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Abstract
Background—The inducible isoform of
nitric oxide synthase (iNOS) may be
involved in the mucosal injury associated
with inflammatory bowel disease (IBD).
In contrast with iNOS, the inducible heme
oxygenase 1 (HO-1) is considered to act as
a protective antioxidant system.
Aims—To evaluate the eVects of the known
HO-1 inducers, cadmium and bismuth
salts, heme, and nitric oxide (NO) donors,
on iNOS activity, and expression in the
human intestinal epithelial cell line
DLD-1.
Methods—iNOS activity was assessed by
the Griess reaction and the radiochemical
L-arginine conversion assay. iNOS mRNA
and iNOS protein expression were deter-
mined by northern and western blotting,
respectively.
Results—Cytokine exposure led to induc-
tion of iNOS activity, iNOS mRNA, and
iNOS protein expression. Preincubation
of DLD-1 cells with heme (1–50 µM)
inhibited cytokine induced iNOS activity
in a concentration dependent manner.
This inhibitory eVect was abolished by the
HO-1 specific inhibitor tin protoporphy-
rin. Preincubation with NO donors so-
dium nitroprusside (SNP 1–1000 µM) or
S-nitroso-acetyl-penicillamine (SNAP
1–1000 µM), or with the heavy metals cad-
mium chloride (10–40 µM), bismuth cit-
rate, or ranitidine bismuth citrate (10–
3000 µM) inhibited iNOS activity in a
concentration dependent manner. More-
over, SNP and heme abolished cytokine
induced iNOS protein as well as iNOS
mRNA expression, whereas cadmium
chloride did not modify iNOS protein
expression.
Conclusions—Heme, the heavy metals
cadmium and bismuth, as well as NO
donors, are potent inhibitors of cytokine
induced iNOS activity. Heme and NO
donors act at the transcriptional level
inhibiting iNOS mRNA expression. Such
findings suggest the potential for interplay
between the iNOS and HO-1 systems,
which may modulate the progress of IBD.
(Gut 2000;47:771–778)
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The inducible isoform of nitric oxide synthase
(iNOS; EC 1.14.13.39) can produce sustained
high quantities of nitric oxide (NO).1 Expres-
sion of iNOS and concentrations of NO
produced or its subsequent cytotoxic products
such as peroxynitrite, formed from a combina-
tion of NO and superoxide, could play a key
role in the pathogenesis of inflammatory bowel
disease (IBD). Indeed, over expression of
iNOS protein,2–4 increased iNOS activity or
NO release,5–8 and increased iNOS mRNA lev-
els9 have been demonstrated both in ulcerative
colitis and Crohn’s disease. The iNOS isoform
is also expressed in human intestinal epithelial
cell lines after exposure to proinflammatory
stimuli such as cytokines.10

The NO pathway may also interact with
other systems that may be involved in the
modulation of IBD. One such system is heme
oxygenase 1 (HO-1; EC 1.14.99.3), a micro-
somal inducible enzyme which converts heme
into biliverdin, carbon monoxide, and free fer-
rous iron, biliverdin subsequently being re-
duced to bilirubin.11 HO-1 is considered to
provide a potent antioxidant system leading to
removal of heme, a promoter of lipid peroxida-
tion and reactive oxygen intermediates forma-
tion.12 In addition, bile pigments resulting from
HO-1 activity possess antioxidant and anti-
complement properties.13 14 The associated
induction of ferritin also provides antioxidant
activity15 16 and, because to its ability to seques-
trate free iron, limits the subsequent produc-
tion of reactive oxygen intermediates via the
Fenton reaction.17 18 This 32 kDa heat shock
protein can be expressed in numerous cell
types following a number of diVerent stimuli,
including endotoxin or cytokine stimula-
tion,16 19 20 heavy metals,21 NO donors,22 23 or
heme.24 25

In recent studies, heme and salts of heavy
metals such as cadmium or bismuth, as well as
NO donors, have been shown to be potent
inducers of HO-1 in the human intestinal
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epithelial cell line DLD-1.26 27 This cell line is
also known to be capable of generating
relatively high levels of NO through induction
of iNOS after exposure to cytokines.10 28 Using
this cell line, the present study has investigated
the potential interaction between the iNOS
and HO-1 enzyme systems in intestinal epithe-
lial cells and hence their possible involvement
in the pathogenenesis of IBD. Thus the eVects
of the HO-1 inducers heme, NO donors, and
salts of the heavy metals cadmium and bismuth
on iNOS activity and on iNOS expression in
DLD-1 cells, both at the protein and mRNA
level, were investigated.

