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Bromelain, a mixture of cysteine proteases from pineapple stems, blocks signaling by the mitogen-activated
protein (MAP) kinases extracellular regulated kinase 1 (ERK-1) and ERK-2, inhibits inflammation, and
protects against enterotoxigenic Escherichia coli infection. In this study, we examined the effect of bromelain on
Salmonella enterica serovar Typhimurium infection, since an important feature of its pathogenesis is its ability
to induce activation of ERK-1 and ERK-2, which leads to internalization of bacteria and induction of
inflammatory responses. Our results show that bromelain dose dependently blocks serovar Typhimurium-
induced ERK-1, ERK-2, and c-Jun NH2-terminal kinase (JNK) activation in Caco-2 cells. Bromelain also
blocked signaling induced by carbachol and anisomycin, pharmacological MAP kinase agonists. Despite
bromelain inhibition of serovar Typhimurium-induced MAP kinase signaling, it did not prevent subsequent
invasion of the Caco-2 cells by serovar Typhimurium or alter serovar Typhimurium -induced decreases in
resistance across Caco-2 monolayers. Surprisingly, bromelain also did not block serovar Typhimurium-
induced interleukin-8 (IL-8) secretion but synergized with serovar Typhimurium to enhance IL-8 production.
We also found that serovar Typhimurium does not induce ERK phosphorylation in Caco-2 cells in the absence
of serum but that serovar Typhimurium-induced invasion and decreases in monolayer resistance are unaf-
fected. Collectively, these data indicate that serovar Typhimurium-induced invasion of Caco-2 cells, changes in
the resistance of epithelial cell monolayers, and IL-8 production can occur independently of the ERK and JNK
signaling pathways. Data also confirm that bromelain is a novel inhibitor of MAP kinase signaling pathways
and suggest a novel role for proteases as inhibitors of signal transduction pathways in intestinal epithelial cells.

Bromelain is a mixture of cysteine proteases obtained from
pineapple stems that protects animals from enterotoxigenic
Escherichia coli (ETEC)-induced diarrhea (3, 27). Bromelain
exerts a dual antidiarrhea action. First, it temporarily inacti-
vates enterocyte ETEC receptors such that bacteria cannot
colonize the small intestine (3, 30). Second, bromelain inhibits
intestinal secretion induced by ETEC heat-labile and heat-
stable toxins by blocking host cell signal transduction down-
stream from the generation of cyclic nucleotides (28).

In further studies investigating the action of bromelain on
intracellular signal transduction pathways, we showed that bro-
melain blocked activation of extracellular signal-regulated pro-
tein kinase 1 (ERK-1) and ERK-2 (29). In ThO cells, brome-
lain blocked anti-CD3ε monoclonal antibody (MAb; T-cell
receptor dependent)- and combined phorbol 12-myristate 13-
acetate (PMA) and calcium ionophore (receptor indepen-
dent)-mediated activation of ERK-2. The inhibitory activity of
bromelain was dependent on its proteolytic activity, as ERK-2
inhibition was abrogated by E-64 [L-trans-epoxysuccinyl-leucyl-
amido(4-guanidino)butane], a selective cysteine protease in-
hibitor. However, inhibitory effects were not caused by non-
specific proteolysis, as the protease trypsin had no effect on

ERK. Bromelain does not act on ERK-2 directly, as it also
inhibits activation of p21Ras, an effector molecule upstream
from ERK-2 in the Raf-1/MEK/ERK-2 kinase signaling cas-
cade.

Since bromelain prevents ERK-2 signaling in T cells, the
current study was undertaken to investigate whether bromelain
can, in addition, block ERK-2 signaling in other cell types,
namely, intestinal cells. Also, since bromelain blocks pathogen-
esis due to ETEC, we investigated whether bromelain would
affect pathogenesis due to a different pathogen in which
ERK-2 signaling is thought to play a crucial role. Hence, we
investigated the effect of bromelain on Salmonella enterica
serovar Typhimurium-induced ERK-2 signaling and invasion
of Caco-2 cells and its effect on serovar Typhimurium-induced
IL-8 production. Salmonella is an important intracellular
pathogen that causes a variety of illnesses, ranging from local-
ized gastroenteritis to severe, life-threatening typhoid fever.
To initiate disease, salmonellae first adhere to and then invade
intestinal epithelial cells by activating host cell signal transduc-
tion pathways (9). Salmonella-induced epithelial cell signaling
leads to reorganization of the host cytoskeleton, membrane
ruffles at the point of bacterium-cell contact leading to inter-
nalization of the bacteria (reviewed in reference 41), and pro-
duction of several proinflammatory mediators, including the
chemokine IL-8 (14). The clinical manifestations of salmonel-
losis may be attributed to the host inflammatory response to
this pathogen, in which IL-8 production leads to the recruit-
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ment and transepithelial migration of polymorphonuclear leu-
kocytes (12, 17, 24).

A key element in the signaling pathways involved in trans-
ducing serovar Typhimurium-initiated signals to cellular re-
sponses is the family of mitogen-activated protein (MAP)
kinases (14). Serovar Typhimurium infection of cultured intes-
tinal epithelial cells leads to activation of MAP kinases ERK-1
and ERK-2, c-Jun NH2-terminal kinases (JNK), and p38 (4, 14,
32, 36). ERK activation is dependent on the GTP-binding
protein p21Ras, with subsequent activation of the Raf-1/MEK1/
ERK kinase cascade (15). JNK and p38 activation requires
signals generated by members of the Rho family of GTP-
binding proteins such as CDC42 and Rac-1, which play an
essential role in mediating bacterium-induced actin cytoskele-
ton rearrangements (4). Activated ERK, JNK, and p38 medi-
ate induction of the transcription factors AP-1 and NF-�B,
resulting in IL-8 synthesis (14). Serovar Typhimurium activa-
tion of JNK is mediated by an effector molecule called SopE,
a substrate of the serovar Typhimurium type III protein secre-
tion system (13). The Salmonella effector(s) of ERK and p38
activation is not known.

