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Abstract

SLC26A6 expression decreases.

associated duodenal ulcer.

Background: The pathogenesis of Helicobacter pylori (H. pylori) infection-induced duodenal ulcer remains to be
elucidated. Duodenal mucosal bicarbonate secretion is the most important protective factor against acid-induced
mucosal injury. We previously revealed that H. pylori infection downregulated the expression and functional activity
of duodenal mucosal cystic fibrosis transmembrane conductance regulator (CFTR) and solute linked carrier 26 gene
family A6 (SLC26A6) which are the two key duodenal mucosal epithelial cellular bicarbonate transporters to
mediate duodenal bicarbonate secretion. In this study, we investigated the mechanism of H. pylori infection-
induced duodenal CFTR and SLC26A6 expression downregulation.

Results: We found that H. pylori infection induced the increase of serum transforming growth factor 3 (TGFp) level
and duodenal mucosal TGF(3 expression and the decrease of duodenal mucosal CFTR and SLC26A6 expressions in
(57 BL/6 mice. The results from the experiments of human duodenal epithelial cells (SCBN) showed that H. pylori
increased TGFB production and decreased CFTR and SLC26A6 expressions in SCBN cells. TGF inhibitor SB431542
reversed the H. pylori-induced CFTR and SLC26A6 expression decreases. The further results showed that TGF3
directly decreased CFTR and SLC26A6 expressions in SCBN cells. TGF(3 induced the phosphorylation of p38
mitogen-activated protein kinase (MAPK) and P38 MAPK inhibitor SB203580 reversed the TGFB-induced CFTR and

Conclusions: H. pylori infection downregulates duodenal epithelial cellular CFTR and SLC26A6 expressions through
TGFR-mediated P38 MAPK signaling pathway, which contributes to further elucidating the pathogenesis of H. pylori-
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Background
Duodenal ulcer is a common disease in the digestive tract
[1, 2]. It has been demonstrated that Helicobacter pylori
(H. pylori) infection is main etiologic agent responsible for
duodenal ulcerogenesis [1, 3, 4]. In spite of extensive stud-
ies, the pathogenesis of H. pylori infection-induced duo-
denal ulcer remains to be elucidated.

Duodenal mucosal bicarbonate secretion is the most
important protective factor against acid-induced
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duodenal mucosal injury [5, 6]. A clinical study showed
that there was significant diminished duodenal mucosal
bicarbonate secretion in the patients with H. pylori-asso-
ciated duodenal ulcer in comparison with healthy con-
trols, and duodenal mucosal bicarbonate secretion
returned to normal levels after the eradication of H. pyl-
ori [7]. The studies from animal experiments showed
that intraluminal perfusion of H. pylori water extract
inhibited acid-stimulated duodenal mucosal bicarbonate
secretion in rats [8]. Prostaglandin E2 (PGE2)-stimulated
murine duodenal mucosal bicarbonate secretion in vitro
was also strongly inhibited by water extract from
cytotoxin-associated gen A (CagA) /vacuolating cytotoxin
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A (VacA)-positive H. pylori strains [9]. These studies sug-
gest that the effect of H. pylori on duodenal mucosal bi-
carbonate secretion might be involved in the pathogenesis
of H. pylori-associated duodenal ulcer. However, the
mechanisms whereby H. pylori influences duodenal muco-
sal bicarbonate secretion are not completely understood.

Duodenal mucosal bicarbonate secretion is mediated
by bicarbonate transporting proteins located in duodenal
mucosal epithelial cells. The cystic fibrosis transmem-
brane conductance regulator (CFTR) and solute linked
carrier 26 gene family A6 (SLC26A6) are the two key bi-
carbonate transporting proteins of duodenal mucosal
epithelial cells and they play important role in the regu-
lation of duodenal mucosal bicarbonate secretion [10—
12]. We previously showed that H. pylori infection
downregulated the expression and functional activity of
duodenal mucosal CFTR and SLC26A6 [13], which con-
tributes to the development of duodenal ulcer. In this
study, we investigated the mechanism of H. pylori
infection-induced duodenal CFTR and SLC26A6 expres-
sion downregulation. We hope to further elucidate the
mechanisms whereby H. pylori infection influences duo-
denal mucosal HCO;™ secretion and the pathogenesis of
H. pylori infection-induced duodenal ulcer.