Methods
CELL CULTURE

The DLD-1 cell line was obtained from the
European Collection of Cell Culture (Salis-
bury, UK) (No 90102540) and used between
passages 25 and 50. Cells were grown in
Dulbecco modified Eagle’s medium (DMEM)
with 4 mM L-glutamine and 10% heat
inactivated fetal calf serum. Cells were cultured
at 37°C in a humidified atmosphere of 95% air
and 5% CO2, refed every two days and
passaged weekly. Cells were allowed to grow for
72–96 hours to confluence before use.

CELL COUNTING AND PROTEIN CONCENTRATION

Cells were harvested and dissociated in a solu-
tion of 0.25% trypsin and 3 mM ethylene
diamine tetraacetic acid (EDTA) in phosphate
buVered saline (PBS) pH 7.4 (without calcium
and magnesium). After five minutes, cells were
counted with a haemocytometer after adding
trypan blue. Only cells that excluded dye were
counted as viable cells. Results were expressed
as number of viable cells per ml. Protein
concentration was determined using a modifi-
cation of the Bradford method (Biorad kit) and
bovine serum albumin as a standard. Results
were expressed as mg of protein per ml.

CELL VIABILITY MEASUREMENT

Mitochondrial respiration, an indicator of cell
viability, was assessed by the mitochondrial
dependent reduction of MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] to formazan. Cells grown in 96 well
plates were incubated at 37°C for one hour
with 0.4 mM MTT. Cells were solubilised in
100 µl dimethyl sulphoxide and absorbance
was read at ë=550 nm. Results were expressed
as percentage of control (non-treated cells).

NOS ACTIVITY DETERMINED BY THE GRIESS

REACTION

Cells were stimulated in 96 well plates by a
cytokine combination with tumour necrosis
factor á (TNF-á; 100 ng/ml), interleukin 1â
(IL-1â; 5 ng/ml) and interferon ã (IFN-ã; 200
U/ml). After 24 hours, culture medium was
removed for determination of nitrite produc-
tion as an index of NOS activity. Medium (50
µl) was transferred to a 96 well plate. Then,
50 µl of Griess reagent (0.25 M phosphoric
acid, 30 mM sulphanilamide, 2 mM naphthyl-
ethylene diamine) was added to each well. The
resultant colour change was quantified by

spectrophotometry (ë=550–650 nm). Nitrite
levels were determined using a sodium nitrite
standard curve and are expressed as µM/106

cells according to the cell number in each well.
The limit of detection of nitrite using this assay
was 1 µM, well below the level of production of
nitrite by this cell line following iNOS
induction under these conditions.28

