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While the pathological events evoked by infection are commonly described, effective host responses to
bacteria and their products should primarily be protective. Heat shock protein (Hsp) expression is upregulated
by many stimuli and serves to maintain intracellular protein integrity. The ability of the prototypic superan-
tigen, Staphylococcus aureus enterotoxin B (SEB) to induce Hsps was investigated with BALB/c mice and by in
vitro addition to the murine small intestinal epithelial cell line MSIE. SEB-treated (5 or 100 g intraperito-
neally) mice revealed increased Hsp25 and Hsp72, but not Hsc73, in jejunal lymphocytes and epithelial cells.
A similar Hsp response to SEB occurred in MSIE cells and was preceded by activation of the ERK1/2 and p38
mitogen-activated protein kinases but not the SAPK/JNK pathway; pharmacological inhibition of ERK1/2, but
not p38, significantly reduced SEB-induced Hsps. Moreover, SEB-treated MSIE cells were protected against
oxidant-induced cytotoxicity (measured by *'Cr release) and F-actin depolymerization. Thus, SEB exposure
results in a rapid induction of the Hsp25 and Hsp72 in intestinal epithelial cells, both directly and through
lymphocyte activation, and we suggest that this event is important in protecting the gut from damage by
Staphylococcus infection or in the reparatory process and may be a generalized response to lumen-derived

bacterial toxins.

As exceptionally potent T-cell stimuli, bacterial superanti-
gens (SAgs) have an obvious proinflammatory potential and
have been implicated in both human inflammatory and auto-
immune disease. Bacterial SAgs are small, protease-resistant,
pyrogenic peptides produced by a variety of species, particu-
larly Staphylococcus aureus and Streptococcus pyogenes (7, 17),
that are unique in their ability to polyclonally activate T cells.
Thus, SAgs bypass the classical route of antigen processing and
presentation by antigen-presenting cells and bind directly to a
domain of major histocompatibility complex (MHC) class 11
molecules and a specific region on the variable portion of the
B-chain of the T-cell receptor outside the antigen-specific site
(3, 7). SAg-producing organisms can, on occasion, be identified
in the gut, and indeed, Staphylococcus-derived SAgs are a
familiar cause of food poisoning. Moreover, we and others, by
using S. aureus enterotoxin B (SEB) as a model SAg, have
shown that the enteric effects of SAg exposure extend beyond
an emetic response and can result in altered jejunal architec-
ture, local immune cell activation, increased epithelial chemo-
kine synthesis, and altered epithelial ion transport that could
contribute to a diarrheal response (1, 2, 6, 15, 18, 19, 20).

The epithelial lining of the gastrointestinal tract is an im-
portant component of innate immunity. It represents a first-
line defensive barrier against lumen-derived antigens and
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pathogens and has the ability to modulate adaptive immune
responses. Numerous investigators have demonstrated that ep-
ithelial cells can recognize and respond to bacteria, bacterial
products, and inflammatory mediators elicited by bacterial ex-
posure via alterations in physiology and in the production and
secretion of cytokines and other messenger molecules (4, 35).

Analyses of the effects of bacteria, or their products, on gut
function tend to focus on defining pathological or proinflam-
matory mechanisms, with reparatory or endogenous defensive
mechanisms often being overlooked. Heat shock proteins
(Hsps) are produced in response to a vast array of stimuli (e.g.,
heat, heavy metals, oxidants, protein synthesis, and degrada-
tion inhibitors) (14) and in a broad sense serve as scaffolding or
chaperone proteins to preserve the integrity of essential intra-
cellular proteins during times of stress. Hence, inducible Hsps
provide the cell with a natural mechanism of protection from
environmental stressors. It has long been noted that induction
of Hsps by conditions of mild stress (for example thermal stress
from fever) then confers protection from an otherwise lethal
stress, a phenomenon known as stress tolerance (14, 34). En-
teric epithelial cells upregulate the expression of Hsp25 and
Hsp72 as a consequence of exposure to a number of different
agents, including short chain fatty acids, interleukin-11 (IL-11),
and Escherichia coli lipopolysaccharide (LPS) (11, 26, 27),
which may confer protection against oxidant and tumor necro-
sis factor alpha-mediated injury. Therefore, we hypothesized
that a facet of the T-cell-driven enteropathy induced by SAg
exposure (1, 18) would be an increase in Hsp production in the
intestine and possibly in the epithelium. The data described
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herein support this hypothesis and go further by identifying an
epithelial mitogen-activated protein kinase (MAPK) response
to direct SAg exposure and showing that the increase in Hsp72
and Hsp25 induced by SEB treatment protects the enterocyte
from oxidant-induced F-actin depolymerization and concomi-
tant cytotoxicity.