Methods

Reagents

Prostaglandin E, (PGE,) and forskolin were purchased from
Sigma. pH-sensitive fluorescent dye, 2’,7’-bis(2-carbox-
yethyl)-5(6)-carboxy-fluorescein acetoxymethyl ester (BCEC-
F-AM), was from Invitrogen. Anti-CFTR, anti-SLC26A6,
anti-P38, anti-phospho-P38, and anti-B-actin antibodies were
from Santa Cruz. All other chemicals in solutions were ob-
tained from Sigma and Calbiochem.

H. pylori strain

H. pylori strain (ATCC 43504), from the H. pylori Strain
Pool, Beijing, China, was verified to be
cytotoxin-associated gen A (CagA)- and vacuolating cy-
totoxin A (VacA)-positive previously [14] and used
throughout the experiments. The CagA and VacA s1/s2
and m1/m2 genotypes of the H. pylori strain were fur-
ther confirmed by specific polymerase chain reaction
(PCR) as described previously by Miernyk et al. [15].
The H. pylori strain was routinely cultured for 48 h on
Brucella agar plates containing 5% sheep blood at 37 °C
under microaerophilic conditions in a humidified CO,
incubator (Thermo Fisher Scientific, Wilmington, DE)
and then used for experiments.

H. pylori infection of mice

Male C57 BL/6 mice of 6 to 8 weeks from Shanghai Ani-
mal Center (Chinese Academy of Science, Shanghai,
China) were used in this study. The animal experiments
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were approved by the Experimental Animal Ethics Com-
mittee of Zunyi Medical College and conducted in ac-
cordance with principles stated in the Guide for the
Care and Use of Laboratory Animals (NIH publication
8623, National Institutes of Health, Bethesda, MD,
1985). The mice were housed in the experimental animal
facility with specific pathogen free (SPF) of Zunyi Med-
ical College under standard care conditions. 60 mice
were used for H. pylori infection experiments and 10
mice were used as controls. After a week of
acclimatization, the mice were orally gavaged with
0.5 ml H. pylori suspension in Brucella broth (1 x
10° CFU/ml) once daily for 4 consecutive days. The con-
trol mice were only gavaged with sterile Brucella broth.
The mice were sacrificed by cervical dislocation under
CO, narcosis at 4 week after last gavage. Blood samples
were quickly obtained by cardiac puncture for serum
transforming growth factor f (TGEP) level examination.
The gastric antrum tissues were used for H. pylori infec-
tion examination. The duodenal mucosal tissues were
used for examination of CFTR and SLC26A6 mRNA
and protein expressions and TGFp mRNA expression.

The presence of H. pylori in the stomach was deter-
mined by Giemsa-stained sections. H. pylori-negative
was defined when Giemsa staining was determined to be
negative by visual observation, and H. pylori-positive
was defined when positive Giemsa staining was ob-
served. H. pylori infection density was assessed by semi-
quantitative analysis of H. pylori levels in the gastric
mucosa (+, less than 10 bacteria per gland; ++, 10 to 20
bacteria in at least one gland; +++, 20 to 30 bacteria in
at least one gland; ++++, more than 30 bacteria in at
least one gland).

H. pylori infection of duodenal epithelial cells

SCBN (a gift from Dr. Hui Dong in University of Califor-
nia San Diego) is a nontumorigenic duodenal epithelial
cell line obtained from a human patient [16]. SCBN cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum and
50 mg/ml penicillin-streptomycin for two days. Then
5x10° SCBN cells were seeded on six-well plates and
grown at 37 °C in a 5% CO, atmosphere. Prior to infec-
tion, each well was washed twice in 1 ml of
antibiotic-free cell culture medium. Then H. pylori was
added to the cultured cells at different multiplicity of in-
fection (MOI). After incubation for 24 h at 37 °C in a
5% CO, atmosphere, the cells were harvested for exam-
ination of CFTR and SLC26A6 protein expression levels.
The supernatants were for examination of TGFp con-
centration. For intracellular pH measurement, SCBN
cells were grown on 12-mm round coverslips and then
incubated with H. pylori at a MOI value of 400 for 24 h.
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In addition, an uninfected control was included in each
experiment.