NOS ACTIVITY DETERMINED BY THE L-ARGININE

CONVERSION ASSAY

NOS activity was determined by quantifying
conversion of radiolabelled L-arginine to citrul-
line using the method previously described by
Tepperman and colleagues29 with some modifi-
cations. Cells were washed with ice cold PBS
(pH 7.4) and homogenised in 10 mM N-[2-
hydroxyethyl]piperazine-N'-[2-ethanesulphonic
acid] (HEPES), 32 mM sucrose, 1 mM
dithiotreitol, 0.1 EDTA, 10 µg/ml soybean
trypsin inhibitor, 10 µg/ml leupeptin, and
2 µg/ml aprotinin. Homogenates were spun for
15 minutes at 21 000 g at 4°C. Samples (50 µl)
were incubated for 30 minutes at 37°C in
150 µl of assay buVer (50 mM KH2PO4, 1 mM
MgCl2, 50 mM L-valine, 0.2 mM CaCl2, 3 µM
flavin adenine dinucleotide, 3 µM flavin mono-
nucleotide, 100 µM tetrahydro-L-biopterin
dihydrochloride, 300 µM â-nicotinamide ad-
enine dinucleotide phosphate (â-NADPH),
10 µM L-arginine, and 2.1 pM [3H]-L-
argininemonohydrochloride). The reaction
was terminated by addition of 1 ml of 1:1 (v/v)
suspension of DOWEX (Na+ form) in distilled
water. The mixture was resuspended by
addition of 200 µl of distilled water and allowed
to settle for 30 minutes. Supernatant (300 µl)
was removed and radioactivity determined by
scintillation counting. The eVect of NO donors
and bismuth salts on NOS activity was charac-
terised by addition of these agents to the reac-
tion mixture. Calcium dependency of NOS
activity was determined by addition of ethylene
glycol-bis (â-aminoethyl ether) tetraacetic acid
(EGTA; 1 mM). NOS activity was confirmed
by inhibition by nitro-L-arginine (500 µM).
Inducible NOS was defined as citrulline
formation inhibited by nitro-L-arginine but not
inhibited by EGTA. Inducible NOS activity
was expressed as pmol/min/mg protein.

WESTERN BLOTTING

Cells were washed with ice cold PBS (pH 7.4)
and homogenised in Tris-mannitol buVer (2
mM Tris 7-9, 50 mM mannitol, 100 µM phenyl
methyl sulphonyl fluoride, 2 µM leupeptin, 0.5
mu/ml aprotinin, and 0.5 % Triton X 100).
Homogenates were sonicated twice for 10 sec-
onds on ice and spun for 15 minutes at 21 000 g
at 4°C. Aliquots of 100 µg of total cellular
protein were denatured by mixing and boiling
v/v with 20 mM Tris 7-9, 2 mM EDTA, 2%
sodium dodecyl sulphate (SDS), 10%
â-mercaptoethanol, and 20% glycerol. Sam-
ples were electrophoresed on 7.5% SDS-
polyacrylamide gel and transferred to nitrocel-
lulose membranes (Amersham, Little
Chalfont, UK). After blocking with PBS (pH
7.4), 0.25% Tween 20 (v/v), and 5% non-fat
dried milk, membranes were probed with anti-

772 Cavicchi, Gibbs, Whittle

www.gutjnl.com

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.47.6.771 on 1 D

ecem
ber 2000. D

ow
nloaded from

 

http://gut.bmj.com/


iNOS polyclonal antibody (1/500) (Autogen
Bioclear, Calne, UK) for one hour at room
temperature, washed with PBS-Tween 20, and
incubated with horseradish peroxidase-
conjugated second antibody (1/4000) for one
hour at room temperature. Membranes were
developed using a enhanced chemilumines-
cence system (Amersham) and exposed to
Hyperfilm (Amersham). Films were analysed
using the Molecular Analyst Software (BioRad
Laboratories, Hercules, USA) after scanning
on a densitometer (GS-700 Imaging Densito-
meter, BioRad Laboratories).

NORTHERN BLOTTING

The iNOS cDNA probe was obtained by
polymerase chain reaction amplification of
iNOS RNA from cytokine induced DLD-1
cells. The following primers were used to
amplify the 3590–3848 bp region of human
iNOS cDNA according to the published
sequence (GenBank accession number:
L09210), leading to a 259 bp fragment: 5'-
CGG TGC TGT ATT TCC TTA CGA GGC
GAA GAA GG and 5'- GGT GCT GCT TGT
TAG GAG GTC AAG TAA AGG GC. Then,
the positive band was excised from the agarose
gel and cDNA purified using a commercially
available kit (Geneclean kit, Bio 101 Inc., La
Jolla, California, USA).

Total RNA from cell monolayers was ex-
tracted using Trizol (Gibco BRL, Paisley, UK).

