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1 Nitric oxide (NO) regulates cyclo-oxygenase (COX) activity in various cell systems and reports
con¯ict in regard to its stimulatory versus inhibitory role. Incubation of human umbilical vein
endothelial cells (HUVEC) with SIN-1 (3-morpholinosydnonimine), a donor of NO, resulted in a
rapid and dose-dependent increase in the expression of COX-2 as analysed by Western and
Northern blotting.

2 Incubation of HUVEC with SIN-1 and interleukine (IL)-1a resulted in increased induction of
COX-2 compared with IL-1a alone and corresponded to an additive e�ect. The COX-2 induction
was dependent on a de novo synthesis since cycloheximide, an inhibitor of protein synthesis, blocked
the enzyme expression. The increase in COX-2 expression was not accompanied by a corresponding
change in prostaglandin (PG) production. However, the COX activity was partially recovered when
immunoprecipitated COX-2 was incubated with arachidonic acid and haematin.

3 Peroxynitrite, a highly reactive nitrogen molecule derived from the interaction of NO and
superoxide anion, signi®cantly increased COX-2 expression. Under these conditions and within the
limit of detection of the antibody, selective antibody for nitrotyrosine failed to detect nitrated COX-
2 in immunoprecipitated COX-2 when cells where incubated with SIN-1 or SIN-1+IL-1a.
4 Ro 31-8220, a speci®c inhibitor of protein kinase (PK) C, blocked the induction of COX-2. Also,
SB203580, the selective inhibitor of p38 MAP kinase, strongly blocked the induction of COX-2 by
SIN-1 in the presence or absence of IL-1a, whereas the MEK-1 inhibitor, PD 98059, a�ected it to a
lesser extent. These data demonstrate that SIN-1 induces COX-2 in HUVEC in the absence of PG
formation and suggest a complex regulation of COX-2 expression and PG formation by NO in
endothelial cells.
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Introduction

Prostacyclin, (prostaglandin, PG, I2) is a potent vasodilator

and anti-aggregatory substance and is rapidly synthesized
upon receptor-mediated stimulation of endothelial cells. This
involves release of arachidonic acid by phospholipases and

transformation into PGG2 and PGH2 via a cyclo-oxygenase
(COX) and further into PGI2 via a PGI2 synthase (Smith,
1992). Although one of the main limiting rates in PG

synthesis relates to phospholipases, recent studies have
demonstrated that modulation of expression of COX is an
important regulatory step (Smith & Dewitt, 1996).

Two di�erent isoforms of COX have been demonstrated in
mammalian cells: COX-1 which is constitutively expressed in
a variety of cells such as platelets, vascular cells, ®broblasts
or epithelial cells, and COX-2 which is an inducible enzyme

and product of a primary response gene (Kujubu et al., 1991;

O'Banion et al., 1991). After activation of vascular cells by
cytokines, growth factors or mitogens, COX-2 is rapidly
expressed (i.e. 1 ± 2 h) resulting in an enhanced capacity of

cells to generate PG (Jones et al., 1993).
Nitric oxide (NO) is involved in a wide range of biological

functions, such as smooth muscle relaxation, neurotransmis-

sion, and in¯ammation (Moncada et al., 1991; Nathan, 1992;
Schmidt & Walter, 1994). One of the recognized targets of
NO is the soluble form of guanylate cyclase, a haeme-protein

whose activity is increased by binding of NO to the haeme
moiety of the enzyme (Bredt & Snyder, 1994; Knowles &
Moncada, 1994; Moncada et al., 1991). The subsequent
increase in intracellular cyclic GMP can then modulate

cellular functions including platelet activation/adhesion and
vascular tone (Busse et al., 1987). NO is also able to react
with oxygen, transition metals, and superoxide anions to

generate various redox forms responsible for secondary
oxidative stress. Certain redox-activated forms of NO can
react with thiol moieties or protein and modify their activity
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(Stamler, 1994; Stamler et al., 1992). COX is a haeme-protein
(Dewitt et al., 1990) that possesses two biochemically and
structurally distinct active sites, a cyclo-oxygenase and a

peroxidase. The haeme prosthetic group is absolutely
required for both activities (Ogino et al., 1978). NO has also
been found to modulate prostaglandin (PG) production in
di�erent experimental models and cells in culture, although

contradictory results have been reported. Salvemini et al.
(1993) reported that NO activates PG production in LPS-
treated Raw 264.7, a mouse macrophage cell line. This

positive modulation was subsequently found in other cellular
models (Davidge et al., 1995; Franchi et al., 1994; Rettori et
al., 1992; Salvemini et al., 1994; Sautebin et al., 1995;

