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To study the influence of Helicobacter pylori on epithelial barrier function, bacteria, bacterial sonicates, or
broth culture supernatants were incubated for 24 h with HT29-19A intestinal cells grown as monolayers. Sub-
sequently, the monolayers were mounted in Ussing chambers, and electrical resistance (R), fluxes of 22Na (JNa)
and 14C-mannitol (JMan) (markers of the paracellular pathway), and fluxes of horseradish peroxidase (HRP)
in total (J3H-HRP), intact (JHRPi), and degraded forms were measured. H. pylori did not induce any modi-
fication of the paracellular pathway (R 5 148 6 10 versus 174 6 16 V z cm2; JNa 5 4.16 6 0.44 versus 3.51 6
0.41 mEq/h z cm2; JMan 5 0.081 6 0.01 versus 0.058 6 0.009 mmol/h z cm2), nor did it modify J3H-HRP (2,201 6
255 versus 2,110 6 210 ng/h z cm2 for H. pylori-infected and control cells, respectively). However, in the presence
of H. pylori, we observed a significant increase in JHRPi (520 6 146 versus 171 6 88 ng/h z cm2). This effect
was not dependent of the cag status of the strain and was not reproduced by the sonicates or the culture
supernatants. It was related to the presence of urease, since a urease-negative mutant of H. pylori did not
induce this effect. Ammonia and bafilomycin A1, two agents known to increase the endolysosomal pH, repro-
duced the increase in JHRPi. In conclusion, H. pylori does not affect directly the integrity of intercellular
junctions of epithelial cells in vitro, but it increases the passage of intact HRP, probably by inhibition of the
intralysosomal degradation due to the release of ammonia. The increased transport of intact macromolecules
may contribute to the induction and maintenance of gastric inflammation by H. pylori.

Helicobacter pylori is now recognized as the main cause of
chronic gastritis and intimately associated with the develop-
ment of peptic ulcer disease (11, 18, 32) and in some cases with
a gastric carcinogenesis (15). However, the exact mechanism of
its noxious effect remains poorly understood. Particularly, it is
not known why gastric inflammation, which develops in the
presence of the bacteria, persists long after bacteria have been
eliminated. In fact, follow-up studies have shown that months
and even years after eradication of bacteria, chronic gastric
inflammation is present (7, 16, 44).

On the other hand, the possibility of the development in
H. pylori-infected patients of allergic manifestations such as
food allergy and other allergic diseases has been suggested (14,
34), but the pathogenic mechanism has not been elucidated.
The first step leading to food sensitization in predisposed sub-
jects is the absorption of food antigens across the gastrointes-
tinal epithelium. Possibly H. pylori, by altering the gastric per-
meability to different antigens, activates abnormally the local
immune system, leading to the development of gastric inflam-
mation and, in some cases, to food protein sensitization. The
aim of this study was to assess the effect of H. pylori on diges-
tive epithelial permeability in vitro and, in order to gain some
insight into the possible mechanisms involved in the action of
H. pylori on epithelial function, to determine the possible role
of different pathogenicity factors such as cag status, presence of
the VacA cytotoxin, and production of urease, in this effect.

MATERIALS AND METHODS

Bacterial strains; preparation of bacterial extract and broth culture super-
natants. Three wild-type strains of H. pylori, isolated from two patients with
duodenal ulcer and from one patient with only chronic gastritis, were studied.
Two of these strains possessed the pathogenicity marker cagA [cagA(1) strains],
which indicates that they possess the cag pathogenicity island, while the third
one, designated cagA(2), lacked the cag marker as assessed by PCR performed
on bacterial cultures. Additionally, an urease-negative H. pylori mutant, which
had lost its urease activity after multiple passages, was studied.

The bacteria were grown on Vitox chocolate agar (Oxoid) under microaerobic
conditions (GaspaK in jar) for 24 to 36 h at 37°C. A suspension of each strain,
containing 6 3 107 to 9 3 107 of CFU/ml, was prepared and used to infect
epithelial cells. To obtain the bacterial extract of the cagA(1) H. pylori strain
used in some experiments, 2 ml of the bacterial suspension obtained as described
above was sonicated (Vibra cell; Bioblock Scientific) and centrifuged for 30 min
at 48,400 3 g (Beckman J2-21 M/E; JA - 20 rotor). In another set of experiments,
the broth culture supernatant of the cagA(1) strain, containing the VacA cyto-
toxin and other products secreted by H. pylori, was prepared. It was obtained by
growing the bacteria in Brucella broth supplemented with 5% fetal calf serum for
24 to 36 h at 37°C in a thermostatic shaker under microaerophilic conditions.
Culture supernatant was separated from bacteria by centrifugation. The VacA
content of the supernatant was controlled by testing for cytotoxicity as described
by Figura (13). The bacterial extracts and broth culture supernatants were frozen
at 280°C until used.