Our results show that serovar Typhimurium induces serum-
dependent ERK-1, ERK-2, and JNK activation in Caco-2 cells
in a time- and dose-dependent manner. Increased intestinal
epithelial cell (IEC) signaling also coincided with a concomi-
tant increase in serovar Typhimurium invasion and a decrease
in IEC monolayer resistance. In serum-deprived Caco-2 cells,
serovar Typhimurium did not induce ERK or JNK signaling
but bacterial internalization and changes in IEC monolayer
resistance were not affected. These data suggest that serovar
Typhimurium internalization can occur independently of ERK
and JNK signaling. Bromelain inhibited serovar Typhimurium-
induced ERK and JNK activation and also inhibited MAP
kinase activation induced by the pharmacological agents car-
bachol and anisomycin. However, bromelain pretreatment of
IEC monolayers did not prevent subsequent invasion of the
epithelial cells by serovar Typhimurium nor did this pretreat-
ment alter serovar Typhimurium-induced resistance across the
monolayers. Collectively, these data indicate that both serovar
Typhimurium-induced invasion of IEC and changes in the re-
sistance of IEC monolayers can occur independently of the
ERK and JNK signaling pathways. Surprisingly, bromelain did
not inhibit IL-8 production but actually synergized with serovar
Typhimurium to enhance IL-8 production in IEC. These data
suggest that serovar Typhimurium stimulation of IL-8 secre-
tion in Caco-2 cells may also occur independently of ERK and
JNK activation. These results also show that bromelain is a
novel inhibitor of several MAP kinase signal transduction
pathways that may have a role in preventing pathophysiology in
intestinal cells, where MAP kinases have a critical role.

MATERIALS AND METHODS

Antibodies. Mouse anti-MAP kinase R2 (ERK-2) MAb was from UBI (Lake
Placid, N.Y.). Goat anti-mouse and goat anti-rabbit immunoglobulin G (IgG)
antibodies conjugated to horseradish peroxidase were from Bio-Rad (Hemel
Hemstead, United Kingdom). Rabbit polyclonal phosphospecific MAP kinase
IgG that detects ERK-1 and ERK-2 only when catalytically activated by phos-
phorylation at Thr202 and Tyr204 was from New England BioLabs (Hitchin,
United Kingdom). A rabbit polyclonal phosphospecific JNK IgG that detects
JNK-1 and JNK-2 only when activated by phosphorylation at Thr183/Tyr185 was
also from New England BioLabs.

Reagents. Bromelain (EC 3.4.22.32; activity; 1,541 nmol/min/mg) was pur-
chased from Hong Mao Biochemicals (Rayong, Thailand). Phorbol 12-myristate
13-acetate (PMA), calcium ionophore A23187, carbachol, and anisomycin were
from Sigma (Poole, United Kingdom). Other reagents were also from Sigma.
Specific protease activity of bromelain was determined by monitoring the release
of p-nitroaniline from the peptide–p-nitroanilide substrate Z-Arg-Arg–p-nitro-
anilide (31).

Bacteria. Serovar Typhimurium wild-type strain SL1344 and isogenic mutant
strain SL1344 invA, which is defective in the expression of Salmonella pathoge-
nicity island 1, were provided by D. Pickard (Imperial College, London, United
Kingdom). Serovar Typhimurium was grown overnight without shaking to late
log phase (optical density of 0.90 at 650 nm; 5 � 108 bacteria per ml) in
Luria-Bertani (LB) broth at 37°C. Cultures were centrifuged at 14,000 � g for 15
min and washed twice in sterile saline. Bacterial pellets were resuspended in
Dulbecco’s modified Eagle’s medium (DMEM) and adjusted to yield the desired
concentration of bacteria to maintain a multiplicity of infection (MOI) of 10, 50,
or 100 to 1 (bacterium-to-enterocyte ratio). Bacterial concentrations were con-
firmed by viable-cell counting on duplicate LB agar plates after serial dilution in
phosphate-buffered saline and overnight culture at 37°C.

Cultured enterocytes. Human Caco-2 cells (EAECC 2772) between passages
30 and 45 were cultured in 25 mM glucose–DMEM (Gibco, Paisley, United
Kingdom) supplemented with 10% (vol/vol) heat-inactivated fetal calf serum,
penicillin at 100 IU/ml, streptomycin at 100 �g/ml, 1% nonessential amino acids,
25 mM HEPES, and 4 mM L-glutamine. For Salmonella invasion and experi-
ments determining IL-8 secretion, Caco-2 cells were seeded at 4 � 104/cm2 onto
Transwell-Clear polyester membrane filters (Corning Costar, High Wycombe,
United Kingdom). Cells seeded onto filters were cultured for 14 days before use.
For carbachol and anisomycin signaling experiments, cells were cultured in
75-cm2 flasks for 14 days postconfluence. All cells were maintained and experi-
ments were conducted in a humidified atmosphere at 37°C and 5% CO2.