MATERIALS AND METHODS

Animals and experimental treatments. Male BALB/c mice (6 to 8 weeks old;
Charles River Laboratories, Wilmington, Mass.) were housed in conventional
facilities. Mice received a single intraperitoneal injection of 5 or 100 pg of SEB
(Sigma Chemical Company, St. Louis, Mo.) as representative low- and high-dose
treatments (2, 5, 6). Gram-positive bacteria do not produce LPS; however, stocks
were checked with the Limulus amoebocyte assay (Cambrex, Gaithersburg, Md.)
and were found to be negative. Jejuna were harvested from mice at times from
4 to 48 h. One section was fixed in 10% neutral buffered formalin for immuno-
histochemistry, and the mucosa was sheared off an adjacent tissue portion by
blunt dissection with glass slides. The mucosa was homogenized in a Teflon
pestle homogenizer in lysis buffer (10 mM Tris [pH 7.4], 5 mM MgCl,, 50 U of
DNase and RNase/ml, and Complete protease inhibitor cocktail [Roche Molec-
ular Biochemicals, Indianapolis, Ind.]). Samples were incubated on ice for 10
min, a small aliquot was removed for protein determination (by the bicinchoninic
acid procedure) (30), and a one-half volume of 3X Laemmli stop solution was
added to the remainder. Samples were heated at 65°C for 10 min and analyzed
for Hsps by Western blotting.

Western blotting for Hsps. For various Hsps, different amounts of protein
were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and with differing percentages of acrylamide, as follows: Hsp25, 30
g of protein and 12.5% PAGE; Hsp72, 10 pg of protein and 10% PAGE;
Hsc73, 5 pg of protein and 10% PAGE. Proteins were resolved by SDS-PAGE
and transferred to a polyvinylidene difluoride (PVDF) membrane (Polyscreen;
NEN, Boston, Mass.) in 1X Towbin buffer (25 mM Tris, 192 mM glycine [pH
8.8], 10% [vol/vol] methanol). All blots were blocked in 5% (wt/vol) nonfat dry
milk in Tween-Tris-buffered saline (T-TBS; 150 mM NaCl, 5 mM KCl, 10 mM
Tris [pH 7.4], 0.05% [vol/vol] Tween 20). Blots were incubated overnight at 4°C
with the following primary antibodies: anti-Hsp25 (polyclonal; Stressgen, Victo-
ria, British Columbia, Canada), anti-Hsp72 (murine monoclonal antibody [MAb]
C92; Stressgen), and anti-Hsc73 (rat MAb 1BS; Stressgen). Each of these anti-
bodies is specific to its respective proteins (manufacturer’s specifications and
data from our lab). Blots were washed five times with T-TBS, incubated in
horseradish peroxidase-conjugated secondary antibodies for 1 h at room tem-
perature, washed four times with T-TBS, washed once with Tris-buffered saline,
and visualized by using an enhanced chemiluminescent system (Supersignal;
Pierce Chemical, Rockford, IIL.).