Measurement of TGFf3 concentration

For the measurement of serum TGEFP concentration,
after blood was quickly obtained by cardiac puncture,
the blood sample was centrifuged immediately at
3000 rpm for 5 min for collection of serum. The serum
sample was stored at —20 °C and analyzed within one
week. Serum TGEFP level was detected by using the
enzyme-linked immunosorbent assay kit (ELISA)
(TGEB1 Mouse Uncoated ELISA Kit, Invitrogen, USA,
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Cat. No. 88-50,690-22) according to the manufacturer’s
instructions. TGEP level in supernatant of H. pylor-
i-infected SCBN cells was detected by using TGFp1
Human Uncoated ELISA Kit (Invitrogen, USA, Cat.
No. 88-50,390-77).

Quantitative real-time reverse transcription PCR analysis
for mRNA expressions of CFTR, SLC26A6, and TGF(3

Total RNA extract of murine duodenal mucosal tissues
and quantitative real-time reverse transcription PCR
analysis were performed as described previously [17].
The mRNA expression level of CFTR, SLC26A6, or
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Fig. 1 Effect of H. pylori infection on CFTR and SLC26A6 mRNA and protein expressions and TGF mRNA expression in murine duodenal mucosa
and murine serum TGF level. Murine H. pylori-infected model was established as described in experimental procedures. a: Effect of H. pylori
infection on CFTR and SLC26A6 mRNA expressions in murine duodenal mucosa. b: Effect of H. pylori infection on CFTR and SLC26A6 protein
expressions in murine duodenal mucosa. Upper panels are representative blots and lower panels are the comparisons of expression levels
between groups. c: Effect of H. pylori infection on TGF mRNA expression in murine duodenal mucosa. d: Effect of H. pylori infection on murine
serum TGF level. Values are mean + SE in each series. Global P < 0.01; *P> 005, *P < 0.05, **P < 0.01 compared to controls
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TGEP was normalized to that of [B-actin and was
expressed as a ratio relative to -actin. The primers were
as follows: CFTR, forward 5-AAGGCGGCCTATAT
GAGGTT-3" and reverse 5'-AGGACGATTCCGTT
GATGAC-3’; SLC26A6, forward 5'-GGTGGTGAA
GCTGTTGAATGAC-3" and reverse 5 -ATGTTGCCC
ACGACATCTACCTC-3'; TGEB, forward 5'-ATAC
GCCTGAGTGGCTGTC-3" and reverse 5'-GCCC
TGTATTCCGTCTCCT-3'; p-actin, forward 5'-CTGC
CTGACGGCCAAGTC-3" and reverse 5'-CAAGAAGG
AAGGCTGGAAAAGA-3'.

Western blot analysis for CFTR, SLC26A6, P38, and
Phospho-P38 expressions

Murine duodenal mucosal tissues or SCBN cells were
homogenized in lysis buffer at 4 °C and western blot
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analysis was performed as described previously [18].
Anti-CFTR, anti-SLC26A6, anti-P38, anti-Phospho-P38,
or anti-P-actin (served as internal control) was used as
primary antibody. The results were expressed as the ra-
tio relative to B-actin.

Measurement of duodenal epithelial cellular bicarbonate
secretion

Bicarbonate secretion in SCBN cells was determined
through the measurement of intracellular pH [pHi] by
using pH-sensitive fluorescent dye BCECF-AM as de-
scribed previously [19]. When forskolin or PGE2 was
used, forskolin (10 pM), PGE, (1 pM), or control was
added into solution. Stimulated duodenal epithelial cel-
lular bicarbonate secretion was to stimulated peak pHi
value minus basal pHi value and expressed as ApHi.
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Fig. 2 Effect of H. pylori infection on CFTR and SLC26A6 protein expressions and TGFf production in SCBN cells. SCBN cells were treated with
different MOI of H. pylori for 24 h as described in experimental procedures. a: Effect of H. pylori infection on CFTR and SLC26A6 protein
expressions in SCBN cells. Upper panels are representative blots and lower panels are the comparisons of expression levels between groups. b:
Effect of H. pylori infection on TGFB production in SCBN cells. Values are mean = SE in each series. Global P < 0.01; *P > 0.05, *P < 0.05, **P < 0.01
compared to controls
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Statistics (8.33%) were H. pylori (++++). The results from PCR
Statistical analysis was processed by using the SPSS PC  and western blot analyses showed that the mRNA and
statistic package. All results are expressed as means + protein expressions of duodenal mucosal CFTR and
standard errors (SE). Data were analyzed by one-way ana-  SLC26A6 in the mice with H. pylori (-) and (+) were
lysis of variance (ANOVA) followed by Newman-Keul's not altered in comparison with controls, but there were
post-hoc test or, when appropriate, by the two-tailed stu- markedly decrease in the mice with H. pylori (++), (++
dent t tests. P<0.05 was considered statistically +), and (++++). The mRNA and protein expressions of

