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1 Haem oxygenase-1 (HO-1) can exert protective e�ects against oxidative stress and in¯ammation.
Fibroblasts participate in in¯ammatory responses where they produce high levels of prostaglandins
(PGs) and nitric oxide (NO). However, little is known of the presence of HO-1 in these cells and the
possible interactions among these pathways. Incubation of cells with NO donors, spermine nonoate
(SPNO) and S-nitroso-N-acetylpenicillamine (SNAP), induced a dose- and time-dependent
expression of HO-1 protein.

2 NO donors increased basal PGE2 release although they reduced PGE2 accumulated in the
medium and cyclo-oxygenase (COX) activity when cells were stimulated with lipopolysaccharide
(LPS). COX-2 protein was weakly induced by SPNO in basal conditions and in the presence of LPS
a synergy for HO-1 and COX-2 protein expression was observed.

3 Our results indicate that reactive oxygen species participate in the inductive e�ect of NO donors
or LPS on HO-1 expression, whereas endogenous NO production may play a role in the mechanism
of the synergy exhibited by SPNO and LPS on HO-1 and COX-2 expression. In this system, zinc
protoporphyrin IX did not a�ect nitrite levels but reduced COX activity.

4 The selective COX-2 inhibitors SC58125 and NS398 as well as the non-selective COX inhibitor,
indomethacin, strongly reduced PGE2 synthesis and showed a synergy with NO donors in HO-1 and
COX-2 induction. Addition of PGE2 had no e�ect, suggesting a mechanism independent of PGs
formation.

5 In in¯ammatory conditions a number of factors could cooperate to induce HO-1 and COX-2,
with a positive regulation by COX inhibitors.
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Introduction

Haem oxygenase-1 (HO-1) is an inducible stress protein that

catabolizes haem to form biliverdin, which is then reduced to
bilirubin, carbon monoxide (CO) and free iron. The
constitutive isoform HO-2 is present in tissues such as brain

and testis (Abraham et al., 1988) and recently, another closely
related constitutive isoform (HO-3) has been described
(McCoubrey et al., 1997). Recent evidence has placed HO-1
as a key event in defence mechanisms against oxidative injury

by di�erent agents such as haemoglobin, hypoxia, glutathione
depletion, cytokines... (Camhi et al., 1995; Shibahara et al.,
1987; Terry et al., 1998). Mice lacking functional HO-1 show

an altered iron metabolism, with anaemia, iron accumulation
in liver and kidneys, as well as chronic in¯ammation (Poss &
Tonegawa, 1997a). Increased mortality and hepatic necrosis

after lipopolysaccharide (LPS) challenge is also observed (Poss
& Tonegawa, 1997b). Interestingly, induction of HO-1 can
ameliorate some in¯ammatory conditions such as nephrotoxic

glomerulonephritis (Mosley et al., 1998) or carrageenan

pleuritis in rats (Willis et al., 1996), as well as ocular

in¯ammation in rabbit corneas produced by contact lens
(Laniado-Schwartzman et al., 1997). In addition, overexpres-
sion of HO-1 in the lung by gene transfer before exposure to

hyperoxia, results in a marked reduction in lung injury and
in¯ammation in rats (Otterbein et al., 1999).

The antiin¯ammatory properties of HO-1 can be related to
the generation of biliverdin and bilirubin, possessing anti-

oxidant (Frei et al., 1988; Stocker & Peterhans, 1989) and
anticomplement properties (Nakagami et al., 1993), besides the
upregulation of ferritin, which sequesters free iron and the

generation of CO. In addition, overexpression of HO-1 o�ers
cellular protection against haem/haemoglobin oxidative injury
and haem-mediated expression of adhesion molecules (Wa-

gener et al., 1997).
Nitric oxide (NO) is an important regulatory and e�ector

mediator produced constitutively by endothelial (eNOS) or

neuronal NO synthases (nNOS), or in high concentrations by
the activity of inducible NO synthase (iNOS) (Knowles &
Moncada, 1994; Moncada & Higgs, 1993). At the vascular
level, there is a cooperation between NO and HO-1 in the*Author for correspondence.
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control of the vascular tone. The induction of HO-1 by NO has
been described in vascular smooth muscle cells (Durante et al.,
1997) and endothelial cells (Foresti et al., 1997) resulting in the

generation of CO, which could act in a manner similar to NO
and control blood pressure under stress conditions (Motterlini
et al., 1998). In endothelial cells, HO-1 overinduction may also
participate in cell proliferation and angiogenesis, as an

adaptive mechanism against cell damage in in¯ammatory sites
of haemorrhage, thrombosis and hypoxia (Deramaudt et al.,
1998). Interestingly, rapid expression of HO-1 in endothelial

and smooth muscle cells in the heart, can be determinant for
long-term survival of cardiac xenografts in rodents (Soares et
al., 1998).