Culture of the intestinal cell line HT29-19A. The human differentiated colon
carcinoma cell line HT29-19A (4) was used as an epithelial model. This epithelial
cell line was chosen because gastric cell lines growing in monolayers and forming
a polarized epithelium with tight junctions are not available. Moreover, H. pylori
has been shown to adhere to various intestinal cell lines (8, 12, 35). Between
passages 10 and 35, HT29-19A cells were cultured at 37°C in Dulbecco’s mod-
ified Eagle medium (Eurobio, Les Ulis, France) supplemented with 10% heat-
inactivated fetal calf serum (Boehringer Mannheim, Grenoble, France) and 4
mmol of glutamine (Sigma-Aldrich Chimie S.A.R.L., Saint-Quentin Fallavier,
France) per liter. Cells were passaged every week and seeded at 106 cells per 25
cm2 in the absence of antibiotics. For experimental purposes, cells were seeded
at a density of 0.8 3 106 per cm2 in Dulbecco’s modified Eagle medium con-
taining gentamicin (50 mg/ml; Sigma) on polyethylene terephthalate filters with
a pore diameter of 0.4 mm and a surface area of 0.9 cm2 (Falcon; Becton
Dickinson Labware, N.J.). Upon reaching confluency, these cells progressively
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formed a monolayer with apical and basolateral domains separated by tight
junctions. They were studied after 21 days of culture or later, when the electrical
resistance (R) had reached a stable value of about 150 V/cm2.

Infection of intestinal monolayers HT29-19A with H. pylori. Gentamicin was
eliminated from the culture medium bathing epithelial cells 3 days before infec-
tion. Fifty microliters of bacterial suspension of each H. pylori strain, or of bac-
terial extract of a cagA(1) H. pylori strain, was placed in the apical compartment
(total volume, 500 ml) of the insert, where the epithelial cells were grown on
filters. The broth culture supernatant was introduced on the apical side of the
filter-grown cells without dilution. Noninfected cells served as controls. After
24 h of incubation, the filter-grown monolayers were washed three times with
Ringer solution (to remove the nonadherent bacteria), gently cut out with a
sharp razor blade, and placed between two half-chambers of a small Ussing
chamber (exposed area, 0.15 cm2) to measure epithelial function.

In some experiments, control and H. pylori-treated filter-grown cell monolay-
ers were used for light microscopy and histological control of infection. After
three extensive washings, monolayers were submerged in Bouin’s solution, em-
bedded in paraffin, and stained with Giemsa reagent for assessment of the
epithelial monolayer integrity and detection of H. pylori by light microscopy.

To assess the impact of H. pylori on HT29-19A cell viability, lactate dehydro-
genase (LDH) activity and the release of lactic acid were measured. After incu-
bation for 24 h, the apical and basal compartment media from control and
H. pylori-infected cells were collected and analyzed for LDH activity and lactic
acid concentration (Olympus AU 800 for LDH assay and Ortho Clinical Diag-
nostics VITROS 700 for lactic acid assay).

Measurement of epithelial function in Ussing chambers. (i) Electrical param-
eters. Each side of the exposed cell monolayer was bathed with 1.5 ml of Ringer
solution (containing the following, in millimoles per liter): Na1, 140; K1, 5.2;
Ca21, 1.2; Mg21, 1.2; Cl2, 120; HCO3, 25; HPO4, 2.4; and H2PO4, 0.4) and was
oxygenated and circulated with a carbogen lift (95% O2–5% CO2). Cell mono-
layers were short-circuited by using an automatic voltage clamp after appropriate
correction for fluid and system resistance. Potential difference (PD) was checked
at 30-min intervals, and R was calculated by clamping the monolayer at an
imposed potential of 5 mV and applying Ohm’s law according to the current
deflection. R was considered an index of epithelial integrity, and short-circuit
current (Isc) was considered an index of electrogenic ion movement.

(ii) Measurements of Na1, mannitol, and HRP fluxes across the epithelial
monolayers. Electrical parameters were equilibrated for 15 min, and the perme-
ability markers Na1, mannitol, and horseradish peroxidase (HRP) were added to
the apical compartment. In our conditions, Na1 ions and mannitol were markers
of the paracellular pathway and can be considered markers of the tightness of
intercellular junctions. HRP (molecular weight, 40,000) was used as a food pro-
tein tracer, capable of crossing the epithelium across the epithelial cells by
transcytosis and considered a marker of the transcellular pathway.

