 WPI), showed little expression
of BADser112 at the surface or in parietal cells (Figure 11b and
f–h). The apical signal in parietal cells was either disrupted
significantly or absent when glands were present and in-
dividual parietal cells in the mucosa had no specific BADser112

expression (Figure 11b). This result was also confirmed using
immunoperoxidase staining methods and paraffin sections
(not shown), using the anti-BADser112 antibody (9296, Cell
Signaling Technology) that is specific for immunostaining in
paraffin sections.

DISCUSSION
In this study, we demonstrate for the first time that surface,
parietal, and chief cells in the gastric mucosa express specific
prosurvival and proapoptotic BCL-2 family proteins (Figure
12). Our data show that gastric chief cells constitutively ex-
press the prosurvival proteins BCL-XL and BCL-2, but do not
express a classical apoptosis initiator protein, like BAD or
BID, or executor ligands like BCL-XS, BAX, or BAK (Figure
12). We demonstrate that cytokine exposure both reduces
viability and induces the expression of BCL-XS in chief cells,
suggesting that a death stimulus may transcriptionally reg-
ulate effector ligand expression to activate the death pathway.
Because the transcriptional regulation of bcl-x occurs by
glucocorticoid receptor binding to the hormone response
element of bcl-x, either the concentration of glucocorticoids
or of glucocorticoid receptors or receptor activation may be
important in regulating the survival of chief cells. Alter-
natively, NF-kB activation can significantly increase BCL-XS

expression, so the induced expression of death effector pro-
teins in chief cells may be linked to NF-kB. Gastric surface
and pit cells express some BCL-2 for survival, but express
BAD as an apoptotic initiator protein and BAK as an
executor ligand (Figure 12). These results suggest that the
regulation of surface and pit cell survival is by growth factors
or their receptors, which posttranslationally modify the
phosphorylation status of BAD. Parietal cells constitutively
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Figure 11 Expression of BADser112 in sections from mice at 6 WPI (a, c–e) and 12 WPI (b, f–h). (a) The expression of BADser112 at 6 WPI in HP-infected mice

was similar to sham control (Figure 10) in areas with little inflammation and with a normal histology as shown in Figure 1c and d. (c–e) Expression of

BADser112 in samples (from the boxed region in a) labeled with anti-BADser112 antibody (c), Dolichos biflorus agglutinin for parietal cells (PCs) (d), and merged

images (e), where green is BADser112 and red is D. biflorus agglutinin. Note that the apical surface of PCs from the upper neck had bright signal localized to

the apical cytoplasm (arrows) and that cytoplasmic staining was also present (*). (b) The expression of BADser112 at 12 WPI in tissues from HP-infected mice,

where inflammation was considerable in the lamina propria and submucosa (like in Figure 1h). Note that the expression of BADser112 was significantly

reduced in SCs and at the apical surface of PCs (arrows). (f–h) Expression of BADser112 in samples (from the boxed region in b) labeled with anti-BADser112

antibody (f), D. biflorus agglutinin for PCs (g), and merged images (h), where green is BADser112 and red is D. biflorus agglutinin. Note that the apical surface

of PCs have little apical signal (arrows). MM, muscularis mucosa; PCs, parietal cells; SCs, surface cells. Bar in a represents the magnification for a, b and is

100 mm. Bars in c–f are 50 mm.
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express high levels of BAD, as well, suggesting that the reg-
ulation of parietal cell survival may also occur by pathways
that modify the phosphorylation status of BAD.

Although the expression of BAD was similar in all gastric
surface and pit cells, BAD expression in parietal cells showed
a pit to base gradient suggesting that BAD is transcriptionally
regulated in parietal cells. This is a unique finding, because
BAD is transcriptionally regulated only in development,
when it is thought to be important for apoptotic events that
are specific for neuronal degeneration from embryonic day
19 to 2 weeks after gestation.48 In this study, BAD expression
was greater in older parietal cells that are destined to die at
the base of gastric glands,49,50 suggesting that increasing the
concentration of BAD be involved in the turnover of parietal
cells. However, Hamner et al 51 showed that significantly
increasing BAD expression in neurons could have a
protective effect under certain conditions and kill cells under
others. Thus, the high level of BAD expression in parietal
cells is unclear with regard to function. In the present report,
phosopho-BADser112 protein localized to parietal cells in the
middle of gastric glands, which is the localization of parietal
cells actively secreting acid.49 This finding is interesting,
because parietal cells activate AKT phosphorylation,52 and PKA
and other signaling molecules such as MAPK and ERK1/2 are
generated,53,54 which are the signals necessary to phosphor-
ylate BAD. If BAD is used in a classical sense to support the