Invasion assays. At 24 h before invasion assays, the Caco-2 cell culture me-
dium was replaced with antibiotic-free medium or medium that was both anti-
biotic and serum free. Immediately before experimentation, the monolayers were
washed twice with DMEM and the medium was replaced with medium that was
both antibiotic and serum free. Bromelain has been shown to be inactivated by
fetal calf serum (unpublished observations). Bromelain (0 to 50 �g/ml) diluted in
DMEM was added to both the apical and basolateral surfaces of monolayers for
30 min at 37°C. Mock-treated monolayers were treated with an equal volume of
DMEM. Monolayers were then washed three times with DMEM and resus-
pended in fresh antibiotic-free medium that either contained serum or was serum
free, as appropriate. Monolayers were allowed to stabilize for 30 min at 37°C
before invasion. Salmonellae suspended in DMEM were then added to the apical
surface of Caco-2 monolayers for the times indicated later in the text and in the
figure legends. At the desired time, bacteria were aspirated, the monolayers were
washed twice with fresh DMEM, and the medium was replaced with serum-free
culture medium containing gentamicin at 100 �g/ml to kill residual extracellular
bacteria. After 1 h, the gentamicin was removed and the monolayers were
washed twice with fresh DMEM. The monolayer support containing the epithe-
lial cells was excised and immersed in ice-cold lysis buffer (25 mM Tris [pH 7.4],
75 mM NaCl, 0.4 mM EDTA, 0.5% Triton X-100, 0.4 mM sodium orthovana-
date, 10 mM sodium fluoride, 10 mM sodium pyrophosphate, leupeptin at 10
�g/ml, 740 �M phenylmethylsulfonyl fluoride, aprotinin at 10 �g/ml) for 30 min
with continual rotation at 4°C. An aliquot of the lysate was used to quantify
viable intracellular bacteria following serial dilution in phosphate-buffered saline
and incubation overnight on LB agar at 37°C. The remaining lysate was clarified
(14,000 � g for 10 min), and an equal volume of 2� sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) sample buffer (50 mM Tris
[pH 7], 700 mM 2-mercaptoethanol, 50% (vol/vol) glycerol, 2% [wt/vol] SDS,
0.01% [wt/vol] bromophenol blue) was added to postnuclear supernatants. Pro-
teins were solubilized at 100°C for 5 min, and samples containing 106 cell
equivalents were resolved by SDS-PAGE.

Stimulation of Caco-2 cells with PMA combined with ionophore, carbachol, or
anisomycin. Caco-2 cells (107) suspended in DMEM were treated with brome-
lain (0 to 50 �g/ml) for 30 min at 37°C. Mock-treated cells were treated with an
equal volume of DMEM. At a high concentrations of bromelain (50 �g/ml), cell
aggregation occurred, as noted previously (29). Following treatment, cell aggre-
gates were gently dispersed, washed three times, and then resuspended in fresh
DMEM. Cells were stimulated via the cell surface with carbachol (200 �M) or
directly (receptor independent) with anisomycin (10 �g/ml) or PMA (80 to 320
nM) combined with ionophore (1 �M) for the times shown in the figure legends
and the text. Stimulation was terminated by the addition of ice-cold lysis buffer
as described above. Lysates were clarified, suspended in SDS-PAGE sample
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buffer, solubilized as described above, and used to investigate agonist-induced
ERK and JNK activation.

Monolayer resistance measurements. Transepithelial monolayer resistance
was determined with an epithelial voltohmmeter (EVOM; World Precision In-
struments, Stevenage, United Kingdom). Measurements were made at the times
indicated later in the text and in the figure legends. Data are expressed as the
percent decrease from the baseline in each individual monolayer.

Immunoblotting. Separated proteins were transferred to nitrocellulose mem-
branes (Bio-Rad), which were then blocked and immunoblotted with the appro-
priate antibodies, as shown in the figure legends. Immunoreactivity was deter-
mined with the ECL chemiluminescence detection system (Amersham Corp.,
Arlington Heights, Ill.). The relative amounts of substrate phosphorylation were
quantitated by densitometry (Molecular Dynamics, Buckinghamshire, United
Kingdom) with Phoretix 1-D software (Phoretix International, Newcastle, United
Kingdom).

Measurement of IL-8 secretion. At 24 h before assays were conducted, the
Caco-2 cell culture medium was replaced with antibiotic-free culture medium
that also contained serum. Monolayers were washed and treated with bromelain
(25 �g/ml) or mock treated as described above. Salmonellae suspended in
DMEM were added to the apical surface of monolayers for 1 h at 37°C. Bacteria
were then aspirated, the monolayers were washed as described above, and the
medium was replaced with culture medium containing serum and gentamicin
(100 �g/ml). Monolayers were then incubated for a further 5 h at 37°C in 5%
CO2 and a humid environment. The basolateral culture medium was then har-
vested, aliquoted, and stored at �20°C until required. IL-8 secretion was deter-
mined by ELISA (R&D Systems, Abingdon, Oxon, United Kingdom) as recom-
mended by the manufacturer.

RESULTS

Serovar Typhimurium induces JNK and ERK activation in
Caco-2 cells. Several reports have described serovar Typhi-
murium-induced activation of ERK and JNK in the cultured
epithelial cell lines Henle-407, HeLa, and A431 (14, 36, 39).
However, to date there are no reports on serovar Typhi-
murium-induced ERK and JNK activation in Caco-2 cells. This
is despite the facts that Caco-2 cells have been described as an
ideal in vitro model for the study of Salmonella pathogenesis
and that these cells more closely resemble normal small-intes-
tinal enterocytes—the site of serovar Typhimurium invasion—
than do the other cell lines studied (8, 11). Therefore, initial
studies were first carried out to investigate the capacity of
serovar Typhimurium to induce ERK and JNK signaling path-
ways in Caco-2 cells and we correlated these signaling events
with invasion of enterocytes by the bacteria and changes in
monolayer resistance.

Caco-2 cells cultured as monolayers on semipermeable sup-
ports were infected apically with serovar Typhimurium strain
SL1344 or isogenic serovar Typhimurium SL1344 invA at an
MOI of 100 bacteria per host cell. At increasing times after
infection, changes in IEC monolayer resistance were recorded.
At 1, 2, 3, and 5 h after infection, the monolayer support
containing epithelial cells was excised and immersed in a lysis
buffer. On the exact same cell lysate, we investigated Salmo-
nella-induced ERK and JNK phosphorylation and quantified
the number of internalized Salmonella bacteria.