All markers were applied simultaneously in the same apical compartment, and
their appearance on the basal side was monitored by sampling 800 ml of the basal
compartment at 30-min intervals for 100 min. HRP was added at a final con-
centration of 0.4 mg/ml (10 mmol/liter) with a tracer dose of 3H-HRP (37 kBq/
ml). Mannitol (5 mM) was introduced on both sides of the monolayer and
14C-mannitol (12.2 kBq/ml; NEN Life Sciences Products, Boston, Mass.) was
introduced on the apical side only. Finally, 22Na (NEN) was added apically to
obtain activity of 14.8 kBq/ml.

Radioactivities were analyzed on 500-ml samples by liquid scintillation pho-
tometry, using three appropriate channels and triple-label correction. HRP was
immediately assayed on 200-ml aliquots, and intact HRP fluxes (JHRPi) were
calculated. 3H-HRP-equivalent fluxes (J3H-HRP) were calculated by using 3H
counts representing the total amount of HRP transported in either intact or de-
graded form. Degraded HRP fluxes (JD) were then calculated as J3H-HRP
minus JHRPi. JHRPi and JD, as well as mannitol and sodium fluxes (JMan and
JNa), calculated according to specific activity in the medium, were expressed as
shown in the tables. (The term “flux” as used here expresses unidirectional [mu-
cosal-serosal] absorption of the permeability markers used. Since this term is
widely accepted and used with respect to the transepithelial passage of different
molecules measured in an Ussing chamber, it was employed in this study.)

In some experiments, the effects of bafilomycin A1 and ammonium chloride on
the epithelial transport and processing of HRP were tested. Bafilomycin A1 is a
potent inhibitor of the V-type H1-ATPase, which inhibits the acidification of the
endosomal compartment (45). Ammonium chloride is a weak base which con-
centrates within the lysosomal compartment, increasing the pH (41). Bafilomycin
A1 was added to the apical compartment of filter-grown HT29-19A cells at a final
concentration of 0.5 mM 30 min before the cell monolayers were mounted in
Ussing chambers; it was added at the same concentration to the apical compart-
ment of each Ussing chamber. Ammonium chloride was introduced to the apical
compartment of the culture insert, bathing HT29-19A cells at a final concentra-
tion of 20 mM, 12 h before the experiment; it was also added at the same
concentration to the apical compartment of each Ussing chamber.

(iii) HPLC analysis of 3H-HRP transport and processing across HT29-19A
intestinal cell monolayers. In another set of experiments, using high-perfor-
mance liquid chromatography (HPLC) analysis of the basal compartment at the
end of experiment, we characterized the metabolites formed during transepithe-
lial transport of 3H-HRP across control and H. pylori-infected cell monolayers.
For this purpose, the filter-grown intestinal cell monolayers were infected for

24 h with the cagA(1) strain of H. pylori or left untreated. Since transcytosis
allows the transport of a very small amount of HRP, in order to obtain improved
sensitivity, we used an exposed surface area in Ussing chambers larger than that
used in the transport experiments (3.5 instead of 0.15 cm2) and a longer incu-
bation time with 3H-HRP (4.5 instead of 2 h). Accordingly, the intestinal mono-
layers were mounted in adapted Ussing chambers exposed on each side to 12 ml
of oxygenated Ringer solution containing HRP at a final concentration of 0.4
mg/ml and 333 kBq of 3H-HRP. The basal compartments from six Ussing cham-
bers containing control or H. pylori-treated cells (12 ml in each) were then pooled
and concentrated by passage through a solid-phase extraction microcolumn
(SepPak C18 cartridge; Waters Chromatography, Millipore, Milford, Mass.),
which retained the proteins and peptides but not the amino acids (42). Briefly,
the column was equilibrated with 10 ml of acetonitrile and washed with 10 ml
water containing 1% trifluoroacetic acid (TFA). The sample was acidified with
TFA (final concentration, 1% [vol/vol]) and passed through the microcolumn at
a flow rate of 10 ml/min. Next, the column was washed with 0.1% TFA, and salts
and amino acids were recovered in the eluate. Finally, the proteins and peptides
retained were eluted from the column with 4 ml of 80% acetonitrile–20%
water–0.1% TFA solution at a flow rate of 2.5 ml/min. The protein and peptide
fraction was concentrated in a Speed-Vac system at a low temperature and
adjusted to 200 ml before injection in the steric exclusion HPLC column.