The amount of RNA was calculated from opti-
cal density measurements at ë=260 nm. Total
RNA (10 µg) were loaded on a 1% denaturing
agarose gel containing 2 M formaldehyde and
6 mM 3(N-morpholino)propanesulphonic
acid. RNA was transferred onto an uncharged
nylon membrane followed by hybridisation
(Stratagene QuikHyb hybridisation solution,
Cambridge, UK). The iNOS cDNA was
radiolabelled with [32P]dCTP using the ran-
dom primer method (Multiprime DNA label-
ling system, Amersham). A photograph of aga-
rose gel stained with ethidium bromide was
taken as a control of equivalent loading
between lanes. Films were analysed as de-
scribed for western blotting.

STATISTICAL ANALYSIS

Data are shown as mean (SEM) from at least
three independent experiments, each con-
ducted in triplicate. Northern and western
blots are shown as representative photographs
of three independent experiments. Statistical
significance was assessed by Student’s t test
where p<0.05 was taken as significant.

MATERIALS

The iNOS antibody was from Santa Cruz Bio-
technology (Autogen Bioclear, Calne, UK).
Human TNF-á was from R&D Systems
(Abingdon, UK). Nitrate reductase was from
Boehringer Mannheim (Lewes, UK). Metha-
nol and ethanol were from BDH Laboratories
Supplies (Lutterworth, UK). Bis-acrylamide
solution and protein assay kit were from
Bio-Rad Laboratories (Hertfordshire, UK).
DMEM, non-essential amino acids, Trizol, and
primers were obtained from Gibco BRL (Pais-
ley, UK). Tetrahydro-L-biopterin dihydrochlo-
ride was purchased from Calbiochem-
Novabiochem Corp (La Jolla, USA). [3H]-L-
arginine monohydrochloride was obtained
from Amersham International (Little Chal-
font, UK). 1400W (N-(3-(aminomethyl)
benzyl)acetamidine) and ranitidine bismuth
citrate were kind gifts from GlaxoWellcome
Stevenage, and Stockley Park, UK. All other
compounds and chemicals were purchased
from Sigma (Poole, UK).

Results
EFFECTS OF CYTOKINE EXPOSURE ON NITRITE

PRODUCTION AND iNOS EXPRESSION

No iNOS mRNA or protein was detected in
control unstimulated DLD-1 cells, as shown by
northern and western blots, respectively. Simi-
larly, unstimulated DLD-1 cells produced very
low levels of NO2

− (0.9 (0.5) µM/106cells/24
hours). Incubation with a combination of
IL-1â (5 ng/ml), TNF-á (100 ng/ml), and
IFN-ã (200 U/ml) (cytomix) caused iNOS
mRNA expression determined by northern
blot after six hours (fig 1). This was followed by
iNOS protein expression at 12 hours, as shown
by western blot (fig 2), and an increase in NOS
activity, as determined by NO2

− release in the
cell supernatant which reached 95.1 (6.5)
µM/106 cells after 24 hours exposure to these
cytokines.

Figure 1 EVects of cadmium chloride, sodium
nitroprusside, and heme on cytokine induced inducible
nitric oxide synthase (iNOS) mRNA expression in DLD-1
cells. DLD-1 cells were treated for six hours with vehicle
alone (Con), cytomix (CM; TNF-á 100 ng/ml, IL-1â
5 ng/ml, IFN-ã 200 U/ml), cadmium chloride (CdCl2
10 µM), sodium nitroprusside (SNP 10 mM), heme (FePP
50 µM), CM+SNP (10 mM, six hours pretreatment), and
CM+FePP (50 µM, six hours pretreatment). iNOS
mRNA expression was assessed by northern blot after
standard RNA extraction. The top panel is the northern
blot and the bottom panel is ethidium bromide staining of
28 S and 18 S RNA bands indicating loading of the lanes.
This is a representative of three experiments.