significant. duodenal mucosal CFTR and SLC26A6 were decreased

with the severity of H. pylori infection (Fig. 1a and b).
Results The further results showed that duodenal mucosal TGEp
Effect of H. pylori infection on CFTR, SLC26A6 and TGF mRNA expression in the mice with H. pylori (=) and (+)
expressions in murine duodenal mucosa and TGFp level was not altered in comparison with controls and there
in murine serum were markedly increase in the mice with H. pylori (++),

We first established H. pylori infection model in mice. (+++), and (++++). The duodenal mucosal TGFp mRNA
Among 60 experimental mice, 19 (31.67%) were H. pyl-  expression was increased with the severity of H. pylori
ori (-), 17 (28.33%) were H. pylori (+), 11 (18.33%) were infection (Fig. 1c). H. pylori infection in the mice also in-
H. pylori (++), 8 (13.33%) were H. pylori (+++), and 5 duced serum TGFp concentration increase. The change
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Fig. 3 Effect of H. pylori infection on forskolin- and PGE,-stimulated bicarbonate secretion in SCBN cells. SCBN cells were treated with H. pylori at
a MOI value of 400 for 24 h. The measurement of bicarbonate secretion in SCBN cells was performed as described in experimental procedures. a:
Effect of H. pylori infection on forskolin- stimulated bicarbonate secretion in SCBN cells. Left panel is time course of change of forskolin-stimulated
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Values are mean + SE in each series. **P < 0.01 compared to controls
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of serum TGEFp level was in consistent with the change
of TGEP expression in duodenal mucosa and serum
TGEP level was also increased with the severity of H.
pylori infection (Fig. 1d). These results demonstrate that
H. pylori infection decreases duodenal mucosal CFTR
and SLC26A6 expressions and increases duodenal mu-
cosal TGEp expression, implying that duodenal mucosal
CFTR and SLC26A6 decreases may be related to duo-
denal mucosal TGEp increase.

Effect of H. pylori infection on CFTR and SLC26A6
expressions and TGFB production in duodenal epithelial
cells

We further selected human duodenal epithelial cells,
SCBN, to do experiments and investigated the effect of
H. pylori on CFTR and SLC26A6 expressions and TGF
production in duodenal epithelial cells. As shown in
Fig. 2, after incubation with SCBN cells for 24 h, H. pyi-
ori induced significant decrease of CFTR and SLC26A6
protein expressions in SCBN cells at a MOI value of
200 in comparison with controls and induced the max-
imal decrease at a MOI value of 400 (Fig. 2a). In
addition, H. pylori induced TGFp production increase
in SCBN cells MOI-dependently. Likewise, H. pylori in-
duced significant TGFP production increase in SCBN
cells at a MOI value of 200 in comparison with controls
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and induced the maximal increase at a MOI value of
400 (Fig. 2b). Forskolin, adenylate cyclase activator, is a
known CFTR activator and stimulates duodenal muco-
sal bicarbonate secretion through CFTR, whereas PGE,
is believed to stimulate duodenal mucosal bicarbonate
secretion mainly through SLC26A6 [20]. The further
results showed that forskolin- and PGE,-stimulated bi-
carbonate secretions were markedly decreased in H.
pylori-infected SCBN cells in comparison with controls
(Fig. 3). TGFp inhibitor SB431542 (10 pM) reversed H.
pylori-induced CFTR and SLC26A6 protein expression
decreases in SCBN cells (Fig. 4). These results indicate
that H. pylori infection downregulates duodenal epithe-
lial cellular CFTR and SLC26A6 expressions through
TGEp signaling.