As shown in Fig. 1A, wild-type SL1344 induced phosphory-
lation of ERK-1, ERK-2, and JNK-2 1 h postinfection. As
expected, phosphorylation of host proteins also coincided with
an increase in SL1344 invasion and a decrease in IEC mono-
layer resistance (Fig. 1B and C), consistent with earlier reports
(8). At 5 h postinfection, ERK and JNK phosphorylation and
IEC monolayer resistance were completely abolished. There
also appeared to be a reduction in the number of bacteria that
invaded. This apparent decrease in cell phosphorylation and

IEC monolayer resistance was most likely a result of SL1344-
induced destruction of Caco-2 cells and their detachment from
the monolayer support. This notion is supported by the obser-
vation that the level of ERK protein in SL1344-infected mono-
layers at 5 h postinfection is negligible (Fig. 1A). Detachment
of IEC might also explain why there were fewer bacteria in
monolayers at 5 h postinvasion. The reduction in bacterial
numbers might also have been caused by disruption of the
barrier function of the plasma membranes such that gentami-
cin penetrated the Caco-2 cells and killed internalized bacteria.

Strain SL1344 invA also induced ERK activation 1 h postin-
fection, but activation was substantially less than that by parent
strain SL1344. JNK was only marginally activated at 1 h postin-
fection. SL1344 invA did not affect IEC monolayer resistance
and invaded IEC 10- to 100-fold less than did the wild-type
strain. These data show that Caco-2 cells cultured as monolay-
ers on semipermeable supports are a suitable model for inves-
tigation of serovar Typhimurium-induced activation of JNK
and ERK. They also show that induction of MAP kinase phos-
phorylation in Caco-2 cells, particularly JNK, is mediated in
part by the Salmonella pathogenicity island 1 invasion locus.

Serovar Typhimurium-induced JNK and ERK activation in
Caco-2 cells is dependent on the presence of serum. To inves-
tigate whether lower rates of invasion are also capable of
activating ERK and JNK in Caco-2 cells, we conducted inva-
sion experiments with salmonellae at an MOI of 10. In addi-
tion, we also conducted studies with cells that had been serum
starved for 24 h before infection. In several studies investigat-
ing the effects of specific agonists on mammalian cell signaling,
cells were cultured in the absence of serum before signaling
studies were conducted (37). Withdrawal of serum serves two
purposes, (i) to synchronize cells into the G0 phase and (ii) to
distinguish between specific agonist-induced signaling and that
mediated by lysophosphatidic acid (LPA). LPA is a potent
mitogenic serum phospholipid that binds albumin and acti-
vates several signaling pathways to mediate cell proliferation
via Ras and ERK and cytoskeletal rearrangement via Rac and
Rho signaling (26). The effects of purified LPA on ERK ac-
tivity are similar to the effects of 10% fetal calf serum (6).

Since the LPA present in serum activates ERK and other
signaling pathways, we investigated the effect of SL1344 on
ERK and JNK signaling in cells that had been deprived of
serum for 24 h before invasion experiments were conducted.
We also investigated whether removal of serum affects serovar
Typhimurium-induced changes in IEC monolayer resistance or
internalization of bacteria. SL1344 (MOI, 10) was applied to
the apical surface of Caco-2 monolayers, and experiments
measuring JNK and ERK phosphorylation, monolayer resis-
tance, and internalized bacteria were done as described above.

In Caco-2 cells cultured in the presence of serum and in-
fected at an MOI of 10, serovar Typhimurium induced ERK,
but not JNK (data not shown), phosphorylation in a time-
dependent manner (Fig. 2A). The level of ERK phosphoryla-
tion reached the level observed when SL1344 was applied at an
MOI of 100, but the ERK response was delayed (compare
ERK activation at 1 h at an MOI of 100 [Fig. 1A] to that at 2 h
at an MOI of 10 [Fig. 2A]). In Caco-2 cells from which serum
was removed 24 h before the experiment (serum deprived), the
ability of serovar Typhimurium to induce ERK phosphoryla-
tion was substantially reduced. The reduction in ERK phos-
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phorylation was not caused by the ability of serum-deprived
Caco-2 cells to respond to stimulation, since ERK-2 was
equally phosphorylated when cells cultured in the presence
and absence of serum were stimulated with carbachol (200
�M) (data not shown).

Despite the reduction in ERK activation observed in serum-
deprived Caco-2 cells, the absence of serum did not affect the
ability of SL1344 to invade IEC monolayers or affect their
ability to reduce IEC monolayer resistance (Fig. 2B and C).
We also observed that serovar Typhimurium at an MOI of 100
only marginally activated ERK signaling in serum-deprived
Caco-2 cells but still equally invaded IEC in the presence and
absence of serum (data not shown). The ability of serovar
Typhimurium at an MOI 100 to invade equally cells cultured in
the presence or absence of serum is consistent with an earlier
report (36). The rate of invasion at an MOI of 10 was, however,
10- to 100-fold lower than that observed in Fig. 1B for SL1344
infection at an MOI of 100. This is despite the observation that
at an MOI of 10, ERK was phosphorylated at a similar level,
albeit after a delay.

These data indicate that since serovar Typhimurium is ca-
pable of invading Caco-2 cells in the absence of ERK activa-
tion, ERK activation may not be required for invasion. These
data also suggest that factors present in serum, possibly LPA,
might synergize with or induce serovar Typhimurium to induce
ERK and JNK activation. It is interesting that serovar Typhi-
murium also does not induce IL-8 in Caco-2 cells cultured in
the absence of serum (10), indicating that serum factors may
also be important for serovar Typhimurium-induced IL-8 pro-
duction.

Bromelain inhibits serovar Typhimurium-induced JNK and
ERK activation but does not affect Salmonella invasion or
Salmonella-induced changes in monolayer resistance. We have
previously shown that bromelain can block ERK signaling in T
cells (29). Therefore, we next investigated whether bromelain
can, in addition, block ERK signaling in intestinal cells. We
studied bromelain’s effect on serovar Typhimurium-induced
JNK and ERK signaling in Caco-2 cells and its effect on Sal-
monella-induced changes in IEC monolayer resistance and
bacterial invasion.

