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Background & Aims: Enterocytes play a major role in
the mucosa as a source of proinflammatory cytokines
and cytotoxins. We tested the hypothesis that bacteria
induce expression of the inducible nitric oxide synthase
(iNOS) in cultured human enterocytes. Methods: DLD-1
and Caco-2BBe cell monolayers exposed to Salmo-
nella dublin were analyzed for iNOS up-regulation and
nitric oxide production (NO,) in the presence of various
proinflammatory cytokines. Results: S. dublin aug-
mented NO, in interferon gamma (IFN-v)-primed cells
but had no independent effect on iINOS expression. S.
dublin-induced NO, was not mediated by endotoxin
and was augmented by an enteroinvasive phenotype.
In DLD-1 cells, S. dublin-mediated NO, was blocked by
inhibitors of nuclear factor kappa B (NF-xB) and tyro-
sine kinase activation and was steroid resistant. Cis-
acting elements in the human iNOS promoter respon-
sive to endotoxin and S. dublin stimulation of IFN-y-
treated DLD-1 cells were identified between 10.9 and
8.7 kilobases upstream of the transcription initiation
site. Conclusions: S. dublin alters the regulation of
iNOS messenger RNA in IFN-y-treated intestinal epithe-
lial cells via a steroid-resistant pathway involving NF-«xB
and tyrosine kinase activity. Because bacterial interac-
tion with cytokine-primed epithelial cells induces the
synthesis of NO, an endogenous antimicrobial agent,
these findings may have implications for the regulation
of mucosal immunity.

he intestinal epithelium serves as the initial bound-

ary between the sterile interior of the host and the
bacterial contents of the gut lumen.! Under normal
circumstances, intraluminal microbes do not elicit an
inflammatory response in the gut mucosa, but rather
coexist in a commensal relationship with the epithelium.
In various pathophysiological conditions, however, lumi-
nal flora and associated toxins, such as lipopolysaccharide
(LPS), stimulate intestinal inflammation, resulting in
tissue injury.!™® Recent evidence suggests that the entero-
cyte plays a major role in the mucosa as a source of
proinflammatory cytokines and cytotoxins.>*7 The mo-

lecular basis for the microbial activation of the enterocyte
is, however, poorly understood.®

A key proinflammatory mediator produced in the
intestinal mucosa is the free radical nitric oxide (NO),
synthesized by inducible NO synthase (iNOS). Minimal
quantities of NO are produced under basal conditions in
the villus epithelium.®1® Under pathophysiological con-
ditions, however, iNOS is expressed de novo, as evidenced
by the transcription of new iNOS messenger RNA
(mRNA) and biosynthesis of new iNOS enzyme.”!! This
NOS isoform, which has been associated with immune
effector function, forms abundant NO for long periods,'?
at levels toxic to a variety of enzyme systems, including
components of the glycolytic pathway, Krebs’ cycle, and
the electron transport chain.!>

In vitro studies of transformed epithelial cell monolay-
ers have shown that exposure to NO inhibits key enzymes
involved in cellular energetics, such as glyceraldehyde-3-
phosphate dehydrogenase'® and aconitases'? and depletes
intracellular adenosine triphosphate.'”:'® Moreover, exog-
enous application of NO donors, such as sodium nitroprus-
side and §-N-acetyl penicillamine, or exposure to authen-
tic gaseous NO has important effects on cell structure,
causing disruption of the actin cytoskeleton and dilata-
tion of the zonula occludens.!” Both exogenous exposure
to NO and endogenous expression of iNOS have func-
tional consequences manifested by decreases in transepi-
thelial resistance and increases in the paracellular flux of
hydrophilic macromolecular solutes.*’"?

In vivo studies of rhesus macaques with idiopathic
colitis have shown that iNOS expression is up-regulated
in the epithelium of the colonic mucosa.!? Increased
iNOS expression has also been detected in mucosal biopsy
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specimens obtained from active lesions of clinical inflam-
matory bowel disease.!??%2! Similarly, iNOS has been
shown to play a role in causing intestinal mucosal injury
in endotoxic shock.?#?3 The association of iNOS expres-
sion and inflammatory injury is likely to be causal, as evi-
denced by the salutary effect of NOS inhibition on colonic
mucosal damage in chemically induced colitis.?* Thus,
the regulation of iNOS induction seems to be of funda-
mental importance to the development of intestinal injury
in a variety of infectious and autoimmune pathologies.