Cell culture. Mouse small intestinal epithelial (MSIE) cells were a generous
gift from Robert Whitehead (Vanderbilt University, Nashville, Tenn.). Cells
were grown in RPMI 1640 medium (Life Technologies, Gaithersburg, Md.)
supplemented with 5% fetal bovine serum, murine gamma interferon (IFN-y) (5
U/ml), 50 U of penicillin/ml, and 50 wg of streptomycin/ml (all from Invitrogen),
and ITS plus Premix (6.25 mg of insulin/liter, 6.25 mg of transferrin/liter, 6.25 pg
of selenous acid/liter, 1.25 g of bovine serum albumin/liter, and 5.35 mg of
linoleic acid/liter) (Collaborative Research, Boston, Mass.). The MSIE cells were
derived from the transgenic temperature-sensitive simian virus 40 large-T anti-
gen Immortimouse (33) and, as such, were grown at the permissive temperature
of 33°C. For experiments, medium was changed to IFN-y-free medium (the
large-T antigen is under a portion of the MHC class I promoter, which is IFN-y
sensitive). To completely stop proliferation, the cells may be switched to 37°C,
where the simian virus 40 large-T antigen folds incorrectly. Similar results were
obtained with cells in IFN-y-free medium and 33 and 37°C (data not shown), and
therefore, to prevent potential degenerative changes at 37°C, cells were used at
33°C. The MSIE cell line was chosen, since the in vivo effects were investigated
in the murine small intestine and we wished to keep the species and segment of
the intestine consistent. SEB was added directly to the culture medium. Cells
were harvested by scraping in ice-cold saline, pelleting in a microcentrifuge
(13,000 X g for 10 s), and resuspending in 50 pl of lysis buffer described above.
Cell homogenates were prepared, and Western blots for Hsps were performed as
described for the tissues.

For analysis of stress kinase activation, 20 wg of cell homogenate was resolved
by SDS-12.5% PAGE and transferred to the PVDF membrane. In all cases, two
blots were run, one for analysis with antibody specific for the activated (phos-
phorylated) forms of the three stress kinases (i.e., p44/42 also known as ERK 1/2,
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p38, and SAPK/JNK) and another blot for analysis with antibody for the total
(active and inactive) kinase. Antibodies for all analysis of stress kinase activation
were used according to the manufacturer’s instructions (Cell Signaling, Boston,
Mass.). Two polyclonal antisera are provided with the kits for p38, p44/42, and
SAPK/JNK. One antiserum, in each case, recognizes all forms of the respective
kinase(s) and one antiserum reacts only with the phosphorylated, active forms.

For coculture with lamina propria lymphocytes (LPLs), MSIE cells were
seeded onto fibrillar collagen inserts (1-wm pore size, 4.2-cm? surface area;
Becton Dickinson, Bedford, Mass.) and grown to confluence at permissive con-
ditions. Twenty-four hours before coculture, MSIE cells were transferred to
nonpermissive conditions. LPLs were isolated by a collagenase digestion of small
intestinal mucosa of C57BL/6 mice as previously described (13). Lymphocytes (2
X 10° cells/ml of RMPI containing 10% fetal bovine serum) were added to the
basal compartment of the coculture well; 48 h later, MSIE monolayers were
inserted, and the coculture was maintained for 24 h with or without SEB addition
to the basal compartment (i.e., directly to the LPLs). In some experiments,
anti-mouse I1L-2 MAb (2 wg/ml) was included in the coculture. After 24 h of
coculture, protein samples were harvested and analyzed by Western blotting for
Hsp expression.

Immunohistochemical staining for Hsp. Immunostaining was performed on
4-pm-thick paraffin sections of formalin-fixed tissues as previously described
(10). Sections were stained for Hsps by using the Vectastain Elite ABC kit
according to the manufacturer’s instructions (Vector Labs, Burlingame, Calif.).
Slides were incubated overnight at 4°C with the same antibodies used for West-
ern blotting and then incubated with biotinylated horse anti-rabbit and anti-
mouse or anti-rat immunoglobulin G (Vector Labs). This was followed by incu-
bation with Vector ABC Elite reagent for 30 min and washing five times. Slides
were developed by using the diaminobenzidine solution provided for 1 min. All
slides were counterstained with hematoxylin and mounted by using DPX mount-
ing agent (Electron Microscopy Services, Ft. Washington, Pa.). An inverted Zeiss
Axiophot microscope, a Macintosh G4 computer, and Pixera software were used
to image slides.

Cell viability assay. MSIE cells were grown to confluence in 24-well plates with
or without SEB (1 pg/ml) for 24 h. Cells were loaded with *'Cr (50 pCi/ml;
Sigma Chemical Co.) for 60 min, washed, and incubated in media with various
amounts of the oxidant monochloramine to induce cell injury. Medium was
harvested from the cells after 60 min, and the >'Cr remaining in the cells was
extracted with 1 N HNOj; for 4 h. The amounts of >!Cr in the released and
cellular fractions were counted by liquid scintillation spectroscopy. The amount
of 5!Cr released was calculated as the amount released divided by the amount
released plus the cellular remainder.