28 S
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Con CM FePPSNPCdCl2

CM
+

SNP

CM
+
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Figure 2 EVects of cadmium chloride, sodium nitroprusside, and heme on cytokine
induced inducible nitric oxide synthase (iNOS) protein expression in DLD-1 cells. DLD-1
cells were treated for 12 hours with vehicle alone (Con), cytomix (CM; TNF-á 100 ng/ml,
IL-1â 5 ng/ml, IFN-ã 200 U/ml), sodium nitroprusside (SNP 10 mM), cadmium chloride
(CdCl2 10 µM), heme (FePP 50 µM), CM+SNP (10 mM, six hours pretreatment),
CM+CdCl2 (10 µM, six hours pretreatment), and CM and FePP (50 µM, six hours
pretreatment). iNOS protein expression was determined by western blot analysis using a
monoclonal iNOS antibody. This is a representative of three diVerent experiments.
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This activity was due to iNOS as the highly
selective iNOS inhibitor28 1400W (10–1000
µM) inhibited cytomix induced NOS activity
with an IC50 of 7.6 (1.2) µM. NOS enzyme
activity was also directly assessed by the
radiolabelled L-arginine conversion enzyme
assay on the crude enzyme and in a cell free
system prepared from DLD-1 cells. This
confirmed induction of EGTA insensitive NOS
after 24 hours exposure to cytomix, with an
activity of 683 (54) pmol/min/mg protein. This
activity was inhibited by incubation with
1400W, with an IC50 of 0.3 (0.05) µM (n=3).

EFFECT OF CADMIUM CHLORIDE, HEME, OR

SODIUM NITROPRUSSIDE (SNP) ON BASAL NITRITE

PRODUCTION AND iNOS EXPRESSION

Incubation with HO-1 inducers cadmium
chloride (CdCl2 10–40 µM) or heme (1–50
µM) did not stimulate iNOS activity, with
NO2

− production (1.25 (0.3) and 2.2 (0.2)
µM/106/24 hours with CdCl2 40 µM and heme
50 µM, respectively) not significantly diVerent
from that in control DLD-1 cells. Similarly,
neither iNOS mRNA nor protein was induced

by CdCl2 (10 µM), heme (50 µM), or the NO
donor SNP (10 mM), as shown in figs 1 and 2.

EFFECT OF HEME ON CYTOKINE INDUCED iNOS

ACTIVITY

Preincubation of DLD-1 cells for six hours
with heme (1–50 µM) significantly and dose
dependently inhibited increased NOS activity
caused by cytokine exposure, as determined by
the Griess reaction (fig 3A). The decrease in
cytokine induced NO2

− production caused by
heme (50 µM) was dose dependently reversed
by the specific HO-1 inhibitor tin protoporphy-
rin (SnPP 1–50 µM), as shown in fig 3B.

EFFECT OF NO DONORS ON CYTOKINE INDUCED

iNOS ACTIVITY

As the NO donors can themselves release
NO2

−, this would interfere with estimation of
nitrite production by DLD-1 cells. Thus when
incubated for three hours in DMEM without
cells, SNP 10 mM released 71.3 (6.7) µM of
NO2

− into the medium. Therefore, to assess the
eVects of NO donors on iNOS activity, the
L-arginine conversion assay was performed
utilising the crude iNOS enzyme isolated from
homogenates of cytokine treated DLD-1 cells.
In this cell free system, the NO donors SNP
(1–1000 µM) and S-nitroso-acetyl-
penicillamine (SNAP 1–1000 µM) also dose
dependently inhibited iNOS activity with IC50

values of 5.2 (1.9) µM (fig 4) and 840 (140)
µM, respectively.

EFFECT OF CADMIUM CHLORIDE AND BISMUTH

SALTS ON CYTOKINE INDUCED iNOS ACTIVITY

Preincubation of DLD-1 cells for six hours
with CdCl2 (10–40 µM) significantly and dose
dependently inhibited the increased NOS
activity caused by cytokine exposure, as deter-
mined by the Griess reaction (fig 5A).