Enterocytes are constitutively in contact with endo-
toxin and intraluminal microbes, yet they express low
levels of iNOS under resting conditions,”!%2! It is likely,
therefore, that a high level of iNOS expression requires
additional stimuli. In this report, we provide evidence
that interferon gamma (IFN-y), a proinflammatory cyto-
kine produced by lymphoid cells in the lamina propria, is
a costimulus for the in vitro induction of iNOS expres-
sion by gram-negative bacteria in two transformed
human intestinal epithelial cell lines. Our data imply
that epithelial iNOS expression and NO production may
be jointly regulated by luminal bacteria and the host
cytokine response.

Materials and Methods

Cell Culture

DLD-1 cells and Caco-2BBe cells (American Type
Culture Collection, Rockville, MD) were grown at 37°C in 5%
CO, in Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 10% fetal bovine serum, 4 mmol/L glutamine,
100 U/mL penicillin, and 100 pg/mL streptomycin. DLD-1
cells, berween passages 5 and 15, were seeded at a density of
50,000 cells/cm? in 24- and 96-well plates and allowed to grow
for 72-96 hours to confluence before use. Caco-2BBe cells,
between passages 5 and 15, were seeded at a density of 50,000
cells/em? in 1-cm diameter 0.4-mm  polycarbonate filters
suspended in a bicameral chamber (Costar Inc., Cambridge,
MA) and allowed to differentiate for 21 days before use.?’

NO,"/NO;~ Determination

The combined concentration of nitrite and nitrate, the
degradation products of NO in the culture medium, was
determined by the Griess reaction after nitrate reduction, as
previously described.?® Total nitrite/nitrate production is re-
ferred to in the text as NO production.

Mitochondrial Respiration Measurement

Mitochondrial respiration was assessed by the mitochon-
drial-dependent reduction of 3-[4,5-dimethylthiazol-2-yl}-2,5-
diphenyltetrazolium bromide (MTT) to formazan, as previ-
ously described.?
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Bacterial Culture

S. dublin was inoculated into 25 mlL of brain heart
infusion broth and incubated overnight at 37°C in a shaking
incubator (New Brunswick Scientific Co. Inc., Edison, ND.
The following day, the bacteria were pelleted by centrifugation
and washed three times with sterile saline. The final pellet was
then resuspended in DMEM, without fetal bovine serum,
antibiotics, or phenol red. Bacterial titers were determined by
dilution and plating on brain heart infusion agar.

Northern Blotting

Total cellular RNA was prepared from immunostimu-
lated cells and untreated controls, and Northern blots were
prepared, as previously described,26

Endotoxin Determination

The Chromogenic Limulus Amoebocyte Lysate test
(BioWhittaker Inc., Walkersville, MD) was used to quantitate
the amount of endotoxin in 10%mL of S, dublin and 1 wg/mL of
Salmonella typhimurium LPS. S. dublin (10%/mL) were killed by
sonication, and 100 WL of the sonicate was plated on brain
heart infusion plates and incubated overnight at 37°C to verify
lethality. The sonicated S. dublin or LPS was mixed with SO pL
of lysate (prepated by the manufacturer from limulus amebo-
cytes) and incubated at 37°C for 10 minutes. 100 pL of
p-nitroaniline solution was added to the sample-lysate and
incubated for an additional 6 minutes at 37°C. The reaction
was inactivated with 100 pL of 10% sodium dodecyl sulfate,
and absorbance was measured using a Spectramax plate reader
(A = 405 nm; Molecular Devices, Sunnyvale, CA). Results
were interpolated from a standard curve, derived from measure-
ments of purified LPS standards provided by the manufacturer,
and expressed as endotoxin units per milliliter.

Transfection of DLD-1 Cells and Assay
of Luciferase Expression

Luciferase promoter deletion constructs of the human
iNOS gene were transfected using Lipofectin into DLD-1 cells
and assayed exactly as described.?’

Materials. N¢-methyl-L-arginine monoacetate was pur-
chased from Calbiochem (San Diego, CA). DMEM, RPMI,
TRIzol, and fetal calf serum were obtained from GIBCO
(Grand Island, NY). Interleukin (IL)-1f3, IL-1 receptor antago-
nist, and IFN-y were gifts from Amgen (Thousand Oaks, CA).
S. typhimurium LPS and all other chemicals were obtained from
Sigma Chemical Co. (St. Louis, MO). S. dublin were obtained
from American Type Culture Collection. S. dublin imvA, an
invasion deficient mutant,®? was provided by J. Galdn (State
University of New York at Stony Brook).