Earlier, we showed that bromelain (50 �g/ml) pretreatment
of T cells in suspension is effective at inhibiting ERK activation
(29). However, when this dose level was used to pretreat
Caco-2 cells cultured on permeable supports, there was an

FIG. 1. Effect of serovar Typhimurium SL1344 and SL1344 invA on
MAP kinase activation, invasion, and monolayer resistance of Caco-2
cells. Confluent Caco-2 cells cultured in the presence of serum on
semipermeable supports were infected apically with serovar Typhi-
murium strain SL1344 or isogenic serovar Typhimurium SL1344 invA
at an MOI of 100. (A) At 1, 2, 3, and 5 h postinfection, extracellular

bacteria were killed by gentamicin, monolayers were washed, and the
monolayer support containing epithelial cells was excised and im-
mersed in cell lysis buffer. Postnuclear supernatants of cell lysates were
subjected to SDS-PAGE and immunoblotted with phosphospecific
MAP kinase. The blots were then stripped and reimmunoblotted with
phosphospecific JNK antibody and anti-ERK-2 MAb. The results
shown are from one experiment that is representative of the five
conducted. (B) The numbers of internalized Salmonella bacteria in the
cell lysates shown in panel A were quantified by serial dilution on LB
agar. Each datum point represents the mean of duplicate agar plates,
and lines link the median of the five experiments performed. The
square symbol at each time point represents the result of the experi-
ment shown in panel A. (C) Changes in monolayer resistance were
recorded at the postinfection times indicated. Each datum point rep-
resents the mean percent change in initial monolayer resistance plus
the standard deviation of the five experiments performed.
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unacceptable decrease in IEC monolayer resistance of 25% in
some monolayers incubated for periods of greater than 30 min
(data not shown). Therefore, smaller doses of bromelain were
used to study SL1344-induced JNK and ERK activation at
incubation times of greater than 30 min.

Caco-2 cells cultured as monolayers in the presence of se-
rum were washed and then treated on the apical and basolat-
eral surfaces with bromelain (0, 10, 25, or 50 �g/ml) in medium
without serum for 30 min. The monolayers were then rinsed
with fresh DMEM and stabilized in fresh medium that con-
tained serum before the addition of SL1344 (MOI, 100) to the
apical surface. At either 30 or 60 min postinfection, the bac-
terium-containing medium was aspirated and replaced with
fresh medium containing gentamicin, which was then incu-
bated for 30 min. The monolayer support containing epithelial
cells was then excised and immersed in a lysis buffer, where-
upon ERK and JNK phosphorylation and SL1344 invasion
were determined.

Immunoblots of Caco-2 cell lysates with specific anti-phos-
phospecific MAP kinase and anti-phospho-JNK antibodies re-
vealed that bromelain dose dependently inhibited SL1344-in-
duced ERK and JNK activation at 30 min postinfection. At the
highest dose of bromelain (50 �g/ml), SL1344-induced ERK-2
and JNK-2 activation was almost completely blocked (Fig. 3A).
At 1 h postinfection, bromelain (25 �g/ml) blocked SL1344-
induced ERK-2 activation by 95% and JNK-2 activation by
62%. Similar results were obtained when SL1344 bacteria were
inoculated at an MOI of 10 (data not shown). Despite brome-
lain inhibition of ERK and JNK activation, this treatment did
not prevent invasion of IEC by SL1344 or SL1344-induced
changes in IEC monolayer resistance at either infection rate
(Fig. 3B and C). Since serovar Typhimurium can still equally
invade cells with reduced ERK and JNK activation, collec-
tively, these data further indicate that SL1344 invasion of
Caco-2 monolayers and resistance changes induced by SL1344
can occur independently of the ERK and JNK signaling path-
ways.

Bromelain reduces carbachol- and anisomycin-induced
ERK-2 activation in Caco-2 cells. Since bromelain blocks Sal-
monella-induced ERK and JNK activation in Caco-2 cells, we
next investigated whether bromelain can block signaling in-
duced by other MAP kinase agonists. Caco-2 cells suspended
in DMEM were stimulated with a combination of PMA plus
ionophore, carbachol, or anisomycin. PMA activates ERK-2 by
a direct agonist action on protein kinase C and p21Ras, while

FIG. 2. Serovar Typhimurium induction of ERK-1 and ERK-2
phosphorylation is dependent on the presence of serum. Confluent
Caco-2 cells were cultured in the presence of serum or serum starved
24 h before apical infection with serovar Typhimurium SL1344 at an
MOI of 10. (A) At 30 min and 1, 2, and 3 h postinfection, extracellular
bacteria were killed by gentamicin and monolayers were washed and

lysed. Cell lysates were subjected to SDS-PAGE and immunoblotted
with phosphospecific MAP kinase. Immunoblots were then stripped
and reimmunoblotted with anti-ERK-2 MAb. The results shown are
from one experiment that is representative of the three conducted. (B)
The numbers of internalized Salmonella bacteria in the cell lysates
shown in panel A were quantified by serial dilution on LB agar. Each
datum point represents the mean of duplicate agar plates, and the bars
show the median of the three experiments performed. Closed symbols
represent Caco-2 cells cultured in the presence of serum; open symbols
represent Caco-2 cells from which serum was removed 24 h before
infection. Each square symbol represents an individual experiment
shown in panel A. (C) Changes in monolayer resistance were recorded
at the postinfection times indicated. Each datum point represent the
mean percent change in initial monolayer resistance plus the standard
deviation of the three experiments performed.
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ionophore A23187 induces increased intracellular release of
Ca2� and therefore mimics the action of inositol 1,4,5-trisphos-
phate. Carbachol is a different calcium agonist that activates
ERK via Gq-protein-coupled M2 and M3 muscarinic receptors
(21). Anisomycin is a protein synthesis inhibitor that acts in-
tracellularly to activate the JNK/SAPK MAP kinase pathway
(2).

