Ursodeoxycholate inhibits induction of NOS in human
intestinal epithelial cells and in vivo
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Ursodeoxycholate (UDCA) has anti-inflammatory and chemo-
protective effects in animal models of inflammatory bowel
disease and colon cancer. Because overproduction of nitric
oxide (NO) by the inducible isoform of NO synthase (iNOS) is
implicated in the pathogenesis of these conditions, we investi-
gated the ability of UDCA to inhibit NO production in
transformed human intestinal epithelial (DLD-1) cells. Nitrite/
nitrate production was measured by the Griess reaction,
enzymatic activity of iNOS was assessed by conversion of
L-arginine to L-citrulline, and protein and mRNA were mea-
sured by Western and Northern blotting. Dose-dependent
inhibition of interleukin-1B- and interferon-y-stimulated ni-
trite/nitrate production was observed when cells were prein-
cubated for 6 h with UDCA (0-800 uM), and a substantial
inhibition (81 * 3.2%) was seen at 500 uM. In cytokine-
stimulated cells, UDCA reduced iNOS mRNA, protein, and
enzyme activity without exerting cytotoxicity. UDCA had a
minimal direct inhibitory effect on iNOS enzyme activity.
UDCA pretreatment also reduced the expression of iNOS in
the colonic epithelium of rats treated with bacterial lipopoly-
saccharide. Thus UDCA inhibits the induction of epithelial
iNOS in vitro and in vivo, and this effect may contribute to the
anti-inflammatory and chemoprotective actions of UDCA.
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URSODEOXYCHOLATE (UDCA) is a highly hydrophilic bile
acid that has been used for more than two decades for
the treatment of cholelithiasis, and within the last
decade it has proved beneficial in the treatment of a
variety of cholestatic and chronic inflammatory liver
diseases (3, 4, 12, 13, 28, 30). With regard to liver
disease, it has been conclusively established that UDCA
therapy universally leads to significant reductions in
serum liver enzymes and in general improves symp-
toms, and recently it was proven to be effective in
extending the time before transplantation was neces-
sary in patients with primary biliary cirrhosis (20).
Several studies have demonstrated improvements in
liver histology, particularly with regard to a reduction
in the extent of inflammation (13). Initially, it was
considered that the choleretic properties of UDCA,
coupled with its ability to cause a marked shift in the
hydrophobic/hydrophilic balance of the bile acid pool,
accounted for its mechanism of action (21). Subsequent
investigations have shown that UDCA has a wide range
of cellular actions (5, 6, 8—11, 18, 21, 39, 44) that could
singularly or collectively account for its beneficial ef-
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fects. As a consequence, the potential of using UDCA for
extrahepatic diseases has been investigated, and this
bile acid has been shown to have chemoprotective
effects in an animal model of chemically induced colonic
carcinogenesis (15) and to reduce inflammation in
experimental models of small bowel inflammatory dis-
ease (2, 24).

Data from numerous in vitro and in vivo studies
clearly indicate that although physiological levels of
nitric oxide (NO) promote intestinal mucosal perfusion
and have anti-inflammatory effects, when NO is pres-
ent in excess it may promote inflammation, energy
depletion, barrier dysfunction, and cancer developnient
(1, 16, 17, 22, 26, 27, 31, 32, 35, 36). Recently, it has been
shown that inflammatory bowel disease is associated
with increased levels of mucosal inducible NO synthase
(iNOS) activity (7, 32, 35). Furthermore, NO, through
its facile conversion to carcinogenic nitrosamines, may
increase the risk of colorectal cancer (16, 27). Our group
is currently investigating the regulation of NO biosyn-
thesis (36) and the regulation of the promoter of human
iNOS (25) in human transformed intestinal epithelial
cells (DLD-1). The first objective of the current study
was to investigate the influence of UDCA on the
cytokine-mediated induction and activity of iNOS by
DLD-1 monolayers. Moreover, we have extended these
studies to investigate the effect of UDCA treatment on
the induction of iNOS by bacterial lipopolysaccharide
(LLPS) in vivo in the intestinal epithelium of rats.

MATERIALS AND METHODS

Reagents. Dulbecco’s modified Eagle’s medium (DMEM)
and a mixed solution of phenol and guanidine isothiocyanate
were obtained from GIBCO-BRL (Gaithersburg, MD).
L-[2,3,4,5-*H]arginine hydrochloride was obtained from New
England Nuclear. SIN-1 was a gift from Cassella (Frankfurt,
Germany). Tetrahydrobiopterin was obtained from Cayman
Chemical (Ann Arbor, MI). Human recombinant interleu-
kin-1p (IL-1B) and interferon-y (IFN-y) were kind gifts from
Amgen (Thousand Oaks, CA). Bacterial LPS (Escherichia
coli, serotype 0127:B8) and all other chemicals were obtained
from Sigma (St. Louis, MO).