Cyclo-oxygenase (COX), the key enzyme in the synthesis of
prostanoids, is present in mammalian tissues in two isoforms,
the constitutive COX-1 and the inducible COX-2, which would

be responsible for the high levels of prostaglandins (PGs)
detected in in¯ammatory responses (Fu et al., 1990; Hla &
Neilson, 1992; Kujubu et al., 1993). Conventional non-
steroidal antiin¯ammatory drugs (NSAIDs) inhibit PG

synthesis without a clear selectivity for any of the two
isoforms, although selective inhibitors have been extensively
searched for. One of these new drugs is SC58125, a tricyclic

methyl sulphone derivative exhibiting antiin¯ammatory and
analgesic e�cacy comparable to dual COX-1/COX-2 inhibi-
tors. Nevertheless, this drug does not modify gastric PG

synthesis nor exert ulcerogenic e�ects in animals (Seibert et al.,
1994).

Fibroblasts participate in in¯ammatory responses by the

release of soluble mediators and through cell-to-cell interac-
tions with other in¯ammatory cells such as macrophages,
which results in the exacerbation of chronic in¯ammatory
states (Steinhauser et al., 1998).

Evidence for HO-1 induction by oxidative stress in human
®broblasts is provided by activation of HO-1 gene expression
after glutathione depletion, through extracellular-signal regu-

lated kinases and c-Fos protein (Numazawa et al., 1997). These
data have been consolidated by observations showing that
HO-1(7/7) embryonic ®broblasts exhibited an increased

generation of reactive oxygen species and cytotoxicity after
treatment with di�erent stimuli (Poss & Tonegawa, 1997b) and
that HO-1 mediates cytoprotection to oxygen in the hamster
®broblast cell line O2R95 (Dennery et al., 1997).

On the other hand, possible interactions between NO and
CO have been suggested in di�erent systems, especially at the
vascular level (Durante et al., 1997; Harts®eld et al., 1997) or in

rat brain homogenates (Willis et al., 1995). Since the
expression of some primary response genes such as iNOS and
COX-2 is induced by cytokines, growth factors or LPS in

murine ®broblasts (Herschman et al., 1997), these pathways
may coexist with HO-1 during in¯ammatory responses.
However, little is known about the mechanisms involved in

the regulation of HO-1 expression in ®broblasts and the
possibility of interactions with NO and PGs. In the current
study, we have examined the regulation of HO-1 and COX-2
expression by NO at the protein level in a murine cell line of

®broblasts (NIH 3T3), as well as its modulation by NSAIDs.

Methods

Cell culture

NIH 3T3 ®broblasts (American Type Culture Collection,
Manassas, VA, U.S.A.) were maintained in DMEM medium
supplemented with 10% fetal bovine serum, 2 mM L-glutamine

and penicillin/streptomycin. When cells reached con¯uence,
the culture medium was replaced with serum-free DMEM to
perform the experiments. Cells in serum-free DMEM medium

were incubated with drugs for various times at concentrations
given in the Results section. LPS was added at a ®nal
concentration of 1 mg ml71. After incubation, supernatants
were collected to measure PGE2 and nitrite levels. To evaluate

COX activity, cells were washed with Hanks bu�er, pH 7.4,
containing 1 mg ml71 of bovine serum albumin (BSA), and
incubated at 378C in the same bu�er with 10 mM arachidonic

acid. After 30 min of incubation, supernatants were collected
to measure PGE3. Cytotoxicity was evaluated by neutral red
incorporation in viable cells according to Zhang et al. (1990).

The presence of endotoxin was determined by the Limulus
assay using a commercial kit (Sigma Chemical Co., St Louis,
MO, U.S.A.). Neutral red incorporation assays indicated

absence of cell toxicity by drug treatments (NO donors, L-
NMMA or NSAIDs) and the possibility of contamination of
drug solutions with endotoxin was excluded after performing
the Limulus test (data not shown).