Watkins et al., 1997).
At the same time, NO has been shown both to inhibit or to

have no e�ect on PG formation and COX-2 expression

(Curtis et al., 1996; Honda et al., 2000; Minghetti et al., 1996;
Stadler et al., 1993; Swierkosz et al., 1995). Moreover, data
obtained with puri®ed or recombinant COX-1 or COX-2 are
equally con¯icting (Salvemini et al., 1995a; 1996; Tsai et al.,

1994; Upmacis et al., 1999).
In the present study, we have explored the e�ects of SIN-1

on the expression of COX and PG production by endothelial

cells. SIN-1 induced a rapid expression of COX-2 protein
similarly to IL-1a. COX-2 protein induced by SIN-1 was
devoid of enzyme activity in contrast to the one expressed in

the presence of IL-1a.

Methods

Cell culture

HUVEC were prepared according to the method of Ja�e with
some modi®cations (Ja�e et al., 1973). Passaged cells were
subcultured into gelatin-coated plates (Corning, NY, U.S.A.);

they were seeded at 66103 cm72 and grown to subcon¯uence
in M199 culture medium containing 10% normal human
serum and supplemented with heparin and endothelial cell

growth supplement (ECGS), as described previously (Habib
et al., 1993). Heparin and ECGS were removed 48 h prior to
stimulation.

Cell incubations and prostaglandin production

HUVEC at ®rst passage were incubated with di�erent stimuli for

6 h in M199 culture medium containing 0.75% albumax I and
1% foetal bovine serum (FBS). To evaluate COX activity, cells
were washed in Hanks' bu�er pH 7.4 containing 1 mg ml71

bovine serum albumin (BSA) and incubated for 30 min in the
same bu�er with 10 mM arachidonic acid. In some experiments,
PGl2 synthase activity was evaluated by incubating the cells with

1 mM PGH2. The supernatants were collected and the stable
metabolite of prostacyclin, 6-keto-PGF1a, was measured using
enzyme immunoassay (EIA) with acetylcholinesterase-labelled
6-keto-PGF1a as tracer (Pradelles et al., 1985).

Western blot analysis

After incubation, monolayers of HUVEC in 35-mm well
plates (2 ± 36105 cells well71) were washed twice in PBS,
lysed and scraped in Tris/HCl bu�er pH 6.8 (4% SDS

20 mM, DTT 0.5 mM, 20% glycerol, EDTA 1 mM, leupeptin
1 mg ml71, soybean trypsin inhibitor 10 mg ml71, pefabloc
0.5 mM and benzamidine hydrochloride 1 mM).

Protein content was determined by a micro-bicinchoninic
acid assay (Pierce, Rockford, IL, U.S.A.) with BSA as
standard. SDS ±PAGE analysis was performed using 30 mg
proteins of cell lysate (CreÂ minon et al., 1995; Habib et al.,

1993). One monoclonal antibody mAb (COX-229) and two
speci®c mAbs (COX-110 and COX-111) were used for COX-
2 and COX-1 analysis, respectively (CreÂ minon et al., 1995).

MAb directed against b-actin was used to check equal
loading of protein. Blots were further incubated with donkey
anti-mouse IgG conjugated to horseradish peroxidase

(Jackson Immunoresearch, West Grove, PA, U.S.A.) at 1/5000
for 1 hour at room temperature. ECL-chemiluminescence
substrates were used to reveal positive bands visualized after

exposure to Hyper®lmTM ECL (Amersham Pharmacia Biotech.,
Les Ulis, France). Densitometric analyses of COX-2 protein
bands were performed using an Agfa Arcus II1 scanner
coupled to Sigma Gel software1 (SPSS, Chicago, IL, U.S.A.).