The 3H-HRP and 3H-metabolites were separated by steric exclusion HPLC to
determine their relative amounts. A Superdex Peptide PE 7.5 (300) column was
eluted at 30°C for 45 min with 0.1% TFA in 30% acetonitrile. The percentages
of amino acids, peptides, and intact HRP were calculated. Briefly, the total
radioactivity of the basal compartments of Ussing chambers representing 100%,
the percentage of amino acids was calculated by counting the radioactivity of the
first microcolumn eluate and washing. The percentages of peptides and intact
protein were estimated on the basis of the steric exclusion HPLC profile, after
integration of the peaks by using Borwin software (42).

Statistical analysis. Data were analyzed by using the SAS package (SAS
Institute, Cary, N.C.). The results are expressed as means 6 standard errors
(SE). Comparisons of means were performed by analysis of variance and Stu-
dent’s t test.

RESULTS

Effect of H. pylori on the epithelial barrier. (i) Viability of
HT29-19A epithelial cells in the presence of H. pylori. Possible
acidification of the culture medium could alter the viability or
function of epithelial cells infected by H. pylori. However, the
lactic acid concentration was not higher in H. pylori-infected
cells than in noninfected cells (14.9 6 0.1 versus 16.4 6 0.3
mmol/liter [mean 6 SE] in the apical compartment medium and
17.1 6 0.4 versus 17.8 6 0.3 mmol/liter) in the basal compart-
ment medium).

Moreover, LDH activity in the medium obtained from H. py-
lori-infected cells was not significantly different from that of a
control medium (105.8 6 22.6 versus 130.5 6 30.5 IU/liter in
the apical compartment medium and 67.0 6 1.4 versus 65.5 6
1.2 IU/liter in the basal compartment medium for H. pylori-
infected and control medium, respectively). These results in-
dicate that H. pylori infection does not alter the viability of
HT29-19A cells and that it is not the acidification of cells which
is responsible for the effect observed.

For some of the epithelial layers, morphological control was
done by light microscopy, using Giemsa staining to allow visu-
alization of the bacteria. In the specimens infected with H. py-
lori, the monolayers were intact and bacteria were found near
the epithelial cells (not shown).

(ii) Effect of cagA(1) strains of H. pylori on the epithelial bar-
rier. The results obtained with two cagA(1) strains of H. pylori
were analyzed together. Forty filters with H. pylori-infected cell
monolayers (20 filters for each strain) and 40 filters with con-
trol, noninfected cells were studied. Infection with H. pylori did
not induce modifications of the electrical parameters com-
pared to the control monolayers (PD 5 0.94 6 0.08 versus
1.1 6 0.1 mV and Isc 5 6.4 6 0.4 versus 7.4 6 0.6 mA/cm2,
respectively). As shown in Fig. 1A, the parameters reflecting
paracellular permeability, namely, R (174 6 16 versus 148 6
10 V/cm2), JNa (3.51 6 0.41 versus 4.16 6 0.44 mEq/h z cm2),
and JMan (0.058 6 0.009 versus 0.081 6 0.010 mmol/h z cm2)
for control versus H. pylori-infected monolayers, respectively,
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were not modified by the bacteria. These results indicate that
the tight junctions and epithelial integrity are not altered by
H. pylori.

Figure 1B shows the transport and processing of HRP across
the HT29-19A cell monolayers. J3H-HRP was not modified by
H. pylori (2,110 6 210 versus 2,201 6 255 ng/h z cm2 for control
versus H. pylori infection condition, respectively).

As HRP is processed during transepithelial transport, the
3H-HRP flux is composed of intact and degraded HRP. Intact
HRP fluxes across the H. pylori-infected cells were significantly
greater (520 6 146 ng/h z cm2) than for the control cells (172 6
88 ng/h z cm2, P , 0.04). In contrast, degraded HRP fluxes
were not significantly modified by the bacteria, although a
small decrease was observed (1,681 6 155 versus 1,938 6 160
ng/h z cm2 for infected versus control cells, respectively).

(iii) Effect of cagA(2) strains of H. pylori on the epithelial
barrier. Like the cagA(1) strains, the cagA(2) strain did not
induce modifications of the parameters reflecting the paracel-
lular permeability pathway, i.e., R, JNa, and JMan. As for the
cagA(1) strains, infection with the cagA(2) strain of H. pylori
increased the flux of intact HRP (P , 0.04), without modifying
the flux of total or degraded HRP (Table 1).