COX-2 activity in immunoprecipitates

NIH 3T3 cells were incubated in the presence of LPS
(1 mg ml71) for 18 h. COX-2 was immunoprecipitated in cell
lysates using COX-2 speci®c antibodies and enzyme activity

was assayed according to Habib et al. (1997). The bu�er for
reaction consisted of 50 mM Tris, pH 8.0, 1 mM phenol, 0.1%
BSA and 1 mM hematin. When mentioned, increasing

concentrations of zinc protoporphyrin IX (ZnPPIX) were
added. After 10 min incubation at 378C in the presence of
20 mM arachidonic acid, the reaction was stopped by dilution
in cold bu�er and PGE2 was determined.

Measurement of PGE2 and nitrite levels

PGE2 was measured by enzyme immunoassay with acetylcho-
linesterase-labelled PGE2 as tracer (Pradelles et al., 1985).
Aliquots (100 ml) of supernatants were used for nitrite

determination with the Griess reagent (Green et al., 1982).

Western blot analysis

Cells were grown to con¯uence on 6-well plates and treated as
indicated in the Results section. The culture medium was
removed after activation, and cells were washed twice in

phosphate bu�ered saline (PBS) bu�er and lysed in 200 ml of
ice-cold bu�er (in mM: Tris-HCl (pH 7.5) 20, EDTA 1,
Hecameg1 20 and benzamidine 1). Cells were scraped with a

rubber policeman and centrifuged at 48C for 10 min at
10,000 6 g. The protein content was determined by the
bicinchoninic acid assay (Pierce, Rockford, IL, U.S.A.) using

BSA as standard. Cell lysate (50 mg of protein) was mixed with
Laemmli reagent under reducing conditions. Samples were
separated by SDS±PAGE using 9% bis-acrylamide and
transferred onto nitrocellulose membranes, which were

saturated for 1 h at 378C in Tris bu�er saline (50 mM Tris-
HCl, pH 7.5, 250 mM NaCl, and 0.1% Tween 20) containing
5% of fat-free dry milk. Speci®c monoclonal antibodies were

used to detect COX-2 (CX-214, 1 mg/ml) (CreÂ minon et al.,
1995). For HO-1, we used either the commercial monoclonal
antibody for HO-1 (Stressgen, Victoria, Canada; 1/2000) or a

polyclonal antibody we raised using the human peptide of HO-
1: MERPQPDSMPQD. For HO-2 detection, a rabbit
polyclonal antibody was raised against a speci®c peptide of
HO-2, HSAEVETSEGVDES. These antibodies recognized
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proteins with similar molecular weight as HO-1 or HO-2 (32
and 36 kDa, respectively) and the protein bands were not
detected when the antibodies were saturated with the

appropriate peptides. Chemiluminescence substrates (ECL,
Western blotting; Amersham Pharmacia Corp.) were used to
reveal positive bands visualized after 1 min exposure to
Hyper®lm ECL (Amersham Pharmacia Corp.). The bands

were quantitated using a laser densitometer.

Materials

LPS (Escherichia coli serotype 011:B4), arachidonic acid,
indomethacin, BSA, hemin, hematin, ¯urbiprofen, N-acet-

ylcysteine, superoxide dismutase, deferoxamine mesylate and
ZnPPIX were from Sigma Chemical Co. (St Louis, MO,
U.S.A.). Dr Peter Isakson (Searle, Monsanto, St Louis, MO,

U.S.A.) kindly provided SC58125. NS398, spermine nonate
(SPNO) and S-nitroso-N-acetylpenicillamine (SNAP) were
from Cayman Chem. (Ann Arbor, MI, U.S.A.). Enhanced
chemiluminescence (ECL) substrates were from Amersham

Pharmacia Corp. Donkey polyclonal anti-mouse or anti-rabbit
IgGs coupled to peroxidase was from Jackson Immuno-
Research Laboratories (West Grove, PA, U.S.A.). Electro-

phoresis reagents were from J.T. Baker (Phillipsburg, NJ,
U.S.A.), and chemical reagents from Prolabo (Paris, France)
and from Carlo Erba (Farmitalia, Milan, Italy). NG-methyl-L-

arginine, acetate salt (L-NMMA) was from Alexis Corporation
(Coger, France). Culture reagents were from Life Technologies
Inc. (Cergy Pontoise, France). Stock solutions of drugs were

prepared in 0.01 M NaOH (SPNO), dimethyl sulphoxide
(DMSO; Sigma Chemical Co., St Louis, MO, U.S.A.) for
indomethacin, NS398, SNAP and ZnPPIX, ethanol/DMSO: 4/
1, v v71 (SC58125) or ethanol (¯urbiprofen and PGE2). The

rest of the drugs were dissolved in the incubation medium. The
maximal concentration of solvents in the ®nal incubation
media was 0.1% v v71. Appropriate controls showed that this

concentration was without e�ect in our experiments. All other
reagents were of analytical grade.