Preincubation for six hours with bismuth
citrate (10–1000 µM) similarly resulted in a
significant and concentration dependent de-
crease in cytokine induced NO2

− production
with an IC50 of 1.03 (0.3) mM (fig 5B). In

Figure 3 EVects of heme on cytokine induced NO2
−

production and reversal by the HO-1 inhibitor tin
protoporphyrin. (A) DLD-1 cells were pretreated in serum
free medium for six hours with increasing concentrations of
heme (FePP 1–50 µM) and then for 24 hours with cytomix
(TNF-á 100 ng/ml, IL-1â 5 ng/ml, IFN-ã 200 U/ml).
NO2

− levels were determined in the supernatant by the
Griess reaction. Results are expressed as percentage of
maximal induction (without FePP) and represent mean
(SEM) from three diVerent experiments, each performed in
triplicate. *p<0.05, **p<0.01 compared with maximal
induction. (B) DLD-1 cells were pretreated in serum free
medium for six hours with heme (FePP 50 µM) and
increasing concentrations of tin protoporhyrin (SnPP
10–50 µM) and then for 24 hours with cytomix (TNF-á
100 ng/ml, IL-1â 5 ng/ml, IFN-ã 200 U/ml). NO2

- levels
were determined in the supernatant by the Griess reaction.
Results are expressed as percentage of maximal induction
(without FePP or SnPP) and represent mean (SEM) from
three diVerent experiments, each performed in triplicate.
**p<0.01 compared with maximal induction.

100
A

75

50

25

0

N
O

2_  p
ro

d
u

ct
io

n
 (

%
)

0 1 10

FePP (µM)
50

*
**

125
B

0

N
O

2_  p
ro

d
u

ct
io

n
 (

%
)

0 50

**

50 50

0

FePP (µM)
SnPP (µM) 0 10 50

100

75

50

25
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induced inducible nitric oxide synthase (iNOS) activity.
The crude iNOS enzyme was isolated from homogenates of
DLD-1 cells treated for 24 hours with cytomix (TNF-á
100 ng/ml, IL-1â 5 ng/ml, IFN-ã 200 U/ml). iNOS
activity was determined by conversion of radiolabelled
L-arginine to citrulline after incubation with the NO donor
sodium nitroprusside (SNP 0.1–1000 µM). Results are
expressed as percentage of maximal induction (without
SNP) and represent mean (SEM) from three diVerent
experiments, each performed in triplicate.
*p<0.05,**p<0.01, ***p<0.001 compared with maximal
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addition, bismuth citrate (10–3000 µM) inhib-
ited iNOS enzyme activity determined in the
crude enzyme preparation by the L-arginine
conversion assay with an IC50 of 2.1 (0.5) mM
(fig 5C).

Additional studies were conducted with the
more soluble form ranitidine bismuth citrate.30

Incubation of DLD-1 cells with ranitidine bis-
muth citrate (10–3000 µM) caused a concen-
tration dependent reduction in NO2

− produc-
tion with an IC50 of 0.65 (0.03) mM (n=4).
Incubation of the crude enzyme preparation

with ranitidine bismuth citrate also inhibited
iNOS enzyme activity with an IC50 of 0.75
(0.07) mM (n=4).

INHIBITION OF iNOS BY HEME OR SODIUM

NITROPRUSSIDE INVOLVES DIFFERENT

MECHANISMS

Preincubation for six hours with SNP (10 mM)
or heme (50 µM) abolished cytokine induced
iNOS protein expression as shown by western
blot (fig 2). In contrast, CdCl2 (10 µM) did not
modify iNOS protein expression after cytokine
exposure (fig 2). Moreover, SNP (10 mM) and
heme (50 µM) substantially decreased iNOS
mRNA expression induced by cytomix (fig 1),
as determined by northern blot, when incu-
bated six hours prior to stimulation with these
cytokines.

EFFECTS ON CELL VIABILITY

Cell viability, as assessed by the MTT assay,
was not significantly (p>0.05) aVected by
incubation for up to 24 hours with SNP (1
mM), SNAP (5 mM), CdCl2 (10 µM), bismuth
citrate (1 mM), or heme (50 µM). Incubation
of cells with SNP (10 mM) for six hours did
not significantly modify cell viability (98 (8)%
of the control cells) but was reduced after 24
hours incubation by 22 (5)% (p<0.01).