survival and death of parietal cells, these results suggest that
the posttranslational processing of BAD, and thus long-term
cell survival, may be coupled to gastric acid secretion. Long-
term inhibition of acid secretion with omeprazole or by
targeted deletion of the sodium hydrogen exchanger isoform
2 results in the degeneration of parietal cells and to an in-
crease in parietal cell turnover,55,56 supporting the idea that a
link may exist between BAD phosphorylation, cell survival,
and acid secretion. Because our results showed that the
expression of phosopho-BADser112 was significantly reduced
in parietal cells during HP infection, it is possible that HP
infection alters the posttranslational processing of BAD in
gastric parietal cells to increase the rate of parietal cell
turnover during infection. In contrast to surface and neck
cells, parietal cells did not express other BCL-2 family pro-
survival or proapoptotic executor proteins that we analyzed
(Figure 12). We did not include MCL-1, A-1, BOO/DIVA,
and BCL-B in our protocol because these proteins have been
found to be expressed almost exclusively in hematopoetic
cells. Thus, the way in which apoptosis is executed cannot be
predicted and further studies would be needed to define this
important process in parietal cells.

Although BAX is thought to be constitutively expressed in
gastric chief and parietal cells,47 we were unable to confirm
these results using numerous different lots of an affinity
purified antibody. Other than technical differences in the
fixation protocol, antibody source, and antibody concentra-
tion, it is unclear why the expression of BAX is different when
different antibodies are used. Although our results demon-
strate that BAX is not constitutively expressed in gastric
epithelial cells, we cannot rule out the possibility that the
induction of BAX closely parallels the initiation of cell death
and the long span of time between in vivo samples in our
study was inadequate to capture this short-term event. This
idea is supported by studies from Neu et al,8 who showed
that BAX was expressed in fractions of isolated and highly
purified chief cells and at a greater concentration in chief cells
after 48 h in culture. The same results were obtained for BAX
expression in isolated and highly purified parietal cells and in
cultured parietal cells.8 BAX expression in this study
increased overall in tissue sections during HP infection be-
cause there was an increase in the number of inflammatory
cells that strongly expressed BAX. This result is consistent
with the known expression of BAX in lymphoid and myeloid
cells of the immune system57–59 and may explain why BAX
expression increased significantly in patient biopsy samples
that were probed by western blotting techniques.60 Our im-
munostaining results showed that BAK is also highly ex-
pressed in gastric surface and pit cells and suggests that
BAK:BAK complexes could be involved in the execution of
apoptosis in these cells. Further studies would be required to
determine the apoptosis executor proteins in parietal and
chief cells.

Because chief cells express high levels of BCL-XL and
induce BCL-XS when provided a toxic stimulus (cytokine

Figure 12 Schematic diagram of the cell-specific expression of BCL-2

family proteins in gastric surface, parietal, and chief cells that are predicted

to facilitate apoptosis during HP infection in mice.
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exposure), our data suggest that chief cells transcriptionally
regulate bcl-x gene expression to modulate the ratio of
BCL-XL to BCL-XS and could use a classical apoptotic
pathway if an initiator pathway can be defined. Because we
did not examine all possible cell death and survival proteins,
including the initiator proteins BLK, BMF, and NOXA/
PUMA that are found mostly in hematopoetic and cancer
cells, other proteins may be expressed to facilitate the death
of chief cells in general and during disease. In this study, the
expression of BCL-XL in chief cells was accompanied by
BCL-2, which our results showed is only weakly expressed in
gastric epithelial cells. The expression of BCL-2 reported here
was the same as in rat stomach, where chief cells had the
greatest level of expression when compared to other epithelial
cells in the corpus.8 The combination of BCL-XL and BCL-2
is known to strongly inhibit apoptosis, and is expressed only
in specific populations of cells that are long-lived.23 Because
chief cells fit into this category, living 6 months or more,50,61

it seems reasonable to conclude that chief cells are
programmed to express BCL-XL/BCL-2 to regulate their
long-term survival, in vivo.

BCL-2 and BCL-XL/S were also expressed in SPEM cells
during HP infection. It is well established that mice infected
with either HP or HF develop corpus atrophy and SPEM,
which occurs after mature chief and parietal cells die during
infection.1,62,63 Although the lineage of SPEM cells is con-
troversial, it is notable that SPEM cells express chief cell-
specific survival proteins at 12 and 20 WPI.

In conclusion, we provide the first evidence that cell-spe-
cific PCD pathways regulate the survival and death of gastric
epithelial cells. Although the expression of BCL-2 family
proteins in surface and pit cells are consistent with the use of
classical apoptosis pathways, the protein expression in chief
and parietal cells suggests that either unique or nonconven-
tional pathways for survival and death are employed. Such
insights offer a new strategy for further investigation into
mechanisms that regulate PCD in gastric epithelial cells, with
special emphasis on those pathways now known to exist in
each individual cell type.
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