G/F-actin assay. Plastic-grown confluent cells monolayers were grown at 33°C
in IFN-y-free medium with or without SEB (1 wg/ml). Prior to assessment, cells
were treated with phalloidin (30 wg/ml for 2 h; Molecular Probes, Eugene,
Oreg.), cytochalasin D (10 pg/ml for 15 min), or the oxidant monochloramine
(0.6 mM for 30 min) (10, 23). Cells were rinsed in phosphate-buffered saline,
scraped, pelleted (14,000 X g for 20 s at room temperature), and the pellets were
resuspended in 200 wl of 30°C lysis buffer [1 mM ATP, 50 mM piperazine-N,N'-
bis(2-ethanesulfonic acid) (PIPES; pH 6.9), 50 mM NaCl, 5 mM MgCl,, 5 mM
EGTA, 5% (vol/vol) glycerol, 0.1% (vol/vol) Nonidet P-40, Tween 20, Triton
X-100, and Complete protease inhibitor cocktail]. Cells were homogenized by
gently pipetting up and down 10 times and incubated at 30°C for 10 min. Samples
were centrifuged at 100,000 X g for 60 min at 30°C, and the supernatants were
removed for determination of G-actin. Pellets containing F-actin were resus-
pended in 200 pl of 4°C distilled water with 1 pM cytochalasin D and left on ice
for 60 min. Then 20 pl of each extraction was removed, 6 wl of 3X Laemmli stop
solution was added, and the samples were heated to 65°C for 10 min. Samples
were resolved by SDS-12.5% PAGE and immediately transferred to PVDF
membranes. After transfer, analysis of actin was performed with a polyclonal
anti-actin antiserum by Western blotting (Cytoskeleton, Denver, Colo.). Since
the F-actin fraction has been depolymerized, only the monomeric 45-kDa form
is observed on the Western blots.

Data presentation and analyses. Numerical data are presented as means *
standard errors of the means and, where appropriate, were compared with
Student’s ¢ test, and P values of <0.05 were accepted as a level of statistically
significant difference.

RESULTS

SEB induces Hsp25 and Hsp72 in intestinal lymphocytes
and epithelial cells. SEB has been found to induce a self-
limiting murine enteropathy with both colonic and small intes-
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FIG. 1. Systemic SEB treatment evokes an increase in Hsp25 and Hsp72 in epithelial cells and gut lymphocytes. BALB/c mice were injected
intraperitoneally with 5 pg of SEB, and the jejuna were harvested 4 or 24 h later. Tissues were formalin fixed, and immunohistochemistry was
performed on paraffin sections as described in Materials and Methods. Images shown are representative of the results from 4 mice.

tinal involvement, with effects mediated by CD4" T cells (2,
18). To determine whether SEB would induce Hsps in specific
intestinal cell populations, mice were treated with a single
intraperitoneal injection of SEB. Figure 1 shows that with
low-dose SEB (i.e., 5 pg), both Hsp25 and Hsp72 expression
were induced in a time-dependent manner in lymphocytes and
epithelial cells (Fig. 1). Sections of jejunum from saline-treated
control mice revealed weak staining for Hsp25 and no Hsp72
positivity. Increased epithelial Hsp25 and Hsp72 immunostain-
ing was apparent 4 h after treatment and was substantially
increased after 24 h (Fig. 1) and 48 h (data not shown) post-
SEB treatment.