Discussion
Study of the interactions between the two
inducible enzyme systems HO-1 and iNOS in
intestinal epithelial cells may be of importance
in understanding the pathophysiology of IBD
as iNOS is recognised as a potential pathogenic
factor in IBD31 while HO-1 provides an
antioxidant defensive system. In the present
study, three diVerent classes of compounds
that are known to induce HO-1 (namely, heme,
NO donors, and heavy metals) were shown to
decrease cytokine induced iNOS activity or
expression in the human intestinal epithelial
cell line DLD-1. Two earlier studies have also
suggested such inhibition of iNOS activity and
iNOS protein expression in murine macro-
phages32 or iNOS mRNA expression in li-
popolysaccharide challenged rats33 in associ-
ation with HO-1 induction.

The current work demonstrates that the
HO-1 inducer heme can decrease iNOS
mRNA and iNOS protein expression, as shown
by northern and western analyses with a subse-
quent decrease in iNOS activity, as shown by
the Griess reaction. Reversal of the inhibitory
eVect of heme on iNOS activity by the HO-1
inhibitor SnPP11 strongly suggests HO-1 in-
volvement in iNOS inhibition by heme. The
mechanisms participating in this inhibition are,
however, unclear. In DLD-1 cells, induction of
the iNOS gene is thought to involve several
transcription factors, including nuclear factor
êB, AP-1, and STAT-1á.10 34 Interestingly,
AP-1 and nucleur factor êB binding sites have
also been described in the promoter sequence
of human HO-1.35 36 It has recently been
suggested that the AP-1 transcription factor
would be a negative transcriptional regulator of
iNOS in DLD-1 cells.34 Therefore, it is possible
that prior AP-1 activation by HO-1 inducers

Figure 5 EVects of cadmium chloride and bismuth citrate
on cytokine induced inducible nitric oxide synthase (iNOS)
activity. (A, B). DLD-1 cells were pretreated in serum free
medium for six hours with increasing concentrations of
cadmium chloride (CdCl2 10–40 µM) (A) or increasing
concentrations of bismuth citrate (30–1000 µM) (B) and
then for 24 hours with cytomix (TNF-á 100 ng/ml, IL-1â
5 ng/ml, IFN-ã 200 U/ml). NO2

− levels were determined in
supernatant by the Griess reaction. Results are expressed as
percentage of maximal induction (without CdCl2) and
represent mean (SEM) from three diVerent experiments,
each performed in triplicate. *p<0.05, **p<0.01 compared
with maximal induction. (C) The crude iNOS enzyme was
isolated from homogenates of DLD-1 cells treated for 24
hours with cytomix (TNF-á 100 ng/ml, IL-1â 5 ng/ml,
IFN-ã 200 U/ml). iNOS activity was determined by
quantifying the conversion of radiolabelled L-arginine to
citrulline after incubation with bismuth citrate (10–1000
µM). Results are expressed as percentage of maximal
induction (without bismuth citrate) and represent mean
(SEM) from three diVerent experiments, each performed in
triplicate. *p<0.05,**p<0.01 compared with maximal
induction.
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such as heme may limit further cytokine
induced iNOS expression. In addition, free
iron, released during heme conversion by
HO-1, is capable of decreasing the transcrip-
tion rate of the iNOS gene in murine
macrophages.37

The heavy metals cadmium chloride and the
bismuth salts, which are potent HO-1 inducers
in these DLD-1 cells,26 27 dose dependently
inhibited cytokine induced iNOS activity. In
contrast with heme, cadmium did not modify
iNOS protein expression indicating an eVect
on iNOS activity either through HO-1 induc-
tion or by direct interaction between iNOS
enzyme and the heavy metals. It is noteworthy
that virtually all stimuli that induce HO can
decrease cytochrome P450-like proteins, in-
cluding iNOS.11 Heme oxygenase activation
can also aVect the amount of available heme,
which is a necessary cofactor for full NOS
activity. In addition, as both enzymes require
NADPH, HO-1 induction prior to iNOS
induction could limit the cellular concentration
of this cofactor. The end products of HO-1
activation may also participate in iNOS inhibi-
tion, carbon monoxide being able to bind to
and therefore inactivate the NOS enzyme.38 39

