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Induction and activity of nitric oxide synthase in cultured
human intestinal epithelial monolayers. Am. J. Physiol. 270
(Gastrointest. Liver Physiol. 33): G565-G573, 1996.—We
have examined the induction and activity of inducible nitric
oxide (NO) synthase (iNOS) in monolayers of DLD-1 cells, an
epithelial cell line derived from a human intestinal adenocar-
cinoma. Induction of iNOS transcription by a combination of
the cytokines interferon-y and IL-1B was inhibited by genis-
tein, pyrrolidine dithiocarbamate, or dexamethasone and
unaffected by pretreatment with ethylene glycol-bis(B-
aminoethyl ether)-N,N,N’' N'-tetraacetic acid, basic fibro-
blast growth factor (bFGF), epidermal growth factor (EGF),
or the isoflavone daidzein. iINOS activity and NO synthesis
were inhibited by nitro-L-arginine methyl ester, NG-mono-
methyl-L-arginine, S-methyl-isothiourea sulfate, or amino-
ethyl-isothiourea, but not by dexamethasone. NO synthesis
was potently inhibited by N-a-p-tosyl-lysine chloromethyl
ketone and hypoxia. In the absence of cytokines, no iNOS
induction was observed with oxidant stress (H;0,), growth
factors (bFGF, EGF), hypoxia, or hypoxia reoxygenation. We
conclude that in this model of the human intestinal epithe-
lium 1) cytokine-mediated induction of iNOS is Ca?* indepen-
dent, weakly steroid sensitive, and may involve the activation
of nuclear factor-kB and a tyrosine kinase, and 2) iNOS
activity is Ca2*-independent and inhibited by hypoxia, NG-
substituted L-arginine analogues, and isothioureas.
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THE EPITHELIUM of the small intestine serves as a
barrier to the entry of intraluminal microorganisms
and toxins (39). Disruption of this function during
inflammatory states, such as endotoxicosis, shock, and
autoimmune disorders, results in systemic infection,
stimulation of lymphoid and monocytic cells within the
mesenteric lymph nodes and liver, and the production
of proinflammatory cytokines. The host responses to
systemic cytokine release include mesenteric ischemia
and metabolic dysfunction, further injuring the intesti-
nal barrier and creating a self-amplifying cycle of gut
injury and sepsis. This mechanism has led to the
characterization of the intestine as the “motor of mul-
tiple organ failure” (10).

Recent evidence suggests that the loss of intestinal
barrier integrity may be a consequence of mucosal
inflammation due to the epithelial synthesis of toxic
quantities of the nitrogen free radical nitric oxide (NO)
by the inducible isoform of NO synthase (iNOS) (50).
NO, derived from iNOS, has been implicated as an
effector of clinical inflammation and has been gener-
ated in vitro in human articular chondrocytes (6), glial
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cells (11), keratinocytes (21), endothelium and vascular
smooth muscle (3, 38), myocardium (9), respiratory
epithelium (20), bronchial epithelium (17), retinal epi-
thelium (16), megakaryocytes (24), liver (15, 31), and
kidney (29). It is now clear that iNOS is also induced in
the intestinal epithelium and plays an important role
in gut pathophysiology (52).

Existing data relating the role of iNOS to gut dysfunc-
tion have been obtained primarily in rodent models (39)
that may generalize imperfectly to the clinical setting
because of differences in iNOS transcriptional regula-
tion, cofactor requirements, and susceptibility to phar-
macological inhibitors. Given the importance of preserv-
ing gut barrier function in critical illness, agents that
modulate the induction or activity of iNOS in the
intestinal epithelium may have therapeutic potential.
In this report, therefore, we provide data on the regula-
tion of the transcription and enzymatic activity of iNOS
in a transformed human intestinal epithelial cell line.