HPLC analysis of HRP processing during transepithelial
transport: effect of a cagA(1) strain of H. pylori. HPLC anal-
ysis of basal compartments of Ussing chambers after 3H-HRP
transport across the epithelial layer was performed to assess

the nature of the 3H-metabolites formed during 3H-HRP trans-
port.

Transport studies using Ussing chambers have shown that
infection of the epithelial layers with H. pylori increases 2.4-
fold the amount of HRP transported in intact form (24% ver-
sus 10% of intact HRP) compared to controls. As shown in Fig.
2, HPLC analysis demonstrated that the increase of the pas-
sage of intact HRP was mainly due to the decreased degrada-
tion of this protein into peptides in the enterocyte (13% versus
40% of peptides), whereas the total amount of HRP transport-
ed remained unchanged.

Effect of the bacterial extract and the VacA cytotoxin-con-
taining broth culture supernatant of a cagA(1) H. pylori strain
on the epithelial barrier. Table 2 indicates that the bacterial
extract of a cagA(1) strain of H. pylori did not induce signifi-
cant changes in electrical parameters of the epithelial mono-
layers. The fluxes of Na1 and mannitol across the monolayers
treated with bacterial extract (n 5 12) were not significantly dif-
ferent from those across the control monolayers (n 5 12). Sim-
ilarly, the fluxes of total, intact, and degraded HRP across the
epithelium were not modified by the bacterial extract.

Table 2 also shows that the broth culture supernatant con-
taining the VacA cytotoxin modified neither the integrity of the
epithelial barrier, as evidenced by the R, JNa, and JMan val-
ues, which were not different from those of the controls, nor
the macromolecular transport of HRP across the monolayers.
These results suggest that in our model, the VacA cytotoxin-
containing supernatant was probably not responsible for the
effect observed.

It is noticeable that the Isc and PD values were significantly
higher in epithelial cells that had been treated with the broth
culture supernatant than in the nontreated cells.

Effect of a urease-negative H. pylori mutant on the epithelial
barrier. To examine the importance of the presence of urease
in the increase in intact HRP transport induced by H. pylori, we
tested the effect of a urease-negative strain. This mutant did
not induce any increase in intact JHRPi (Fig. 3), which strongly
suggests that the urease activity of H. pylori is required for the
observed effect on HRP transport and processing across the
intestinal epithelial layer.

Effects of bafilomycin A1 and ammonium chloride on the
epithelial barrier. Bafilomycin A1 significantly increased (P ,
0.04) the fluxes of intact HRP across the HT29-19A epithelial
cells without changing the total fluxes of HRP (Table 3). The
parameters reflecting the paracellular permeability were not
modified by bafilomycin: R 5 178 6 15 versus 174 6 13 V/cm2;
JNa 5 2.9 6 0.2 versus 2.9 6 0.2 mEq/h z cm2, and JMan 5
0.03 6 0.00 versus 0.04 6 0.00 mmol/h z cm2 for control versus
bafilomycin-treated cells, respectively.

Treatment of the epithelial cells with ammonium chloride

FIG. 2. Effect of infection of HT29-19A epithelial cell monolayers with a
cagA-positive, urease-positive, VacA-positive H. pylori strain on HRP transcyto-
sis and processing. An increase in HRP transport in intact form, representing 10
and 25% of the total transport in control and H. pylori infection conditions,
respectively, is observed. f, intact HRP; o, peptides; h, amino acids.

FIG. 1. Effect of infection of HT29-19A epithelial cell monolayers with H. py-
lori cagA(1) strains on epithelial barrier function in an Ussing chamber. (A)
Parameters reflecting paracellular permeability. No significant difference be-
tween the H. pylori-treated and control cells was found, indicating that H. pylori
does not alter the paracellular permeability of the epithelium. (B) Parameters
reflecting the transcellular transport of HRP by transcytosis. p, Significantly
different from control value (P , 0.04). Results are expressed (for units of mea-
sure, see Table 1) as means 6 SE of control (n 5 20) or H. pylori-infected (n 5
20) cell monolayers.
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gave results similar to those seen after treatment with bafilo-
mycin, namely, an increase of intact HRP fluxes across the cell
monolayer, without significant modification of the total and
degraded HRP fluxes (Table 3). Paracellular permeability was
not altered by ammonium, as evidenced by the finding that the
values of R, JNa, and JMan were not significantly different
from those for the control, untreated cells (R 5 178 6 15
versus 14069 V/cm2, JNa 5 2.9 6 0.2 versus 3.2 6 0.2 mEq/h z
cm2, and JMan 5 0.0360.00 versus 0.04 6 0.00 mmol/h z cm2

for control versus ammonium-treated cells, respectively).