Inhibition of iNOS enzyme activity, as deter-
mined by the L-arginine conversion assay in a
cell free system by bismuth citrate as well as the
more soluble complex ranitidine bismuth
citrate,30 suggests that this heavy metal can
directly inhibit iNOS activity. As in the current
study, cadmium has previously been shown to
inhibit NOS activity without modifying protein
levels in murine macrophages40 and recently,
cadmium has been shown to inhibit brain NOS
activity in rats.41 This eVect could be related to
binding to the haemoprotein domain of iNOS,
blocking its activity, as suggested for other
metals.42 43 Due to the haemoprotein nature of
iNOS, the latter could also be denatured on
exposure to free radical production. Such con-
ditions can occur after cadmium exposure
which can lead to hydroxyl radicals44 and
superoxide anion production.45 It is feasible
that the heavy metal bismuth can inhibit iNOS
activity through a similar mechanism. These
findings may be of some relevance to the
understanding of the mechanism of action
underlying the therapeutic benefit of bismuth
containing preparations in Helicobacter pylori
gastric disease46 47 in which increased iNOS
expression has been shown.48 49 Moreover, such
actions could contribute to the beneficial
eVects of bismuth containing preparations in
the treatment of IBD.50

The NO donor SNP inhibited iNOS tran-
scription as shown by northern and western
analyses but was also a potent inhibitor of
iNOS activity as demonstrated by the
L-arginine conversion assay. Another chemi-
cally unrelated NO donor SNAP inhibited epi-
thelial cell iNOS activity. Previous studies have
demonstrated direct NOS inhibition by NO51

as well as inhibition of iNOS gene transcription
through modulation of nuclear factor êB/IêB
pathways by NO in other non-epithelial cell
types.52–54

HO-1 is considered a major antioxidant sys-
tem, leading to a decrease in heme, which is a
pro-oxidant molecule,12 in conjunction with an
increase in biliverdin and bilirubin which pos-
sess anticomplement14 and antioxidant proper-
ties13 and limit lipid peroxidation.55 HO-1 has
also been found to modulate inflammation in
vivo in a murine model of pleurisy,56 in an ani-
mal model of toxic nephritis,57 in ischaemia-
reperfusion lesions,58 as well as in endotoxic
shock.33 59 Induction of HO-1 can also attenu-
ate venular leucocyte adhesion provoked by
pro-oxidant stimuli or inhibition of constitutive
NO synthesis.60 Moreover, preliminary reports
suggest that HO-1 can modulate experimental
colitis in rats,61 and that HO-1 is expressed in
colonic crypt or superficial epithelium in IBD
patients, as assessed by immunohistochemical
techniques.62 The eVect of endogenous HO-1
inducers on iNOS expression or activity
observed in this study provides another mech-
anism by which the HO-1 system could be
beneficial in inflammatory conditions. Indeed,
ulcerative colitis and Crohn’s disease have been
shown to be associated with epithelial iNOS
induction.2 3 6 This production of NO together
with formation of reactive oxygen species63–66

can provoke epithelial cell injury through a
process involving NO, peroxynitrite, and reac-
tive nitrogen species.2 8

The present study using the DLD-1 cell line
thus demonstrates that three diVerent classes
of HO-1 inducers are also potent inhibitors of
iNOS transcription and/or activity in human
intestinal epithelial cells and the findings sug-
gest that these inhibitory actions may be
mediated, at least partly, by HO-1 activation.
While cadmium inhibits only iNOS activity
without aVecting iNOS protein expression,
heme and the NO donor SNP substantially
reduce iNOS mRNA expression and therefore
protein expression. In addition, the use of a
cell free enzyme system from these cells
indicates that SNP and bismuth salts can
directly inhibit iNOS enzymatic activity. Such
findings suggest the potential for interplay
between the iNOS and HO-1 inducible
enzyme systems. A primary response of intes-
tinal epithelial cells in IBD may involve iNOS
induction following pro-inflammatory cyto-
kine release, with epithelial injury due to NO,
reactive oxygen intermediates, and peroxyni-
trite. Subsequent feedback HO-1 induction by
high levels of NO would permit the deactiva-
tion and clearance of reactive oxygen inter-
mediates, as well as a subsequent decrease in
NO through iNOS inhibition, which would
therefore limit cytotoxicity.
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