Immunoprecipitation of COX-2

HUVEC in a 100-mm culture dish (approximately 4.56106

cells) were incubated for 6 h in the presence or absence of
SIN-1 and IL-1a and then lysed in solubilization bu�er

(Hecameg1 20 mM, Tris/HCl pH 8 50 mM containing EDTA
1 mM and benzamidine 1 mM). The lysates were immediately
frozen and kept at 7708C until processing. COX activity was

assessed after selective immunoprecipitation of COX-2 using
speci®c monoclonal anti-COX-2 peptide antibody coupled to
sepharose-CL4B, as described previously with some modi®ca-
tions (Habib et al., 1997). Brie¯y, after selective immunopre-

cipitation of COX-2, the immunoprecipitates were
resuspended in Tris HCl pH 8.0 50 mM containing phenol
1 mM and BSA 1 mg ml71. After 1 min pretreatment at 378C
with 1 mM haematin, the reaction was initiated by the
addition of 25 mM arachidonic acid. After 10 min incubation,
the reaction was stopped by adding 1 vol of ice-cold EIA

bu�er and the mixture was centrifuged for 1 min at
5000 6 g. PGE2, the breakdown product of PGH2 in this
reaction, was measured in the supernatant by EIA. The
immunoprecipitates were washed ®ve times with 0.5 ml lysis

bu�er and mixed with Laemmli reagent under reducing
conditions. Western blotting was then performed using mAb
for COX-2 as described above.

Immunofluorescence studies

Cells grown in 35-mm culture dishes were incubated for 6 h
in the presence or absence of SIN-1 or IL-1a or both. After
two washings with PBS, cells were ®xed in 2% paraformal-

dehyde in PBS and permeabilized with saponin (0.1%) for
5 min at room temperature. Subsequent washings and
antibody incubations were done in PBS containing 0.1%
saponin. After 30 min blocking of non-speci®c binding with

PBS containing 5% BSA, cells were incubated for 1 h at 378C
with 1/50 dilution of the mAb COX-229 followed by two
brief washes. Cells were further incubated for 30 min at room

temperature with donkey anti-mouse IgG-coupled to Texas
Red (1 : 20) (Amersham Pharmacia Biotech.). For negative
controls, the same procedure was performed either without
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adding the primary antibody or after reaction of the primary
anti-COX-2 antibody with 10 mg of its cognate peptide.
Under these conditions, no signi®cant signals were detected.

Microscopy was conducted on a Leica ¯uorescence micro-
scope (Bu�alo, NY, U.S.A.).

RNA extraction and Northern blot analysis

HUVEC in 100-mm culture dishes (approximately 4.56106

cells) were incubated for 6 h under the indicated conditions

and washed once with PBS. Total RNA was extracted with
Trizol according to the manufacturer's instruction. Twenty
mg of total RNA was fractionated on a formaldehyde/

MOPS/EDTA/agarose gel (1%). RNA was transferred to
reinforced nitrocellulose and cross-linked by means of u.v.
irradiation. The cDNA probes used were a 2-Kb human

COX-2 cDNA fragment (Jones et al., 1993) and a b-actin
cDNA fragment (Clontech Laboratories Inc, Palo Alto, CA,
U.S.A.) and were labelled using a Ready-to-Go kit
(Amersham Pharmacia Biotech.). Membranes were ®rst pre-

hybridized for 4 h and then hybridized for 18 h with the
COX-2 probe (106 c.p.m. ml71) in 50 mM Tris/HCl bu�er,
pH 7, containing 50% formamide, 106Dernhardt's solution,

1 M NaCl, 1% SDS, 5% dextran sulphate, 0.1% pyropho-
sphate and 100 mg ml71 salmon sperm DNA. Blots were
hybridized overnight at 428C with the labelled cDNA in the

same bu�er. Membranes were washed twice for 10 min with
26SSC/0.1 SDS at room temperature, twice in 16SSC/0.1
SDS at 608C and once in 0.16 SSC/0.1 SDS at 608C. For b-
actin detection, membranes were hybridized with
0.56106 c.p.m. ml71 of the b-actin probe. Signals were
quanti®ed using a Fuji Bio-imaging analyser (Fuji, Tokyo,
Japan) and the results were expressed as the ratio of COX-2/

b-actin.

Statistics

Data are expressed as means+s.e.mean. Di�erent parameters
were evaluated by one-way ANOVA or an unpaired t-test.