Next, Hsp levels were quantified by Western blotting. When
the jejunal mucosa is sheared by glass slides, a separation plane
occurs naturally between the muscularis propria and the re-
mainder of the mucosa. Epithelial cells comprise a majority of
the cells in the mucosal scrapings and thus represent a majority
of the protein in the scrapings. Consistent with the immuno-
staining, Western blot analyses revealed increases in Hsp25
and Hsp72 4 h post-SEB (5 or 100 p.g) treatment (Fig. 2A), and
this was further enhanced by 24 and 48 h posttreatment (Fig.
2B). The upregulation of Hsp72 was particularly striking, given
that this protein was undetectable by Western blotting in ex-
tracts from control mice. Heat shock cognate 73, or Hsc73, is
a major endoplasmic reticulum chaperone Hsp which is con-
stitutively expressed in all cell types. Because its level of ex-
pression does not change appreciably with stress, Hsc73 serves
as a useful control to verify that equal amounts of protein are

4 Hours 24 Hours
C 5100 C 5 100
SEB SEB

Hours After 5ug SEB

FIG. 2. Western blotting reveals a significant increase in Hsp25 and
Hsp72 in jejunal mucosal scrapping from SEB-treated mice. (A) Both
5 and 100 wg of SEB (intraperitoneal) evoked increased expression of
Hsp25 and Hsp72 at 4 and 24 h posttreatment; (B) extracts from 3
mice/group showing the time-dependent increase in Hsps following
low-dose SEB. Results are representative of data from 6 mice.
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FIG. 3. SEB stimulates epithelial Hsps both directly and indirectly. Representative Western blots (n = 3) showing that SEB alone (10 pg/ml,
24 h) or exposure to LPLs (2 X 10%well) induce MSIE Hsp25 and Hsp72 expression. The latter was inhibited by addition of a neutralizing MAb
against IL-2 (2 pg/ml) to the basal compartment of the culture well housing the LPLs. Hsc73 is included as a control for protein loading, and HS
(heat shock) is included as a positive control for induction of Hsp25 and Hsp72. Densitometric values for Hsp25 and Hsp72 were obtained with
NIH Image 1.54 software and are means = standard errors (SE) of the results from three experiments. *, P < 0.05; +, P < 0.01; ++, P < 0.001
(compared with medium alone by analysis of variance with Bonferroni corrections) (Instat Software; Graph Pad, San Diego, Calif.).

loaded into each lane in each experiment. There were no
significant changes in the expression of Hsc73 (loading control)
among the groups.

SEB induces epithelial cell Hsps directly and indirectly.
Because SEB is a SAg which causes massive T-cell prolifera-
tion and cytokine secretion, the in vivo experiments cannot
distinguish between direct and indirect effects of SEB in the
induction of Hsp expression, such that the effect of SEB on the
epithelium could be via T-cell-antigen-presenting cell activa-
tion, resulting in the production of inflammatory mediators. To
address this, MSIE cells were grown on permeable supports
and cultured with SEB with or without LPLs isolated from the
small intestines of C57BL/6 mice. As shown in Fig. 3, SEB
applied directly to MSIE cell monolayers caused an increase in
Hsp25 and Hsp72 expression. Antibodies against IL-2, one of
the most potent Hsp-inducing cytokines described (10), were
then added along with SEB. The addition of IL-2 antibodies

along with SEB did not affect Hsp induction, indicating that
SEB induction of Hsp expression is not mediated by IL-2. In
contrast, coculture with nonactivated LPLs evoked MSIE Hsp
expression, and this was blocked by the inclusion of a neutral-
izing MADb against IL-2 (Fig. 3). Densitometric analysis (per-
formed with NIH Image 1.54 software and shown below the
panels) shows that the addition of SEB to the LPL-MSIE
cocultures resulted in a greater induction of MSIE Hsp72, but
not Hsp25, and the former event was eliminated by inclusion of
MADb IL-2 in the culture medium (Fig. 3).

In subsequent experiments the time and dose dependencies
of the direct effect of SEB on MSIE induction of Hsp25 and
Hsp72 were determined (Fig. 4). Induction occurs as early as
6 h and was elicited at a threshold of 1 wg of SEB/ml, when
protein extracts were examined 24 h post-SEB treatment (Fig.
4). Similar results were obtained with colonic epithelial cells
from the Immortimouse YAMC cells (data not shown). To
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FIG. 4. SEB stimulates Hsp expression in cultured MSIE small intestinal epithelial cells. Cells were treated with 10 pg of SEB/ml for various
times or various concentrations for 24 h, and total cell protein was analyzed by Western blotting. Heat shock (HS) is shown as a positive control
for induction of Hsp25 and Hsp72, and Hsc73 is shown as a loading control. Images shown are representative of the results from three separate
experiments. Con, control; +, plus; o, anti; SEA, Staphylococcal enterotoxin A.