Cells and culture conditions. The anchorage-dependent
human cell line derived from an intestinal adenocarcinoma
(DLD-1; ATCC, Rockville, MD) was cultured on plastic tissue
culture plates at 37°C in 5% COg in DMEM, supplemented
with penicillin (1,000 U/ml) and streptomycin (100 pg/ml).
Cells between passages 5 and 15 were seeded at a density of
50,000 cells/cm? in 6- and 24-well plates and 75- and 175-cm?
flasks and allowed to grow to confluence. To induce iNOS,
fresh culture medium containing a cytokine mixture (CM) of
IL-1B (0.5 ng/ml) and IFN-y (100 U/ml) was added. The final
UDCA concentrations were achieved from a stock solution of
125 mM, prepared by dissolving UDCA in dimethyl sulfoxide
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(DMSO). DMSO (at dilutions identical to those used to
dissolve UDCA) was also used in the control experiments.

Nitrite and nitrate determination. NO production by iNOS
in DLD-1 human epithelial cells was assessed by measure-
ment of the amount of nitrite and nitrate, the degradation
products of NO, in the cell culture supernatant by use of the
modified Griess reaction. Briefly, nitrate was converted to
nitrite by incubation with 60 mU of nitrate reductase and 25
M of NADPH to 50-pl samples of cell culture medium. After
2 h at room temperature, the nitrite was measured by
addition of 100 ml of Griess reagent [1% sulfanilamide and
0.1% N-(1-naphthyl)ethylenediamine in 5% phosphoric acid].
The optical density at 550 nm (OD550) was measured by use
of a Spectramax 250 microplate reader (Molecular Devices,
Sunnyvale, CA) (86). The concentration of nitrite/nitrate was
expressed in micromoles and calculated by comparison to the
OD550 of standard solutions of sodium nitrite prepared in
cultured medium.

To investigate whether UDCA reacts directly with nitrite,
nitrate, or NO, UDCA (500 uM) was added either to sodium
nitrate (2.5—100 uM) or to the NO donor, 3-morpholinosydnon-
imine-N-ethyl-carbamide (SIN-1, 10 pM to 1 mM) (42). After 2
h, nitrate in the culture medium was converted to nitrite, and
then the nitrite concentration was determined.

Accumulation of nitrite and nitrate was measured 24 h
after stimulation with cytokines. To investigate whether
UDCA affects the activity or induction of iNOS, a time-course
experiment was performed by adding UDCA (500 uM) 2, 4,
and 6 h before, simultaneously with, and 3 and 6 h after
treatment with cytokines. To further examine time-depen-
dent effects, nitrite and nitrate concentration was measured
in the medium from cells that had been preincubated for 6 h
with UDCA (500 uM), washed, and then stimulated with
cytokines for 24 h in the presence or absence of UDCA. To
examine the effect of dose on the production of nitrite and
nitrate, various doses of UDCA ranging from 300 to 800 uM
were added to the medium 6 h before induction of iNOS by
cytokines.

Cell viability and respiration. Mitochondrial respiration,
an indicator of cell viability, was assessed by the mitochondria-
dependent reduction of MTT [3-(4,5-dimethylthiazol- 2-y1)-2,5-
diphenyltetrazolium bromide] to formazan (42). Cells were
incubated (37°C) with MTT (200 pg/ml for 60 min). Culture
medium was removed by aspiration, and cells were solubi-
lized in DMSO. After solubilization in DMSO, 100 ul of
sample were transferred to a 96-well plate. The extent of
reduction of MTT to formazan within cells was quantified by
measurement of OD550 using a Spectramax 250 microplate
reader (Molecular Devices). The calibration curve for MTT-
formazan was prepared in DMSO. MTT-formazan production
by cells was calculated as milligrams of MTT-formazan per
well per minute and expressed as a percentage of the values
obtained for untreated cells.