DISCUSSION

The results presented above indicate that infection of the
digestive tract epithelium with H. pylori alters the epithelial
barrier capacity to macromolecules by inhibiting the degrada-
tive process leading to the hydrolysis of exogenous luminal
antigens during transcytosis. They further suggest that the
presence of urease may be responsible for this effect, probably
by increasing the endolysosomal pH.

Since gastric polarized epithelial cell lines do not exist, we
used an intestinal epithelial cell line as a model for studying the
gastric epithelial barrier function. Although it is not an ideal
model, it has many advantages. It is an easily available and
well-established model of the digestive tract epithelium con-
stituted of polarized cells developing tight junctions which are
required for studying the function of the epithelial barrier. This
model has been widely used in studies on the absorption of
different permeability markers across the epithelial barrier (21,
23, 28), allowing comparison of the results obtained. More-
over, H. pylori has been shown to adhere easily to different
intestinal cell lines (8, 12, 35), and this model has been found
to be useful in different physiopathological studies (5, 31, 33,
40). However, the intestinal epithelial cell model does not
reproduce all properties of the gastric epithelium. Particularly,
HT-29 intestinal cells do not produce mucus whereas the gas-
tric epithelium is covered by a mucus layer. Despite these
drawbacks, we believe that this model is suitable for studies of
the effect of H. pylori on epithelial barrier function as the initial
model, preceding the in vivo studies.

The stomach is traditionally considered an organ of primar-
ily secretory function. However, it also represents a continuous

barrier to the exogenous antigens, such as food antigens, which
circulate in large quantity in the digestive tract. It has been
shown that in the rat, the small intestine epithelium, like the
gastric epithelium, is able to take up, degrade, and transport
small amounts of macromolecules (6, 9). Here we show that
H. pylori alters such macromolecular transport and processing.
The alteration of the epithelial barrier function by H. pylori, by
increasing the load of intact proteins entering the digestive
mucosa, could be a starting point for a sensitization process
which may lead ultimately to the development of allergy.

There are two major pathways of transepithelial transport in
the digestive tract, paracellular and transcellular (22, 24). In
physiological conditions, epithelial cells are closely connected
with each other by tight intercellular junctions, and they form
a confluent monolayer. The paracellular pathway corresponds
to passage through the narrow intercellular spaces and tight
junctions, mainly permeable to small molecules. Different fac-
tors, including toxins and bacteria, which alter tight junctions
may decrease the integrity of the epithelial layer. In vitro, the
epithelial barrier function can be assessed by the fluxes of small
molecules (mannitol) and ions (Na1) and by modifications of
electrical resistance, considered a good index of paracellular
permeability in tight epithelia (27). Exogenous proteins that
have escaped luminal hydrolysis can then pass the epithelial
barrier via a transcellular pathway, using transcytosis. During
this passage, in physiological conditions, the majority (90%) of
the protein is degraded in the lysosomal system and only a
small portion (10%) passes in intact form (22, 23). When the
epithelium is damaged, the passage of intact macromolecules
may increase, due either to leakage through the intercellular
junctions or to an increase of transcellular passage (transcyto-
sis). In this study, the second mechanism is activated and mul-
tiple factors may play a role in the effect observed. This effect
is not related to the cag status of the strain but seems to de-
pend on the presence of the whole bacteria since it is not seen
when bacterial extract is used instead of whole bacteria. There-
fore, it cannot be excluded that bacterial adherence to the
epithelial cells is necessary to induce increased transport of the
intact HRP by these cells. In fact, it has been demonstrated
that adherence of H. pylori to Caco-2 cells induces reorgani-
zation of intracellular actin in vitro (40), although the subse-

TABLE 1. Effect of a cagA(2) strain of H. pylori on the epithelial function of HT29-19A cell measured in vitro in an Ussing chamber

Cells
(no. of filter-grown

HT29-19A cell mono-
layers analyzed)

Mean 6 SE

R (V/cm2) JNa (mEq/h z cm2) JMan (mmol/h z cm2) J3H-HRP (ng/h z cm2) JD (ng/h z cm2) JHRPi (ng/h z cm2)

Control (20) 127 6 9 3.8 6 0.3 0.06 6 0.0 1,004 6 124 699 6 124 153 6 38
H. pylori (20) 160 6 11 3.2 6 0.2 0.05 6 0.0 893 6 110 740 6 103 305 6 71a

a Significantly higher than control value (P , 0.04).