determine the specificity of the effects observed, neutralizing
antibodies to SEB and staphylococcal enterotoxin A were used
(polyclonal antisera specific to each toxin obtained from Sig-
ma-Aldrich). A moderate concentration of SEB was used (3
pg) and was preincubated with 5 pg of antibody of each anti-
serum or 5 pg of antibody from rabbit preimmune serum. The
addition of anti-SEB inhibited SEB induction, whereas incu-
bation of SEB with either anti-staphylococcal enterotoxin A or
the preimmune serum had no effect (Fig. 4B; preimmune se-
rum data are not shown). Therefore, the effects of SEB ob-
served on the epithelial cells do appear to be mediated by SEB
in the preparation and not by a contaminant.

SEB activates ERK1/2 and p38 MAPK pathways. Many bac-
terial products affect mammalian cell function, including intes-
tinal epithelial cells, through the activation of stress kinases
(11, 35). We hypothesized that activation of ERK1/2, p38, or
SAPK/INK would precede SEB induction of Hsps in MSIE
cells. SEB was found to elicit early and transient activation of
ERK1/2, as shown by phosphorylation, and a comparatively
delayed activation of p38 (increased phosphorylation of p38
was apparent at 30 min post-SEB treatment), but it did not
result in SAPK/JNK activation (Fig. 5A). This MAPK activa-
tion pattern was a consistent finding in three separate experi-
ments with different passages of cells. In separate experiments,
the MEK-1 (upstream of ERK1/2) inhibitor, PD98059, but not
the p38-directed inhibitor, SB203580, was found to signifi-
cantly reduce the upregulation of Hsp25 and Hsp72 by SEB
treatment of MSIE cells (Fig. 5B). Treatment of MSIE with
the MEK-1 inhibitor also decreased basal production of
Hsp25. The activities of the pharmacological inhibitors were
confirmed by demonstration of inhibition of the respective

MAPK activation in response to phorbol-12,13-myristate ace-
tate (data not shown).

SEB protects MSIE cells from oxidant injury. To determine
whether SEB induction of Hsps might protect the epithelium
from injury, the cell-permeant, long-lived oxidant monochlo-
ramine (NH,Cl) was used. Monochloramine was chosen be-
cause it is a pathophysiologically relevant oxidant produced in
vast quantities when hypochlorous acid, released from innate
immune cells within inflamed tissues, reacts with ammonia.
Once formed, monochloramine reaches millimolar concentra-
tions and causes loss of tight junction barrier function, mito-
chondrial injury, cytoskeletal disruption, impaired membrane
transport functions, and eventual cell death (23, 24, 26, 27).
Cells were treated with SEB (10 pg/ml) for 24 h to induce Hsp
expression, and a °'Cr release viability assay was performed.
Treatment with SEB diminished the NH,Cl-stimulated >'Cr
release at intermediate concentrations of the oxidant (Fig. 6),
demonstrating a protective effect. At 0.6 mM NH,CI, SEB
pretreatment decreased the NH,Cl-stimulated *'Cr release
and resulted in a mild protective effect. However, a more
pronounced protective effect was observed at 1 mM NH,CI.
This effect may be due to SEB induction of Hsp72, as this has
been demonstrated to be a potent protective agent against
monochloramine in this assay with other intestinal epithelial
cell lines (23), whereas Hsp25 appears to have a less profound
protective effect (26, 27).