NO synthase assay. Twelve hours after they were stimu-
lated with cytokines, cells were rinsed twice with ice-cold
phosphate-buffered saline (PBS) and harvested with a Teflon
cell scraper into 5 ml of homogenization buffer (pH 7.4),
composed of tris(thydroxymethyl)aminomethane (Tris)-HCI
(50 mM), EDTA (0.1 mM), ethylene glycol-bis(B-aminoethyl
ether)-N,N,N',N'-tetraacetic acid (EGTA; 0.1 mM), 2-mercap-
toethanol (12 mM), and phenylmethylsulfonyl fluoride (PMSF)
(1 mM). Cell suspensions were centrifuged at 800 g for 10
min, and the pelleted cells were homogenized at 4°C in the
same buffer using a Tissue Tearor 985-370 homogenizer
(Biospec Products, Racine, WI). Calcium-independent conver-
sion of L-[*H]arginine to L-[*H]citrulline was measured in the
homogenates, as previously described (36, 42). Cell homog-
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enate (30 ul) was incubated in the presence of L-[*H]arginine
(10 pM, 5 kBg/tube), NADPH (1 mM), calmodulin (30 nM),
tetrahydrobiopterin (5 nM), and EGTA (2 mM) for 20 min at
22°C in PBS buffer (pH 7.5). The reaction was stopped by
dilution with 0.5 ml of ice-cold N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid buffer (pH 5.5) that contained EGTA
(2 mM) and EDTA (2 mM). Reaction mixtures were applied to
Dowex 50W (Na* form) columns, and the eluted r-[*H]citrul-
line was measured with use of a Wallac scintillation counter
(Wallac, Gaithersburg, MD). iNOS activity was determined in
cells grown to confluence in 175-cm? culture flasks and
incubated with vehicle, UDCA (500 uM), cytokines, or UDCA
(500 nM) plus cytokines. In the latter group, UDCA was
added 6 h before stimulation with cytokines. By coincubating
the homogenates (from cytokine-induced cells without UDCA
treatment) with UDCA (0.5, 1.0, 2.0 mM) in the presence of
the above-mentioned cofactors for 30 min before addition of
L-arginine, we were also able to investigate the direct effect of
UDCA on iNOS activity.

Western blot analysis. Twelve hours after cytokine stimula-
tion, the medium was removed from stimulated or unstimu-
lated DLD-1 cell cultures grown in 75-cm? culture flasks. The
cells were washed once with cold PBS buffer, scraped in 1 ml
of cold PBS buffer, and centrifuged at 10,000 g for 30 s at 4°C.
The supernatant was removed, and lysis buffer that con-
tained radioimmunoprecipitation assay (RIPA) buffer (500
ul), pepstatin A (10 uM), and PMSF (0.5 mM) was added.
RIPA buffer contains 1% Tergitol (Nonidet P-40), 0.5% sodium
deoxycholate, and 0.1% sodium dodecyl sulfate (SDS). DNA
was sheared by passing samples through a 22-gauge needle.
Protein content was determined by the Bradford method
(Bio-Rad microassay). Cytosolic protein (200 pg/lane) was
added to SDS-polyacrylamide gel electrophoresis (PAGE)
buffer, boiled for 5 min, separated with 7.5% SDS-PAGE, and
transferred to nitrocellulose membranes (0.2 pm) by use of a
semi-dry method with an isotachophoretic buffer system.
After 1 h of blocking in 3% gelatin and subsequent washing,
the samples were immunoblotted for 2 h in Tween and
Tris-buffered saline and 1% gelatin with the primary anti-
body (rabbit polyclonal anti-human iNOS antiserum; Re-
search & Diagnostic Antibodies, Berkeley, CA). An alkaline
phosphatase-conjugated goat anti-rabbit IgG antibody (Bio-
Rad) was used as a secondary antibody. Both primary and
secondary antibodies were used at a dilution of 1:3,000.
Antibody binding was visualized with the use of nitroblue
tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate in car-
bonate buffer (Bio-Rad).

Northern blot analysis. Total RNA was extracted from
DLD-1 cultured cells grown in six-well plates 6 h after
incubation with or without cytokines. Cell monolayers were
lysed by a mixed solution of phenol and guanidine isothiocya-
nate (TRIzol; GIBCO-BRL). RNA was extracted by phenol-
chloroform and precipitated by ethanol. The RNA was dena-
tured by glyoxal and DMSO and run on 10% agarose gel
electrophoresis. The RNA in the gel was transferred to a
nylon membrane (Magnacharge MSI, Westboro, MA). ADNA
probe was made from human iNOS ¢DNA (nucleotides 1-647)
labeled with [«-3?P]dCTP (Oligolabeling kit; Pharmacia Bio-
tech, Piscataway, NeJ). RNA on the membrane was hybridized
with the DNA probe overnight, and signals were detected by
autoradiography and then quantified by use of a series 400
Phosphorimager (Molecular Dynamics). For quantification of
RNA content, the membrane was rehybridized with
[y-32P]ATP-labeled DNA (5' GACAAGCATATGCTACTFFC
3') probe of 18S ribosome. Signals were detected by autoradi-
ography and quantified by Phosphorimager analysis as de-
scribed above.