METHODS

Cell culture. DLD-1, an anchorage-dependent human cell
line derived from an intestinal adenocarcinoma (American
Type Culture Collection; Rockville, MD), was grown at 37°C
in 5% CO, in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, 4 mM glutamine, 1,000
U/ml penicillin, and 100 pg/ml streptomycin. Cells, between
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 h to confluence before use.

Exposure of cells to hypoxia. Cells were placed in modular
incubator chambers (Billups-Rothenberg, Del Mar, CA), which
were submerged in a water bath at 37°C. Chambers were
flushed for 1 h with 5% CO3 and 1 or 21% O,, balanced with
nitrogen, sealed, and placed at 37°C for 18 h.

NO; /NOj determination. The concentration of NO; and
NOj, the degradation products of NO in the culture medium,
was determined by a fluorometric assay (26). To reduce NO;,
50 1l of tissue culture media was incubated for 3 h at room
temperature with 25 ul (7 mU) of NO; reductase and 25 pl of
160 uM NADPH in 40 mM tris(hydroxymethyl)aminometh-
ane (Tris) buffer (pH 7.6). The NO, concentration was
determined by reacting the mixture for 10 min with 50 ul of
DAN (2,3-diaminonaphthalene; 0.01 mg/ml in 0.124 N HC1),
adding 50 ul of 0.28 N NaOH, and measuring the fluorescence
at an excitation wavelength of 382 nm (slit width = 5 nm),
emission wavelength of 408 nm (slit width = 10 nm), and
integration time of 10 s (model LS-50B fluorescent spectropho-
tometer; Perkin-Elmer, Norwalk, CT).

Cell viability measurement. Mitochondrial respiration, an
indicator of cell viability, was assessed by the mitochondrial-
dependent reduction of MTT [3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide] to formazan (48). Cells in
24-well plates were incubated at 37°C with MTT (200 ng/ml)
for 1 h. Culture medium was removed by aspiration and the
cells were solubilized in 1 ml of dimethyl sulfoxide (DMSO).
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The extent of reduction of MTT to formazan within cells was
quantitated by measurement of ODss using a microplate
reader (Molecular Devices, Sunnyvale, CA). A calibration
curve for MTT-formazan was prepared in DMSO. MTT-
formazan production by cells was calculated as micrograms
MTT-formazan per well per minute and expressed as a
percentage of the values obtained from untreated cells.
Release of the enzyme lactate dehydrogenase (LDH) from
DLD-1 cells into the culture media was determined spectro-
photometrically by the change in absorption at 340 nm.
Maximal LDH release was achieved by sonicating control
monolayers (10 s, setting no. 5).

NO synthase assay. DLD-1 cells, grown to confluence in
75-cm? flasks, were removed by scraping, pelleted by centrifu-
gation, and homogenized on ice in a buffer composed of (in
mM) 50 Tris-HCI, 0.1 mM EDTA, 0.1 ethylene glycol-bis(B-
aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), 12
2-mercaptoethanol, and 1 phenylmethylsulfonyl fluoride (pH
7.4). The homogenate was incubated with a cation-exchange
resin (AG 50W-X8, Na* form) for 5 min at 4°C to deplete
endogenous L-arginine. Conversion of L-[*Hlarginine to
L-[3H]citrulline was measured in the homogenates, as de-
scribed by Szabé et al. (48). Experiments were performed in
the absence of NADPH or in the presence of a NO synthase
(NOS) inhibitor [3 mM NG-monomethyl-L-arginine (L-NMMA)]
to determine the extent of L-[*H]citrulline formation indepen-
dent of a specific NOS activity. Experiments in the presence of
NADPH, without Ca2* and with 5§ mM EGTA, were performed
to determine the Ca2*-independent NOS activity. To study
their effect on NOS activity, various NOS inhibitors were
incubated in the presence of the organ or cell homogenate for
30 min before addition of L-arginine. Protein concentration
was determined by the Bradford method (5).