Statistical analysis

Results are shown as mean+s.e.mean of n experiments. Data
were analysed by two-way ANOVA followed by Dunnett's t-

test for multiple comparisons.

Figure 1 (a) Time course of HO-1 protein expression induced by
SPNO. Cells were incubated with 250 mM SPNO. HO-1 expression
was analysed by Western blotting as indicated in Methods. (b) Dose-
dependent induction of HO-1 by NO donors. SNAP was added at
250, 500 and 1000 mM and SPNO at 125, 250 and 500 mM. Results are
representative of three experiments.

Figure 2 Induction of HO-1 by LPS (1 mg ml71) in the presence or
absence of SPNO 250 mM. In¯uence of L-NMMA (1 mM). Coin-
cubations were performed for 6 h. HO-1 was analysed as described in
the legend to Figure 1. (a) Western blot; (b) HO-1 band intensity
(fold of control based on arbitrary units, mean+s.e.mean, n=4).
**P50.01 with respect to control; #P50.01 with respect to
LPS+SPNO.

Figure 3 Induction of COX-2 by LPS (1 mg ml71) in the presence or
absence of SPNO 250 mM. In¯uence of L-NMMA (1 mM). Coin-
cubations were performed for 6 h. HO-1 was analysed as described in
the legend to Figure 1. (a) Western blot; (b) COX-2 band intensity
(fold of control based on arbitrary units, mean+s.e.mean, n=4).
*P50.05; **P50.01 with respect to control; #P50.01 with respect
to LPS+SPNO.
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Results

HO-1 and COX-2 induction

The time- and dose-dependent induction of HO-1 was

studied in the presence of two NO donors. Figure 1a shows
the increase in HO-1 protein following the addition of
250 mM SPNO, where maximal expression occurred after 4 ±

12 h of incubation and decreased at 24 h. A similar pattern
was observed with SNAP (data not shown). Figure 1b shows
the HO-1 expression in response to NO donors, which was
dose-dependent with a higher potency for SPNO. This

compound releases higher amounts of NO compared to
SNAP at 6 h. This is re¯ected in the accumulation of nitrite
in the culture medium, which was 118.4+8.7 and

73.0+6.3 mM (mean+s.e.mean, n=6) for 250 mM SPNO
and 500 mM SNAP, respectively. In these cells, LPS
(1 mg ml71) acted as a weak inducer of HO-1 but it

increased the induction of HO-1 by SPNO (Figure 2).
Western blot analysis of whole cell lysates indicated that
COX-2 was weakly induced in these cells by SPNO and this
e�ect was potentiated by LPS at 6 h (Figure 3).

Characterization of enzyme induction

The in¯uence of endogenous NO production on the
individual e�ects of SPNO and LPS, as well as on the

synergy exhibited by coincubation of cells with both agents,
was assessed by using the NOS inhibitor L-NMMA. This
compound slightly attenuated the expression of HO-1

induced either by LPS or SPNO, but it reduced the synergy

on HO-1 and COX-2 expression in a signi®cant manner
(Figures 2 and 3). To assess the role of oxidative stress, cells

were preincubated with deferoxamine (50 mM), superoxide
dismutase (50 u ml71) or N-acetylcysteine (20 mM) for 30 min
and then treated with the NO donor or LPS for 6 h. Only N-

acetylcysteine prevented HO-1 induction and the results with
this antioxidant are shown in Figure 4. Moreover, the
induction of HO-1 by coincubation with LPS+SPNO was
inhibited by N-acetylcysteine in the same conditions as above

and to a similar extent. In contrast, antioxidants did not exert
any e�ect on COX-2 expression induced by SPNO, LPS or
SPNO+LPS (data not shown).