SEB protects against oxidant-induced actin depolymeriza-
tion. Hsp25 may bind actin filaments and stabilize filamentous
actin (22). Therefore, we determined whether SEB induction
of Hsp25 is associated with protection of filamentous actin
during subsequent exposure to monochloramine (NH,CI),
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FIG. 5. SEB stimulates the ERK1/2 and p38 MAPK pathways.
(A) MSIE cells were treated with SEB (10 pg/ml) for the times indi-
cated, and total protein lysates were harvested. As positive controls,
cells were stimulated with anisomycin (ANISO, 10 wg/ml) or phorbol-
12,13-myristate acetate (PMA) for 30 min. Activated stress kinases
were determined by using antibodies to the phosphospecific forms of
the kinases as described in Materials and Methods. Images shown are
representative of the results from three separate experiments. Approx-
imately equal protein loading was observed on blots probed for total
MAPK levels (data not shown). (B) MSIE cells were pretreated with
the MEK-1 inhibitor, PD98059 (PD; 50 wM), the p38 inhibitor,
SB203580 (SB; 30 wM), or both (PD + SB) for 2 h prior to treatment
with SEB (10 pg/ml, 24 h) or saline vehicle (—). Hsc73 was used as a
loading control. Images shown are representative of the results from
three separate experiments.

which rapidly dissociates filamentous actin (23). Cells treated
with SEB (10 pg/ml, 24 h) were subjected to treatment with
vehicle or NH,CL. By itself, SEB had little effect on the F/G-
actin distribution in MSIE cells (Fig. 7A). Phalloidin, which
binds and stabilizes the barbed ends of F-actin filaments, in-
creased the amount of F-actin while cytochalasin D, an F-
actin-disrupting agent, greatly increased the amount of G-actin
(Fig. 7A). Monochloramine (0.6 mM) stimulated a disruption
of F-actin filaments, as demonstrated by a decrease in F-actin
and an increase in the G-actin (Fig. 7B). MSIE cells pretreated
with SEB and then treated with NH,Cl demonstrated signifi-
cantly less change in the F/G-actin distribution, indicating a
protective effect that is compatible with the actin-stabilizing
functions of Hsp25.

DISCUSSION

The intestinal epithelium exists in a unique environment,
always in close proximity to a large antigenic burden and to
large numbers of bacteria in the colon. For this reason, it may
not be surprising that it has developed unique mechanisms to
deal with potentially damaging bacteria and their products. In
certain cases, however, noncommensal bacteria which are
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FIG. 6. SEB protects MSIE cells from subsequent oxidant injury.
MSIE cells were treated with SEB (10 pg/ml) for 24 h. Cells were
labeled with >'Cr for 60 min and stimulated with various concentra-
tions of monochloramine (NH,Cl) for 60 min, and the ratio of released
SICr to intracellular °'Cr was determined. Results are means * stan-
dard errors for the results from three separate experiments; in each
experiment, each group was measured in triplicate. *, P < 0.05 com-
pared to controls.

harmful to the individual establish themselves and may cause
pathophysiologic consequences. Many bacteria are known to
cause dramatic alterations in intestinal physiology, such as
Yersinia, Salmonella, Clostridium, and Staphylococcus (31).
These bacteria and their products may stimulate a variety of
responses by the intestinal epithelium, such as changes in ion
and solute transport and changes in morphology and MHC
expression (1, 2, 10, 11, 18, 32, 35).

The present studies demonstrate that a particular toxin,
SEB, may induce a defensive mechanism of the epithelial cells.
Both in vivo and in vitro, SEB stimulates production of a major
class of protective proteins, the Hsps. Whether SEB acts solely
on the lumenal or basolateral membranes of intestinal epithe-
lial cells may be a difficult question to resolve. Physiologically,
SEB might be derived from lumenal Staphylococcus and there-
fore be anticipated to act on the lumenal side of intestinal
epithelial cells. However, transcytosis of SEB in intestinal ep-
ithelial cells has been reported (8, 29). The MSIE cell line used
here forms a relatively leaky monolayer which would not ef-
fectively exclude SEB and therefore may not answer the ques-
tion of lumenal or basolateral aspect of action. Nonetheless,
SEB stimulates Hsp production, which may be a potential
defensive mechanism for the cells. The importance of these
evolutionarily conserved stress proteins in cellular defense
against stress and injury is well established (12, 16, 34) and has
recently been demonstrated by knocking out 70-kDa Hsps and
demonstrating increased sensitivity to osmotic stress of the
renal medulla (28) or to mitigate ischemic preconditioning of
the heart to reperfusion injury (9) as well as susceptibility to
infection with Trypanosoma (25).