Effect of TGFB on CFTR and SLC26A6 expression in
duodenal epithelial cells

We further investigated whether TGFB could regulate
CFTR and SCL26A6 expressions in duodenal epithelial
cells directly. As shown in Figs. 5 and 6, after TGFj (5 ng/
ml) incubated with SCBN cells for 24 h, CFTR and
SLC26A6 protein expressions (Fig. 5) and forskolin- and
PGE,-stimulated bicarbonate secretions (Fig. 6) in SCBN
cells were markedly decreased in comparison with con-
trols. The further results showed that TGEp (5 ng/ml)
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induced the phosphorylation of P38 mitogen-activated
protein kinase (MAPK) in SCBN cells after incubation
with SCBN cells for 0.5 h and the maximal response was
reached at 2 h (Fig. 7a). P38 MAPK inhibitor SB203580
(10 uM) markedly attenuated TGFp-induced CFTR and
SLC26A6 expression decreases in SCBN cells (Fig. 7b).
The results demonstrate that TGFp downregulates duo-
denal epithelial cellular CFTR and SLC26A6 expressions
through P38 MAPK signaling pathway.

Discussion
Duodenal mucosal bicarbonate secretion is the most im-
portant protective factor against acid-induced duodenal
mucosal injury. In this study, we provide evidence that
H. pylori infection downregulates the expressions of two
key bicarbonate transport proteins, CFTR and SLC26A6,
in duodenal epithelial cells through TGFp-mediated P38
MAPK signaling pathway.

H. pylori is a Gram-negative bacterium and more than
50% of people were infected with H. pylori in the world
[21]. It has been demonstrated that H. pylori infection is

a major cause of duodenal ulcerogenesis [1, 3, 4]. How-
ever, the mechanisms whereby H. pylori infection causes
duodenal ulcerogenesis are not completely understood.
Previous studies revealed that H. pylori influenced duo-
denal mucosal bicarbonate secretion which might be in-
volved in the pathogenesis of H. pylori-associated
duodenal ulcer [7-9]. Our recent study further revealed
that H. pylori infection downregulated CFTR and
SLC26A6 expressions in human duodenal mucosal epi-
thelial cells and the CFTR and SLC26A6 expression de-
creases were related to the severity and virulent factors
of H. pylori infection [13]. But, how H. pylori influences
CFTR and SLC26A6 is not clear. Several pathogenic
mechanisms, including H. pylori virulence factors and
host factors, have been associated with H. pylori-induced
gastroduodenal diseases. In particular, the immune re-
sponse against H. pylori virulence factors might provide
a linkage to the development of gastroduodenal diseases
[22-24]. Cytokines have long been considered as the
main mediators of the immune response to H. pylori in-
fection, which could modulate various intracellular
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signaling pathways and reprogram host gene expression
[25, 26].

In this study, we hypothesized that H. pylori might regu-
late duodenal CFTR and SLC26A6 expressions through
cytokines. First, we selected cytotoxin-associated gen A
(CagA)- and vacuolating cytotoxin A (VacA)-positive H.
pylori strain to establish murine H. pylori infection model.
We found that H. pylori infection downregulated duo-
denal mucosal CFTR and SLC26A6 expressions in mice,
which depended on the severity of H. pylori infection. On
the other hand, H. pylori infection induced the increase of
serum TGEFP level and duodenal mucosal TGFf mRNA
expression in the mice, which also depended on the sever-
ity of H. pylori infection. It suggested that a correlation
might exist between CFTR and SLC26A6 expressions and
TGEFB in duodenal mucosa. We further selected SCBN
cells to perform experiments, because SCBN cells are