Statistical evaluation. All values in the figures and
text are expressed as mean & SEM of » observations. For each
experiment, 6-15 wells from at least three independent
experiments were studied. Student’s paired # test was used to
compare means between groups. A P value of <<0.05 was
considered statistically significant.
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Results

LPS or S. dublin Alone Do Not Induce
NO Synthesis by DLD-1 Cells

Untreated DLD-1 cells and cells exposed to LPS
(10 pg/mL) have no detectable NO production. To
determine whether intact microorganisms would induce
iNOS expression, we selected for study a Salmonella sp.,
which is a pathogenic gram-negative species capable of
invading the intestinal epithelium and eliciting a vigor-
ous inflammatory response.® In preliminary experiments,
we observed that coincubation of §. dublin with DLD-1
cells for 18 hours resulted in a loss of viability of the
eaterocytes. Consequently, cells were incubated with
S. dublin for 3 hours and washed and replaced with fresh
media containing antibiotics. No loss of viability oc-
curred under these conditions. Similar to our results
using LPS, we did not observe an increase in NO
production in DLD-1 cells incubated with SD (Figure 1).

LPS and S. dublin Induce iNOS in DLD-1
Cells in the Presence of IFN-y

The enteric mucosa has an abundant lymphoid
population and has been shown in rodent models of sepsis
and thermal injury to generate a pleitropic cytokine
response.”? Individual cytokines, such as IL-18 and
IFN-v, did not induce NO production in DLD-1 cells
(Figures 1 and 2), as previously reported.?® IL-1B—treated
cells also failed to induce NO production when coincu-
bated with LPS (Figure 2). In the presence of IFN-y,
however, LPS induced a significant dose-dependent accu-
mulation of NO, which was first observed at an LPS
concentration of 1.0 pg/mL (Figure 2; P < 0.01). The
dose response curve was extremely steep between 0.8 and
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1.0 pg/mL, with maximal NO production elicited by 1.0
pg/mL. LPS was a slightly less potent stimulus of NO
production in IFN-y—treated DLD-1 cells, compared
with IL-1B (P < 0.05).

IFN-y pretreatment of DLD-1 cells followed by the
addition of live S. dublin dose-dependently increased NO
production, with a maximal induction occurring at a
multiplicity of infection of 1:2.5 bacteria per cell (Figure
1; P <0.01 vs. control). Inhibition of NOS by N¢-
methyl-L-arginine eliminated the increase in nitrate/
nitrite, confirming that the measurements of stable NO
oxidation products were not confounded by bacterial-
derived nitrate.

S. dublin, But Not LPS, Induces NO
Production in Caco-2BBe Cells
in the Presence of [FN-y

In contrast to cthe effect observed in the relatively
undifferentiated DLD-1 cells, 21-day-old Caco-2BBe cells
produced NO in response to IFN-y (Figure 3; P << 0.01).
LPS neither induced NO production nor augmented NO
production in IFN-y—primed cells. Addition of S. dublin
(107 S. dublin/mL) to IFN-y—primed Caco-2BBe cells, how-
ever, substantially increased NO production (P << 0.01),
in agreement with the results obtained using DLD-1
cells.

LPS and S. dublin Stimulation
of IFN-vy—Primed Intestinal Epithelial
NO Production Is Not Cytotoxic

LPS or S. dublin stimulation of IFN-y—primed
DLD-1 and Caco-2BBe cells had no effect on cellular
viability as assessed by the MTT assay (n = 6), which
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Figure 1. IFN-y primes DLD-1 cells for NO production in response to S. dublin. DLD-1 cells were pretreated with 0.5 ng/mL IL-18, 100 U/mLIFN-y,
or IL-1B/IFN-y (simultaneous addition) for 3 hours, followed by the addition of S. dublin for 3 hours. After treatment, cells were washed,

resuspended in medium containing antibiotics, and incubated for 18 hours, and NO,™/NO3

production was measured (n = 4 wells per

condition). Controls (C) were normal, untreated cells. Cells were also pretreated for 1 hour with Némethyl-.-arginine (L-NMA), followed by the
addition of IFN-y and S. dublin using the same protocol as above. Data are expressed as mean *+ SEM. S. dublin (102-107 CFU/mL) induced NO

synthesis in IFN-y-treated cells (P < 0.005). SD, Salmonella dublin.