Northern blotting. RNA was extracted from cell monolayers
by a modification of the method of Chomczynski and Sacchi
(8), using a commercially available reagent (TRIZOL). Total
cellular RNAs (15 ng/lane) were denatured with glyoxal-
DMSO, fractionated by electrophoresis in neutral agarose
gels, and transferred to a nylon membrane (Magna NT,
Micron Separations). Blots were probed with a 32P-labeled
HincII fragment (nucleotides 1-687) of a human iNOS ¢cDNA
clone (a generous gift from Dr. Charles Rodi, Searle Research
and Development, St. Louis, MO). Signals were detected by
autoradiography and then quantified using a Series 400
Phosphoimager (Molecular Dynamics). To allow correction for
loading conditions, blots were rescreened with a 32P-labeled
oligonucleotide (5' GACAAGCATATGCTACTFFC 3’) comple-
mentary to a sequence in 18S RNA. Signals were detected by
autoradiography and quantified by Phosphoimager analysis
as above.

Materials. L-NMMA was purchased from Calbiochem. Dul-
becco’s modified Eagle’s medium, RPMI, TRIZOL, and fetal
calf serum were obtained from GIBCO. Human recombinant
interleukin-1pB (IL-1B), interferon-y (IFN-y), epidermal growth
factor (EGF), and basic fibroblast growth factor (bFGF) were
kind gifts from Amgen. S-methyl-isothiourea and aminoethyl-
isothiourea were purchased from Aldrich (St. Louis, MO).
L-[2,3,4,5-8H]arginine hydrochloride was obtained from New
England Nuclear. Genistein and daidzein were synthesized
by Dr. Kenneth Setchell (Clinical Mass Spectrometry Labora-
tory, Children’s Hospital Research Foundation, Cincinnati,
OH). All other chemicals were obtained from Sigma.

Statistical evaluation. All values in the figures and text are
expressed as means * SE of n 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. Intragroup comparisons
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were examined by analysis of variance and Dunnett’s test. A
P value less than 0.05 was considered to be statistically
significant.

RESULTS

NOS activity in DLD-1 cells. In the absence of
cytokine treatment, NOS activity in the cytosolic frac-
tion of DLD-1 cell monolayers was virtually absent, as
assessed by the conversion of L-arginine to L-citrulline

3"A o

**

[V
I

NOS activity (pmol
citrulline/mg protein/min)
[a—y

I

100

CM/GEN

80 4

C‘CM
B

60

iNOS activity (% of control)

40 -
20 -
0 T T T T T
1 10 100 1000
NOS inhibitor (uUM)

Fig. 1. A: nitric oxide synthase (NOS) activity in homogenates of
DLD-1 cell monolayers, measured as formation of L-citrulline from
L-arginine during an 18-h incubation. C, control; CM, treatment with
cytokine mix; CM/GEN, treatment with CM in the presence of 100
1M genistein. Assays were performed in presence of NADPH and
Ca?* (solid bars), in absence of Ca2* and in presence of EGTA (2 mM)
and NADPH (hatched bars), and in presence of Ca2*, NADPH, and 3
mM NCmonomethyl-L-arginine (L-NMMA; open bars). Data are
expressed as means + SE of triplicate experiments. **Significant
increase in NOS activity in response to cytokine stimulation (P <
0.01). 7Significant reduction in NOS activity in response to 3 mM
L-NMMA (P < 0.05). **Significant reduction in NOS activity in
response to genistein (P < 0.05). B: effect of L-NMMA (@), NC-nitro-L-
arginine methyl ester (L-NAME, 4), aminoethyl-isothiourea (AEIU,
0) and S-methyl isothiourea (SMTU, A) on NOS activity in homoge-
nates of DLD-1 cells obtained after 18 h of stimulation with interleu-
kin-18 (IL-1B) and interferon-y (IFN-y). INOS, Inducible NOS. Data
are expressed as means *= SE of triplicate experiments.