nontransformed duodenal epithelial cells derived from
humans and widely used for the study of bicarbonate se-
cretion [14, 27]. The results showed that H. pylori in-
creased TGEP production and decreased CFTR and
SLC26A6 expressions in SCBN cells, which depended on
multiplicity of infection of H. pylori. Moreover, forskolin-
and PGE,-stimulated bicarbonate secretions were mark-
edly decreased in H. pylori-infected SCBN cells in com-
parison with controls. It has been demonstrated that
forskolin stimulates duodenal mucosal bicarbonate secre-
tion through CFTR and PGE,-stimulated duodenal muco-
sal bicarbonate secretion is SLC26A6-dependent [20]. The
results further supported that H. pylori decreased duo-
denal epithelial cellular CFTR and SLC26A6 expressions.
Further results showed that TGEp inhibitor SB431542 re-
versed the H. pylori-induced CFTR and SLC26A6 expres-
sion decreases. After incubation with SCBN cells for 24 h,
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TGEB directly decreased duodenal epithelial cellular
CFTR and SLC26A6 expressions by itself and forskolin-
and PGE,-stimulated bicarbonate secretions were also
markedly decreased in TGEp-treated SCBN cells in com-
parison with controls. Taken together, these results dem-
onstrate that H. pylori downregulates duodenal epithelial
cellular CFTR and SLC26A6 expressions through TGEB
signaling pathway.

TGEP is a multifunctional cytokine that exerts a wide
range of biological activities. TGFp signaling regulates
many different cell functions and critical cellular pro-
cesses. Changes in cellular behavior are governed by

activation of TGEFP rectors which triggers subsequent
signaling pathways that change gene expression [28, 29].
Previous studies have provided evidence that TGEp
downregulates CFTR expression in polarized T84 hu-
man colonocytes and in primary human-airway epithelial
cells [30-32]. As a cytokine, TGFP can be induced
through a number of cell types, such as macrophages
and lymphocytes. H. pylori infection can cause the acti-
vation of immune cells, including macrophages, T cells,
and B cells, leading to the production of cytokines. Pre-
vious studied have revealed that serum TGEp level is el-
evated in patients with H. pylori-associated gastritis and
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peptic ulcers, in comparison with H. pylori-negative pa-
tients [33]. TGFp mRNA expression is significantly in-
creased in gastric mucosal biopsies of H. pylori-infected
patients in comparison with H. pylori-uninfected pa-
tients [34]. In one study, H. pylori-secreted soluable pro-
teins stimulated TGFP production in gastric and colonic
epithelial cells [35]. These studies indicate that H. pylori
infection induces TGFp production increase and TGEp
signaling might be involved in the pathogenesis of H.
pylori-associated gastroduodenal diseases. In this study,
our results showed that H. pylori infection increased
TGEP production and decreased CFTR and SLC26A6 ex-
pressions in duodenal epithelial cells. TGFf inhibition re-
versed H. pylori infection-induced CFTR and SLC26A6
expression decreases, which demonstrates that H. pylori
infection downregulates duodenal mucosal epithelial cel-
lular CFTR and SLC26A6 expressions through TGEp sig-
naling, revealing the potential etiological role of TGFp in
H. pylori-associated duodenal ulcer.

How does TGEp regulate duodenal mucosal epithelial
cellular CFTR and SLC26A6 expressions? TGFp is a
complex signaling molecule that is activated when TGEB
binds to the TGFp receptors, then leading to the activa-
tion and phosphorylation of the downstream mediators
Smad proteins and regulating the expression of target
genes in cooperation with other transcription factors,
co-activators and co-repressors [28, 36]. In addition to
Smad-dependent signaling, the binding of TGEp to its
receptors also activates many noncanonical signaling
pathways, including p38 MAPK, external signal-regulated
kinase (ERK), and c-Jun N-terminal kinase (JNK) signaling
pathways [37, 38]. In this study, our results showed that
TGFP induced the phosphorylation of P38 MAPK in
SCBN cells and the inhibition of P38 MAPK reversed the
TGFpB-induced CFTR and SLC26A6 expression decreases
in SCBN cells, which demonstrates that TGFp downregu-
lates CFTR and SLC26A6 expressions in duodenal epithe-
lial cells through P38 MAPK signaling pathway.

Conclusions

The findings from this study demonstrate that H. pylori
infection downregulates duodenal epithelial cellular CFTR
and SLC26A6 expressions through TGFp-mediated P38
MAPK signaling pathway. CFTR and SLC26A6 are the
two key bicarbonate transporters responsible for duodenal
mucosal bicarbonate secretion. This study clarifies the
mechanism whereby H. pylori infection induces duodenal
epithelial cellular CFTR and SCL26A6 expression de-
creases and contributes to further elucidating the patho-
genesis of H. pylori-associated duodenal ulcer.
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