Immunoblots of Caco-2 cell lysates with specific anti-phos-
phospecific MAP kinase antibodies revealed that carbachol,
but not combined PMA and ionophore, induced phosphoryla-
tion of ERK-2 (Fig. 4A and B). Even PMA at a concentration
of 320 nM, a dose 3.2 times that previously used to induce
ERK-2 activation in T84 cells (20), a different human intestinal
epithelial cell line, failed to induce ERK-2 phosphorylation in
Caco-2 cells (Fig. 4A). Stimulation for longer times with PMA
also failed to induce ERK-2 activation (data not shown). These
data show that despite the fact that PMA induces ERK-2
activation in several intestinal cell lines, including T84 (20),
Intestine 407 (40), and IEC6 (18) cells, PMA does not activate
ERK-2 in Caco-2 cells.

Bromelain (50 �g/ml) pretreatment of Caco-2 cells for 30
min inhibited carbachol-induced activation of ERK-2 (Fig.
4B). Bromelain also dose dependently inhibited anisomycin-
induced activation of JNK-2 (Fig. 4C). These data confirm that
the inhibitory effects of bromelain on ERK-2 signaling are not
restricted to T cells. These data also confirm that bromelain, in
addition to inhibiting ERK activation, can also block activation
of another MAP kinase pathway, the JNK/SAPK pathway.

Bromelain synergizes with serovar Typhimurium to in-
crease IL-8 secretion in Caco-2 cells. The MAP kinase path-
ways are thought to have a critical role in pathogen-induced
IL-8 secretion, since selective inhibitors of the ERK-2 and p38
MAP kinases inhibit IL-8 secretion (14, 23, 38, 42). Since
bromelain blocks the activation of several MAP kinase path-
ways, we investigated whether bromelain can, in addition,
block IL-8 secretion.

Caco-2 cells cultured as monolayers on semipermeable sup-
ports were treated with bromelain (25 �g/ml) as described
above. Monolayers were then washed, stabilized, and infected
apically with serovar Typhimurium (MOI, 10, 50, or 100) for
1 h. Bacteria were then aspirated, residual extracellular bacte-

FIG. 3. Effect of bromelain on serovar Typhimurium SL1344-in-
duced MAP kinase activation, invasion, and monolayer resistance of
Caco-2 cells. Confluent Caco-2 cells cultured in the presence of serum
were treated with bromelain (0, 10, 25, or 50 �g/ml) for 30 min on the
apical and basolateral surfaces, washed, and then infected apically with
serovar Typhimurium SL1344 at an MOI of 100. (A) At 0 and 30 min
and 1 h postinfection, extracellular bacteria were killed by gentamicin,
monolayers were washed, and Caco-2 cell lysates were subjected to
SDS-PAGE and immunoblotting with phosphospecific MAP kinase or
phosphospecific JNK antibody. Columns show the intensities of
ERK-2 and JNK-2 signals quantitated by densitometry. (B) The num-
bers of internalized Salmonella bacteria in the cell lysates shown in
panel A were quantified by serial dilution on LB agar. Each datum
point represents the mean of duplicate agar plates, and the bars show
the mean of the three experiments performed. Each square symbol
represents an individual experiment shown in panel A. (C) Changes in
monolayer resistance were recorded at the postinfection times indi-
cated. Each datum point represents the mean percent change in initial
monolayer resistance plus the standard deviation of the five experi-
ments performed.
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ria on monolayers were killed with gentamicin (100 �g/ml),
and monolayers were incubated for a further 5 h. Basolateral
supernatants were assayed for IL-8 secretion by ELISA.

Data in Fig. 5 show that, as expected, serovar Typhimurium
dose dependently increased IL-8 secretion by Caco-2 cells. The
reduced amount of IL-8 secreted by cells infected with serovar
Typhimurium at an MOI of 100 was presumably caused by
bacterium-induced disruption of the monolayers, as described
above. Treatment of monolayers with bromelain alone induced
a negligible but detectable amount of IL-8. Surprisingly, bro-
melain significantly increased IL-8 secretion by Caco-2 cells

that were infected with serovar Typhimurium (P � 0.01) at all
of the infection levels tested. The amount of IL-8 produced
was greater than the sum of the serovar Typhimurium-induced
IL-8 and the IL-8 induced by bromelain alone. These results
indicate that bromelain acts synergistically with serovar Typhi-
murium to increase IL-8 production by Caco-2 cells. Prelimi-
nary data also indicate that bromelain synergizes with carba-
chol to induce IL-8 secretion (data not shown). These data also
indicate that serovar Typhimurium-induced IL-8 secretion may
occur in the absence of ERK and JNK activation.

DISCUSSION

An important feature of Salmonella pathogenesis is its abil-
ity to activate host cell signal transduction pathways. Serovar
Typhimurium induces activation of the ERK, JNK, and p38
MAP kinase pathways, which leads to rearrangement of the
host cell cytoskeleton and internalization of the bacteria and
IL-8 secretion (4, 14, 32, 36). In this study, we examined the
effect of bromelain, a substance known to prevent ETEC
pathogenesis (3, 28) and inhibit ERK signaling in T cells (29),
on serovar Typhimurium-induced MAP kinase activation, in-
ternalization of bacteria, changes in monolayer resistance, and
IL-8 secretion by cultured intestinal epithelial cells. We se-
lected Caco-2 cells as our study model, since fully differenti-
ated Caco-2 cells closely resemble the small-intestinal epithe-
lium, the site of Salmonella invasion.

Our results show that serovar Typhimurium induces ERK-1,
ERK-2, and JNK activation in Caco-2 cells in a time- and
dose-dependent manner. Increased Caco-2 cell signaling also
coincided with increased internalization of salmonellae and
decreased monolayer resistance. An invasion-impaired serovar
Typhimurium mutant (invA) also induced ERK and JNK ac-
tivation and invaded Caco-2 cells, albeit at levels substantially

FIG. 4. Bromelain inhibits ERK-1, ERK-2, and JNK phosphoryla-
tion in carbachol- or anisomycin-stimulated Caco-2 cells. (A) Caco-2
cells cultured in the presence of serum were stimulated with either
carbachol (0 to 20 mM) or PMA (0 to 320 nM) plus ionophore (1 �M).
(B and C) Caco-2 cells cultured in the presence of serum were sus-
pended in fresh DMEM, treated with bromelain (50 �g/ml) for 30 min,
and then washed. Cells were then stimulated with carbachol (200 �M;
B) or anisomycin (10 �g/ml; C) for the times indicated. Cells were
lysed, and postnuclear supernatants were subjected to SDS-PAGE and
immunoblotted with phosphospecific MAP kinase, phosphospecific
JNK antibody, or anti-ERK-2 MAb. The results shown are from one
experiment that is representative of the three or four conducted.