PGE2 production

In cells treated with NO donors only, PGE2 levels accumulated
in the medium were increased in a dose-dependent manner
after 6 or 18 h of incubation, with a higher e�ect for SNAP

(Figure 5). When cells were treated with LPS for 6 h or 18h,
coincubation with SNAP only a�ected PGE2 accumulated in
the medium at a high concentration (1 mM), whereas SPNO at
lower concentrations reduced the release of this eicosanoid at

18 h. For COX activity in intact cells (Figure 6), an increase in
basal activity was observed in cells treated with SNAP and to a
lesser extent, with SPNO. Nevertheless, only the latter

compound inhibited COX activity in LPS-stimulated cells.

Figure 4 E�ect of N-acetylcysteine (NAC) on the induction of HO-1
by SPNO, LPS or SPNO-LPS. NAC (20 mM) was incubated alone or
in the presence of SPNO (250 mM), LPS (1 mg ml71) or both for 6 h.
(a) Western blot; (b) HO-1 band intensity (fold of control based on
arbitrary units, mean+s.e.mean, n=4). **P50.01 with respect to
control; #P50.01 with respect to LPS+SPNO; +P50.05 with
respect to LPS; ++P50.01 with respect to SPNO. Figure 5 (a) E�ect of NO donors on PGE2 levels accumulated in the

incubation medium at 6 h. SNAP or SPNO was incubated at
di�erent concentrations either with unstimulated cells (basal) or in
the presence of LPS (1 mg ml71). (b) E�ect of NO donors on PGE2

levels accumulated in the incubation medium at 18 h in the same
conditions. *P50.05; **P50.01. The data are the mean+s.e.mean
of six experiments.
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E�ect of inhibitors of HO-1 and NOS on PGE2 release/
COX-2 activity

Either control cells or cells treated with LPS for 6 h, released

no detectable amounts of nitrite. Nevertheless after 18 h of
incubation with LPS nitrite levels raised up to 21.6+3.8 mM
(mean+s.e.mean, n=10). To assess the interaction among
HO-1, COX-2 and iNOS activation, inhibitors of each enzyme

were tested. Coincubation of cells with LPS (1 mg ml71) and L-
NMMA (1 mM) for 18 h strongly reduced nitrite levels
(3.5+0.2 mM; mean+s.e.mean, n=6; P50.01) and exhibited

no e�ect on PGE2 levels (7.2+0.7 ng ml71, n=6). On the
other hand, coincubation of NIH 3T3 cells with LPS and the
HO inhibitor ZnPPIX (1 mM) for 18 h, did not modify nitrite

levels (19.5+2.1 mM, n=6), but strongly reduced PGE2

accumulated in the medium (0.6+0.2 compared to
7.7+0.6 ng ml71 PGE2, n=6, for LPS alone, P50.01). COX

activity in intact cells was also inhibited by ZnPPIX
(3.6+0.6 ng ml71 compared to 14.7+0.3 ng ml71 PGE2,
n=6, for LPS alone, P50.01). This e�ect did not depend on
inhibition of COX-2 expression since this drug was unable to

modify COX-2 expression induced by LPS (data not shown).
To determine if ZnPPIX exerted direct inhibitory e�ects on
COX-2 enzymatic activity, this drug was incubated with

immunoprecipitated COX-2, as indicated in the Methods

section. A weak inhibition of COX-2 activity was observed in
the presence of 1 mM ZnPPIX (PGE2 production in this group
was 35.5+0.5 ng ml71 with respect to 51.2+2.4 ng ml71 in

control incubations, n=5, P50.01), likely due to competition
with haem.

E�ect of COX inhibitors on HO-1 expression and nitrite
formation

We next examined the response of NIH 3T3 cells to NO

donors in the presence of NSAIDs and found that some
NSAIDs exhibited a synergy with respect to HO-1 induction.
As can be seen in Figure 7, NSAIDs alone did not induce HO-

1, but costimulation with SPNO or SNAP and COX inhibitors
indomethacin, NS398 or SC58125 at concentrations in the
micromolar range, increased by two to three times protein

expression. In contrast, ¯urbiprofen did not show any e�ect.
As expected, PGE2 levels were e�ectively inhibited by all
NSAIDs either in the presence of NO donors or LPS in the

conditions indicated in Figures 5 and 6 (data not shown).
Nevertheless, addition of 1 mM PGE2 (Figure 8) or 10 nM (data
not shown) did not prevent the e�ect of NSAIDs on HO-1
expression. A potentiation in the induction of COX-2 was

observed in cells incubated with SPNO+SC58125 (Figure 9).
Addition of PGE2 did not signi®cantly a�ect this synergy
similarly to HO-1 expression, and PGE2 alone induced COX-2

expression (Figure 9).