TABLE 2. Effects of bacterial extract (supernatant of sonicate) and VacA cytotoxin-containing broth culture supernatant
of a cagA(1) H. pylori strain on HT29-19A epithelial function in an Ussing chamber

Prepn (no. of filters
examined)

Mean 6 SE

Isc (mA/cm2) PD (mV) R (V/cm2) JNa
(mEq/h z cm2)

JMan
(mmol/h z cm2)

J3H-HRP
(ng/h z cm2)

JD
(ng/h z cm2)

JHRPi
(ng/h z cm2)

Control (12) 3.8 6 0.7 0.4 6 0.1 114 6 12 5.1 6 0.3 0.04 6 0.00 1,947 6 131 1,878 6 137 78 6 22
Bacterial extract (12) 4.9 6 1.1 0.4 6 0.0 104 6 6 5.5 6 0.3 0.04 6 0.00 1,993 6 162 1,928 6 162 65 6 4
Control (21) 2.0 6 0.4 0.3 6 0.1 143 6 18 3.5 6 0.3 0.04 6 0.00 2,117 6 139 2,050 6 130 68 6 12
VacA supernatant (21) 6.2 6 0.4a 1.1 6 0.1a 184 6 13 2.6 6 0.2 0.04 6 0.00 2,031 6 181 1,963 6 181 68 6 11

a Significantly different from control monolayer value (P , 0.0001).
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quent effect on intracellular macromolecular traffic has not
been studied.

It is important to note that paracellular transport is not
modified by H. pylori since the parameters reflecting the integ-
rity of the epithelial layer (R, JNa, and JMan) are the same as
for controls, indicating that tight junctions are not altered by
H. pylori. Consequently, the increased passage of intact HRP
across the epithelial layer must follow a transcellular pathway.
This does not exclude the possibility of an alteration of the
tight junctions in the presence of bacteria taking place in vivo,
due to the action of mediators of inflammation released in the
digestive mucosa in response to bacterial colonization (28). In
our study, we used a single epithelial monolayer, without im-
mune cells of the mucosa, which indicates that the effect ob-
served could be one of the direct effects of the bacteria on
epithelial cell function.

It is conceivable that some bacterial products released into
the extracellular space can stimulate the endocytic process in
epithelial cells. For example, one of the earliest effects of
Clostridium difficile toxins is to increase the rate of transcytosis
of HRP in mouse ceca mounted in Ussing chambers (19).
Similarly, in mice, Escherichia coli heat-stable and heat-labile
enterotoxins increase the intestinal absorption of intact gliadin
and b-lactoglobulin in vivo (43). Enteropathogenic strains of
E. coli have been also shown to decrease the barrier to mac-
romolecules, both in vitro (in T84 monolayers and rabbit ileum
[26, 36]) and in vivo (in rabbits infected with strain RDEC-1
[17]). However, an increase in transepithelial fluxes of protein
in both intact and degraded forms was observed, suggesting an
effect on both paracellular and transcellular permeability. In
this study, it was rather the intracellular processing of the
protein that was modified by H. pylori infection. The increased
transport of intact protein could be related to the presence
of cytoplasmic vacuoles, observed in cell lines infected with
VacA cytotoxin-producing strains of H. pylori. Indeed, a re-
cent study indicated that the vacuolating cytotoxin induces a
partial neutralization of the lysosomes, mistargeting cathep-
sins migration and decreasing the activity of lysosomal pro-
teases (39). However, this mechanism is unlikely in our model
since (i) all three strains studied had the same effect on epi-
thelial permeability, but it had been confirmed by PCR that
one of them had a genotype that does not produce cytotoxin,
and (ii) broth culture supernatant of the VacA-positive H. py-
lori strain gave negative results. It should be emphasized, how-
ever, that the VacA cytotoxin of H. pylori has been shown to be

active only at low pH (10), while in our model the pH of the
medium was neutral. On the other hand, it is interesting that
VacA cytotoxin-containing broth culture supernatant of H. py-
lori induced an increase of transepithelial PD and Isc of the
epithelial layer. The increased Isc might reflect the increased
secretion of Cl2 ions by the monolayer, although measure-
ments of Cl2 transport would be necessary to confirm this. The
factor responsible for this phenomenon has not been identi-
fied, but it is conceivable that some component of the entero-
toxin-like properties is involved in this action. In fact, it has
been demonstrated that stimulation of Cl2 secretion of the
epithelial cell layer by the diarrhea-inducing enterotoxins (i.e.,
heat-stable enterotoxin of E. coli) is accompanied by an in-
creased electrogenic activity of this layer reflected by the in-
creased Isc (25).