FIG. 5. Effect of bromelain on serovar Typhimurium SL1344-in-
duced IL-8 production. Confluent Caco-2 monolayers cultured in the
presence of serum were treated with bromelain (0 or 25 �g/ml) for 30
min on the apical and basolateral surfaces, washed, and then infected
apically with serovar Typhimurium SL1344 at an MOI of 10, 50, or 100.
At 1 h postinfection, extracellular bacteria were killed with gentamicin
(100 �g/ml) and the monolayers were incubated for a further 5 h.
Basolateral supernatants were assayed for IL-8 secretion by ELISA.
Columns represent the mean plus the standard deviation of three
experiments performed on duplicate monolayers. The bromelain-in-
duced increase in IL-8 is significant (P � 0.01 [Student’s paired t test]).
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lower than those of the wild-type strain. The invA mutant did
not, however, affect Caco-2 monolayer resistance. The ability
of Salmonella invA mutants to activate host cell signaling is
consistent with earlier reports of studies conducted with
Henle-407 cells (36) and BAC-1.2F5 macrophages (34) but
contrasts with another study in which serovar Typhimurium
invA mutants did not activate ERK-2 or JNK in HeLa or
HenLe-407 cells (14).

Bromelain dose dependently reduced serovar Typhimurium-
induced JNK and ERK activation but had no effect on Salmo-
nella internalization into epithelial cells or IEC monolayer
resistance. These data are consistent with earlier reports that
show that ERK inhibitors do not inhibit serovar Typhimurium
invasion (35, 36, 39). Rosenshine et al. (35) showed that the
protein tyrosine kinase inhibitors genistein and tyrphostin-
AG34 (which block ERK) prevent Yersinia enterocolitica and Y.
pseudotuberculosis internalization into HeLa cells but not se-
rovar Typhimurium internalization. They then confirmed these
results in later studies with different cell lines (A431, Henle-
407) (36). In separate studies, Tang et al. (39) compared the
invasion of Listeria monocytogenes and serovar Typhimurium
in the presence of PD98059, a highly selective inhibitor of
MEK-1 and thus ERK. Again, data show that inhibition of
ERK does not affect serovar Typhimurium invasion. PD98059
did, however, block L. monocytogenes invasion. These data
suggest that ERK-2 signaling is not essential for serovar Ty-
phimurium invasion of epithelial cells. However, it is clear that
invasion by some pathogens is, indeed, dependent on ERK
activation. Interestingly, studies investigating the effects of
PD98059 on the internalization of serovar Typhimurium into
macrophages show that this ERK inhibitor blocks Salmonella-
and lipopolysaccharide-induced MEK and ERK phosphoryla-
tion but not phagocytosis (33). Those authors concluded that
Salmonella phagocytosis and ERK activation are entirely inde-
pendent phenomena. Since bromelain also blocks serovar Ty-
phimurium-induced JNK activation, data also suggest that
JNK is not essential for serovar Typhimurium invasion. Fur-
thermore, since IEC monolayer resistance was not affected
following bromelain treatment, data indicate that resistance
changes induced by Salmonella may occur independently of
JNK and ERK activation.

Further evidence that ERK is not essential for serovar Ty-
phimurium invasion is the observation that Salmonella induc-
tion of host substrate phosphorylation is dependent on the
presence of serum in the cell culture medium. The absence of
serum, however, does not affect the ability of serovar Typhi-
murium to invade Caco-2 monolayers or affect its ability to
reduce Caco-2 monolayer resistance. Many previous reports
have shown that serovar Typhimurium induces ERK activation
in epithelial cells when cells are cultured in the presence of
serum for up to 2 h or immediately before experimentation
(Fig. 2A) (25, 32, 35, 39). Our results obtained with Caco-2
cells cultured in the presence of serum are consistent with
these data. In contrast, however, serovar Typhimurium fail to
activate ERK in cells that had been deprived of serum 24 h
before experimentation. These data suggest that ERK activa-
tion may not be required for internalization and changes in
monolayer resistance. Data also suggest that factors present in
serum, possibly LPA, a potent activator of ERK that mimics

the effects of 10% serum (6), might induce serovar Typhi-
murium to activate ERK in Caco-2 cells.

Data described in a recent report might appear to conflict
with our data that show that serovar Typhimurium requires
serum to activate ERK. In a study investigating the effects of
serovar Typhimurium on ERK in Henle-407 and HeLa cells,
serum was removed 24 h before conducting invasion experi-
ments (14), as in our studies. Hobbie et al. (14) noted that
serovar Typhimurium induces ERK-2 activation in serum-
starved, 50% confluent cells at 45 min postinfection. We noted
only negligible activation of ERK in serum-starved Caco-2
cells. One possible explanation for the ability of serovar Ty-
phimurium to strongly activate ERK-2 in Henle-407 and HeLa
cells in the absence of serum, but not in Caco-2 cells, may
reflect differences in the cell lines used. Differences in ERK-2
activation may also reflect differences in the functional states
of the cells used in the two studies. Hobbie et al. (14) con-
ducted studies with cell lines that had achieved 50% conflu-
ence, whereas our Caco-2 cells were used at least 15 days
postconfluence (100% confluent), when cells have fully differ-
entiated to a small-bowel phenotype. The differences in the
results may also be attributed to the activation state of ERK.
Recent studies suggest that cell density regulates the activity of
ERKs (1). Aliaga et al. (1) showed that serum stimulation of
ERK-1 and ERK-2 in subconfluent IEC-6 jejunal cells is rapid
and maximal within 5 min, whereas the level of ERK stimula-
tion by serum in confluent cells is significantly lower. Further
data obtained with Caco-2/15 cells show that constitutive ERK
activity varies substantially between subconfluent (undifferen-
tiated) and confluent (differentiated) cells, while the abun-
dance of ERK protein remains unchanged (1). Constitutive
levels of active ERK-1 and ERK-2 were shown to be very high
in subconfluent Caco-2/15 cells, while ERK activity dramati-
cally decreased as Caco-2/15 cells reached confluence and
ERK became inactive by 15 days postconfluence. These data
indicate that the levels of ERK activation and their respon-
siveness to stimuli diminish as cells reach confluence and re-
semble those of the small intestine. Taken together, these data
suggest that ERKs in confluent cells are less responsive to
serovar Typhimurium stimulation. Thus, the effects of serovar
Typhimurium on signaling in intestinal cells may vary, depend-
ing on the cell type, differentiation status, and degree of basal
phosphorylation in the monolayers studied. The precise rele-
vance of the effects of serum or the level of confluence of cells
on serovar Typhimurium-induced host cell signal transduction
remains to be elucidated. Data suggest that future studies be
designed to distinguish effects mediated by serum, LPA, and
Salmonella.