Figure 6 (a) E�ect of NO donors on COX activity after 6 h
incubation. SNAP or SPNO was incubated at di�erent concentra-
tions either with unstimulated cells (basal) or in the presence of LPS
(1 mg ml71). The medium was then removed and cells were washed
with Hank's bu�er. After addition of arachidonic acid (10 mM),
incubation proceeded for 30 min and PGE2 was measured in
supernatants. (b) E�ect of NO donors on COX activity in intact
cells after 18 h incubation in the same conditions. *P50.05;
**P50.01. The data are the mean+s.e.mean of six experiments.

Figure 7 E�ect of COX inhibitors on HO-1 expression induced by
NO donors. Cells were incubated in the absence or presence of
indomethacin (I, 1 mM), ¯urbiprofen (F, 10 mM), NS398 (NS, 10 mM)
or SC58125 (SC, 25 mM) for 30 min, prior to the addition of 500 mM
SNAP or 125 mM SPNO followed by 6 h incubation. (a) Western
blot; (b) HO-1 band intensity (fold of control based on arbitrary
units, mean+s.e.mean, n=3 for SNAP and n=5 for SPNO).
+P50.05, ++P50.01 with respect to SNAP alone; **P50.01
with respect to SPNO alone.
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Discussion

The present study shows that (i) exogenous or endogenous NO
induces HO-1 in NIH 3T3 ®broblasts; (ii) a synergy for the

inductive e�ects of NO donors and LPS on HO-1 and COX-2
protein expression is present and the mechanisms involved do
not seem to depend on the production of oxidative stress but on

endogenous NO; and (iii) selective or nonselective COX
inhibitors upregulate HO-1 expression induced by NO.
Expression of HO-1 by NO donors or LPS presents common

features since the production of oxidative stress may be
involved in the mechanism of action of both agents on HO-1,
but not in COX-2, as observed in our experiments using NIH
3T3 ®broblasts. NO could interact with cellular oxidants to

formmore reactive species able to induce oxidative stress, which
would result in the induction of HO-1 as part of a putative
protective mechanism. These results extend previous observa-

tions in other systems, since participation of oxidative stress in
the induction of HO-1 by NO has been described in vascular
smooth muscle cells (Harts®eld et al., 1997), whereas in

endothelial cells, NO stabilization by thiols through formation
of S-nitrosothiols has been suggested as a mechanism
modulating the e�ect of NO (Foresti et al., 1997). Alternatively,

the release of haem by NO might play a role in the induction of
HO-1 in some cells such as hepatocytes (Kim et al, 1995). In this
regard, transcriptional activation of HO-1 gene by LPS through
an oxidative pathway has been described in mouse M1 cells via

NFkB (Kurata et al., 1996) and in macrophages by AP-1-
dependent transcription (Camhi et al., 1998).

Interestingly, our data show for the ®rst time, that some

COX inhibitors upregulate HO-1 expression induced by NO. A

previous report on rat mesangial cells indicate the potentiating

e�ect of indomethacin on HO-1 mRNA expression induced by
heat shock, phorbol ester or interleukin-1b, by a mechanism
related to inhibition of PGE2 production (Tetsuka et al., 1995).

Nevertheless, we have demonstrated in NIH 3T3 ®broblasts a
synergy for HO-1 induction by NO and SC58125 or NS398,
which are selective COX-2 inhibitors, as well as with

indomethacin, a nonselective COX-1/COX-2 inhibitor. In
contrast, ¯urbiprofen, a nonselective COX-1/COX-2 inhibitor
did not exert a signi®cant e�ect although it strongly inhibited

PGE2 production in all the conditions tested. All these NSAIDs
did not induce HO-1 alone and the potentiation by these drugs
of NO-induced HO-1 expression was not reverted by PGE2

addition. Thus, NSAIDs may possibly facilitate HO-1

induction of NO by means of a mechanism independent of
PGE2 production, although a possible role for other products
of COX-2 activity or arachidonic acid metabolites cannot be

discarded. In addition, we have shown in NIH 3T3 ®broblasts
that NSAIDs and NO donors may synergize to a lesser extent,
to induce COX-2 expression, also independently of PGE2

production. One possibility is that NSAIDs act directly and
independently of PGE2 production on the transcription of HO-
1 or COX-2. Recently, an example of COX-2 induction by