It is most likely that the increase in intact protein absorption
is linked to the capacity of H. pylori to secrete a large amount
of urease (up to 10% of total proteins secreted by the organ-
ism). Indeed, it is known that protein degradation is inhibited
by an increase of the endolysosomal pH, which inhibits cathep-
sin activity, normally requiring a low acidic pH. An increase in
lysosomal pH is possible in the course of infection with H. py-
lori, since the release of urease in the vicinity of the enterocyte
membrane leads to the production of ammonia, a weak base
well known to concentrate within acidic organelles and to in-
hibit acid proteases (41). In fact, this hypothesis is strongly
supported by the observation that the urease-negative mutant
of H. pylori does not induce modification of the transepithelial
transport of intact HRP. Moreover, treatment of cells with
ammonia and with bafilomycin A1, two agents known to de-
crease the endolysosomal pH (41, 45), led to the increased
transport of intact HRP. However, the urease-containing bac-
terial extract did not induce any modifications of macromolec-
ular transport. It seems, therefore, that whereas the urease
continuously produced by living bacteria exerts an effect on
protein degradation, urease added to the culture medium does
not. It is possible that the ultimate intracellular urease con-
centration is determinative. This concentration may be higher
when living bacteria are producing urease near the cells than
when urease-containing bacterial extract is added to cell cul-
ture medium (because of degradation of enzyme and/or weak-
er access to the epithelial cells).

If H. pylori modifies the passage of other proteins (for ex-
ample, H. pylori antigens) through the epithelium, this could
contribute to the development of inflammation. Indeed, H. py-
lori antigens have been found in the deeper layer of the gastric
mucosa (29), probably contributing to the recruitment of in-
flammatory cells, which, in turn, via the cytokines produced,
can also contribute to an increase of transmucosal perme-
ability. Such an increase in gastric permeability in vivo dur-
ing H. pylori infection could explain the persistence of gastric
inflammation, even after eradication of bacteria, due to the
sustained stimulation of the local immune system by the by-
stander antigens. This antigenic stimulation could also contrib-

FIG. 3. Effect of a urease-negative mutant of H. pylori ( ) on HRP trans-
port and processing across HT29-19A epithelial cell monolayers (n 5 12). h,
control.

TABLE 3. Effects of bafilomycin A1 and ammonium chloride on
HRP transport across HT29-19A epithelial cells

in an Ussing chamber

Treatment
(no. of filters used)

Mean flux (ng/h z cm2) 6 SE

J3H-HRP JHRPi JD

Control 2,999 6 232 61.7 6 11.6 2,937 6 234
0.5 mM bafilomycin A1 (16) 2,660 6 176 137.0 6 34.4a 2,523 6 182
20 mM ammonium chloride (13) 3,423 6 395 116 6 21a 3,307 6 396

a Significantly different from control value (P , 0.04).
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ute to the development of allergic conditions more frequently
in H. pylori-infected patients than in noninfected control sub-
jects. Indeed, the greater susceptibility to the development of
food allergy of H. pylori-infected subjects than of H. pylori-
negative controls was suggested. In fact, it has been demon-
strated in a case control study including 38 adult patients with
symptomatic food allergy and 53 age-matched controls (includ-
ing 31 patients with respiratory allergy) that food allergy, but
not respiratory allergy, is associated with a significantly higher
rate of infection with CagA-positive H. pylori strains (14). In
the same way, it has been proposed that microbial infections of
the intestine, during which increased antigen permeability is ob-
served (20), could trigger allergic sensitization. There is some
evidence for an implication of H. pylori infection in atopic der-
matitis (34). Furthermore, the features of an atopic condition
have been observed in several patients with chronic gastritis
and peptic ulceration (38). The histological picture of H. pylori-
associated gastritis is quite consistent with that observed in
allergic reactions. Indeed, biopsy specimens containing the bac-
terium are characterized by the presence of a neutrophilic in-
filtrate and eosinophil leukocytes (2, 30). Moreover, immuno-
globulin E (IgE)-mediated reactions in patients with erosive
gastritis and peptic ulcer have been demonstrated (3). In ad-
dition, IgE directed against cockroach antigens has been de-
tected in serum and gastric mucosa samples of patients with
peptic ulcer and chronic gastritis (38). The ability of H. pylori
to induce a specific IgE immune response has been demon-
strated in H. pylori-infected patients (1). Finally, a significant
association between positivity for anti-cow milk protein and
anti-H. pylori antibodies in diabetic subjects was found (37).

Taken together, our results suggest that H. pylori, by inter-
fering with the intracellular metabolism of protein in epithelial
cells, can modify the immune response of the host to bystander
luminal antigens.
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