A variety of bacterial products may stimulate Hsp produc-
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FIG. 7. SEB prevents oxidant-induced actin depolymerization from
F- to G-actin form. MSIE cells were treated with control vehicle (cont;
20 pl of ethanol), phalloidin (phal; an F-actin stabilizer as a positive
control, 10 pg/ml, 120 min), cytochalasin D (cyto-D; a filamentous
actin destabilizer yielding G-actin, 1 pg/ml, 15 min), or SEB (10 pwg/ml,
24 h) (A) or control vehicle (cont; 20 wl of saline), SEB (10 wg/ml,
24 h), monochloramine (0.6 mM, 30 min), or SEB (10 pg/ml, 24 h) and
then monochloramine (SEB/NH,CI; 0.6 mM for 30 min after 24 h of
treatment with SEB) (B). Cells were processed for globular (G) and
filamentous (F) actin, as described in Materials and Methods. Images
shown are representative of the results from three separate experi-
ments.

tion by intestinal epithelial cells. The bacterial components
LPS and flagellin, as well as short chain fatty acids, which are
derived from bacterial fermentation of carbohydrates, primar-
ily stimulate the production of Hsp25 (11, 26). In contrast, SEB
also induces Hsp72, suggesting an alternative or additional
mechanism(s) of activation. While some chaperone and anti-
apoptotic functions may be shared between these two Hsps,
their actions are not identical. Hsp72 prevents oxidant-medi-
ated cell injury to a greater degree than does Hsp25 (23, 24, 26,
27), and Hsp25 may be more important in actin stabilization
and in maintaining cytoskeletal integrity (for a review of mul-
tiple actions of Hsp25 in the regulation of actin polymeriza-
tion, see reference 22).

Based on this study, it appears that SEB confers a dually
cytoprotective function in that it protects the epithelium
against monochloramine-mediated oxidative injury and stabi-
lizes F-actin. Stabilization of the actin cytoskeleton may result
in the decreased ability of SEB to penetrate the cell, and in this
manner, epithelial cells may protect themselves from further
damage due to SEB, to Staphylococcus infection, or even to
other inflammatory insults. In support of this hypothesis, an-
other study has demonstrated that administration of SEB to
mice successfully inhibited bacterial colonization of E. coli in a
murine model of urinary tract infection and accelerated the
resolution of infection (21). It is possible that administration of
SEB was able to inhibit adherence of E. coli bacteria through
a mechanism of cytoskeletal stabilization, and although this
group did not measure Hsp levels, they did propose that acute-
phase proteins may have played a role in hastening infection
resolution. We speculate that the physiological significance of
these findings is an adaptive response of the gut epithelium to
protect itself, either from further uptake of SEB toxin or from
further injury from bacterial insult.

SEB induction of Hsp25 and Hsp72 appears to require stim-
ulation of the ERK stress pathway, since the MEK-1 inhibitor
PD98059 potently inhibited this effect (Fig. 5). SEB also stim-
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ulated the p38 MAPK pathway; however, inhibition of this
kinase with SB203580 had a much less profound and consistent
effect on Hsp induction by SEB. The stimulation of the ERK
MAPK pathway cannot be the sole mechanism for SEB induc-
tion of Hsps, since LPS also stimulates this pathway in MSIE
cells but only induces Hsp25. Both LPS and SEB may commu-
nicate their signals to the epithelial cells in a complex fashion
in vivo. In native tissue, both agents would be expected to
stimulate a variety of immune cells, causing production of a
number of cytokines and potentially other inflammatory
agents. Using a lymphocyte-epithelial cell coculture system,
this appears to be the case (Fig. 3).

In summary, we report that SEB, a potent activator of ef-
fector T cells which causes a self-limiting enteritis, induces the
mucosal expression of Hsp25 and Hsp72. The effect can be
observed in both the lamina propria and epithelial cells, al-
though a sustained response is observed in the latter. SEB
induces an IL-2-dependent intestinal epithelial Hsp response
through activation of mucosal lymphocytes but also through
direct actions mediated by the MAPK pathways. We believe
that these effects of SEB may represent a mucosal adaptive
response to immune and SEB-mediated stress, allowing the gut
epithelium to survive and restore critical mucosal functions of
the gut following food poisoning.
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