NSAIDs was reported in human colon cancer cell lines, where
some NSAIDs, fatty acids and some ligands of peroxisome
proliferator-activated receptor (PPAR) induced COX-2 tran-
scription (Meade et al., 1999). HO-1 transcription by PPAR

ligands was also demonstrated in stimulated macrophages
(Colville-Nash et al., 1998). Further investigations are required
to know the mechanisms of action of these NSAIDs on HO-1

induction and whether this e�ect is of relevance in vivo.

Figure 8 E�ect of PGE2 on the synergy in HO-1 expression by
SPNO and SC58125. Cells were pretreated with SC58125 (SC, 25 mM)
for 30 min and then incubated in the presence or absence of SPNO
(250 mM) and/or PGE2 (1 mM) for 6 h. (a) Western blot; (b) HO-1
band intensity (fold of control based on arbitrary units, mean+
s.e.mean, n=4). **P50.01 with respect to control; #P50.01 with
respect to SPNO.

Figure 9 E�ect of PGE2 on the synergy in COX-2 expression by
SPNO and SC58125. Cells were pretreated with SC58125 (SC, 25 mM)
for 30 min and then incubated in the presence or absence of SPNO
(250 mM) and/or PGE2 (1 mM) for 6 h. (a) Western blot; (b) COX-2
band intensity (fold of control based on arbitrary units, mean+
s.e.mean, n=4). **P50.01 with respect to control; #P50.01 with
respect to SPNO.
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We have shown a dual e�ect of exogenous NO on PGE2

accumulation and COX activity in NIH 3T3 ®broblasts. In
cells not treated with LPS there is a low level of COX-1 (Reddy

& Herschman, 1994) and after incubation with NO donors,
basal levels of PGE2 were increased accompanied by a weak
induction of COX-2 protein. Since all NSAIDs were able to
inhibit COX activity at the same level reached by the COX-2

inhibitors SC58125 or NS398, it is very likely that COX-2 is
responsible for the major PGE2 production induced by NO
donors, in our experimental conditions. In addition, an

increase in PGH2/PGE2 isomerase activity by exogenous NO
is possible and it has been reported earlier in this cell line
(Kelner & Uglik, 1994). Nevertheless, in the presence of LPS,

where COX-2 was strongly induced and PGE2 levels are
produced by COX-2 activity (Reddy & Herschman, 1994),
there is a potentiation in protein expression by NO donors and

LPS, without an increase in PGE2 levels, indicating that NO
treatment may lead to partial decrease in enzyme activity. It is
known that NO can interact with haem groups, Fe-S clusters
etc. NO or most likely products of reaction with oxygen or

iron, form complexes such as the iron-nitrosyl complex that
can modify thiol groups of enzymes. S-nitrosylation or
nitration of proteins can result in modi®cation of signalling

pathways or COX activity (KroÈ ncke et al., 1997).
Our ®nding that an inhibitor of HO-1 activity strongly

reduces PGE2 production would indicate a possible relation-

ship between both enzymes in this cell line. Although this drug
weakly inhibits COX-2 activity, this represents only a small
contribution to the strong inhibitory e�ect of ZnPPIX on

PGE2 production in intact cells, thus suggesting that HO-1
activity would generate some mediator increasing COX
activity. Our results indicated an e�ect of this HO-1 inhibitor

independent of protein expression, in contrast to the increased
COX-2 expression observed after treatment of endothelial cells
with a di�erent inhibitor of HO-1 activity (Haider et al., 1999).

In comparison with the e�ect of NO donors, the

endogenous release of NO by LPS-stimulated ®broblasts is
low, as well as the induction of HO-1. In in¯ammatory
conditions, apart from their endogenous NO synthesis,

®broblasts can be exposed to high ¯uxes of NO by adjacent
activated cells such as macrophages, neutrophils or endothelial
cells which also secrete reactive oxygen species able to react

with NO yielding other reactive species. It is thus likely the
cooperation of factors to induce HO-1 and our results indicate
a positive regulation by NSAIDs. De®nition of signalling

pathways governing HO-1 synthesis may indicate novel
pharmacological interventions for the treatment of in¯amma-
tory states.
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