Data presented in this study also show that bromelain inhib-
its JNK and ERK signaling induced by the pharmacological
agents carbachol and anisomycin. Since anisomycin is a lipid-
soluble antibiotic, these results support our earlier studies that
show that the inhibitory action of bromelain on cell signaling is
not simply caused by a degradative action on cell surface mol-
ecules that alters receptor-ligand interactions (28, 29). The
precise mechanism of action of bromelain remains to be de-
termined. Earlier studies with T cells showed that bromelain
exerts its inhibitory effect on ERK signaling at least at the level
of p21Ras (29). Since p21Ras is an effector of both the JNK and
ERK MAP kinase pathways, it is possible that bromelain’s
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ability to block ERK and JNK in Caco-2 cells is also at the level
of p21Ras.

A surprising finding in this study is that despite bromelain’s
blocking of MAP kinase activation, it did not inhibit IL-8
production. Earlier studies using inhibitors of MAP kinases
have shown that ERK-2 is required for IL-8 production (23,
38). In contrast, we noted that bromelain synergized with se-
rovar Typhimurium-induced signals to significantly (P � 0.01)
enhance IL-8 secretion. These data suggest the existence of
serovar Typhimurium-activated, ERK-independent pathways
involved in IL-8 production in Caco-2 cells. Bromelain’s ability
to synergize with exogenous signals to enhance cytokine pro-
duction has also been observed in other cell types. Recently,
bromelain was shown to enhance IFN-�-mediated nitric oxide
and tumor necrosis factor alpha production by both RAW
264.7, a macrophage cell line, and primary murine macro-
phages (7). Bromelain’s effect was independent of endotoxin
receptor activation and was not caused by direct modulation of
IFN-� receptors. Instead, it either enhanced or acted synergis-
tically with IFN-� receptor-mediated signals. Bromelain also
increased IL-2-plus-IL-12-mediated IFN-� production by
mouse-derived natural killer cells. Others have also shown that
bromelain can increase IFN-�-dependent tumor necrosis fac-
tor alpha, IL-1�, and IL-6 production by human peripheral
blood mononuclear cells (5).

Since the clinical manifestations of salmonellosis may be
attributed to the host inflammatory response to the pathogen
(12), bromelain might be expected to exacerbate serovar Ty-
phimurium-induced disease by increasing inflammatory re-
sponses. However, this possibility is in direct contrast to reports
that describe the use of bromelain as an anti-inflammatory
agent. Bromelain has been used therapeutically for the treat-
ment of inflammation, including ulcerative colitis (19) and
urogenital inflammation (22). Bromelain has also been shown
to inhibit intestinal responses to prostaglandin E2, a proin-
flammatory mediator (28). Since inhibitors of ERK-1 and
ERK-2 have been shown to elicit effective anti-inflammatory
responses in vivo (16), the ability of bromelain to block ERK-1
and ERK-2 is consistent with an anti-inflammatory role for
bromelain. Therefore, clearly, the role of bromelain as a pro-
inflammatory or anti-inflammatory agent needs to be resolved.
Indeed, it is well known that bromelain is composed of several
different proteases (31) and preliminary testing of these iso-
lated proteases indicates that the specific ERK-inhibitory and
proinflammatory effects of bromelain are attributable to dis-
tinct proteases (Mynott et al., unpublished data). Studies are
planned to investigate the role of these proteases in serovar
Typhimurium infection in vivo.

In summary, we have shown that bromelain, a mixture of
cysteine proteases, blocks serovar Typhimurium-induced
ERK-1, ERK-2, and JNK activation in Caco-2 cells. Bromelain
also inhibits carbachol- and anisomycin-induced MAP kinase
signaling. These data extend our previous findings and show
that bromelain is a novel inhibitor of MAP kinase pathways in
intestinal cells. Despite bromelain inhibition of serovar Typhi-
murium-induced MAP kinase signaling, this treatment did not
prevent subsequent invasion of Caco-2 cells by Salmonella or
prevent the serovar Typhimurium-induced reduction of IEC
monolayer resistance or IL-8 production. In serum-deprived
Caco-2 cells, serovar Typhimurium did not induce ERK or

JNK signaling, while bacterial internalization and changes in
IEC monolayer resistance were not affected. Other studies
have reported that in serum-deprived Caco-2 cells, serovar
Typhimurium also fails to induce IL-8 production (10). Col-
lectively, these data indicate that invasion of IEC by serovar
Typhimurium, resistance changes induced by Salmonella, and
IL-8 secretion can occur independently of the ERK-1, ERK-2,
and JNK signaling pathways. These results also show that bro-
melain and cysteine proteases are novel inhibitors of MAP
kinase signaling pathways in intestinal cells and may have a
role in preventing diseases in the pathophysiology of which
MAP kinases have a critical role.
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