Materials

Arachidonic acid, bovine serum albumin (fraction V),

cycloheximide, haematin, leupeptin, b-mercaptoethanol,
monoclonal anti-b-actin antibody, PMA and 8-bromo-cyclic
GMP were from Sigma Aldrich (St Louis, MO, U.S.A.). SB

203580 and PD 98059 were from Calbiochem (La Jolla CA,
U.S.A.). PGH2 was from Cayman Chem. (Ann Arbor MI,
U.S.A.). SIN-1 was a kind gift of Dr J. Winicki (Hoechst,

France). Molsidomine was from Biomol Research Labora-
tories Inc. (Plymouth Meeting, PA, U.S.A.). 8-pCPT-cyclic
GMP [8-(-4-chlorophenylthio) guanosine-3',5'-cyclic mono-

phosphate] was from Biolog Science Institute (Bremen,
Germany). Recombinant human IL-1a and TNFa were
obtained from Genzyme (Cambridge, MA, U.S.A.). Albumax
I, Trizol and cell culture reagents were from Life

Technologies Inc. Ltd (Paisley, Scotland). Hecameg was
from Vegatec (Villejuif, France). Peroxynitrite and mAb
speci®c for nitrotyrosine were from Upstate Biotech. Inc

(Lake Placid, NY, U.S.A.). Electrophoresis reagents were
from Bio-Rad (Richmond, CA, U.S.A.) and chemical
products from Prolabo (Paris, France).

Results

Induction of COX-2 by Sin-1

SIN-1 dose-dependently induced the expression of COX-2 in
HUVEC, as detected by a speci®c monoclonal antibody
(Figure 1a). COX-2 induction was observed at concentrations

as low as 0.1 mM with maximal expression at 1 mM. COX-1
expression, instead, was not modi®ed by SIN-1 (Figure 1a).
Molsidomine, the inactive precursor drug of SIN-1, did not

induce COX-2 (Figure 1a). Induction of COX-2 by SIN-1
was rapid and was detected after 1 h of incubation, with a
maximum at 4 ± 6 h (Figure 1b).

COX-2 induction by SIN-1 was also detected by immuno-
¯uoresence analysis using the COX-2 antibody. When
compared to unstimulated cells (Figure 2a), COX-2 was

signi®cantly increased in HUVEC incubated with SIN-1 for
6 h (Figure 2b) and this increase was comparable to that
obtained in the presence of IL-1a (Figure 2c). Treatment of
HUVEC with IL-1a+SIN-1 further induced COX-2 staining

(Figure 2d). Figure 3a shows that SIN-1 alone and in
combination with IL-1a increases COX-2 expression, as
assessed by Western blot analysis, compared with unstimu-

lated cells or cells treated with IL-1a alone. Densitometric
analysis of the autoradiograms was achieved as described in
Methods and the results are illustrated in Figure 3b, which

shows that SIN-1 alone induced a 5.7+1.0 (n=14) times
increase in COX-2 compared with unstimulated cells. SIN-
1+IL-1a increased COX-2 expression by 25.3+5.3 times

(n=14) (Figure 3b). SIN-1 (0.1 and 1 mM) increased also
COX-2 expression induced by TNFa or PMA (Figure 4).
The upregulation ofCOX-2 by SIN-1 alone or in combination

with IL-1awas compared with PG formation andCOX activity.

No statistically signi®cant di�erencewasobserved betweenSIN-
1 treated and untreated cells (1.74+0.22 ng ml71 for SIN-1
treated versus 1.05+0.16 ng ml71 for untreated, mean+s.e.-

mean, n=14) in the release of 6-keto-PGF1a. IL-1a, instead,
markedly increased the levels of 6-keto-PGF1a accumulated in

Figure 1 Dose and time-dependent expression of COX-2 by SIN-1.
HUVEC were incubated for 6 h with di�erent concentrations of SIN-
1 or Molsidomine, the inactive precursor of SIN-1. COX-2 and
COX-1 expression was evaluated by Western blot analysis using
speci®c antibody for each isoform. (a) E�ect of increasing
concentrations of SIN-1 on COX-2 and COX-1 protein. Molsido-
mine, the inactive precursor of SIN-1, was tested on COX-2
expression. (b) Time-course of COX-2 induction by SIN-1. Results
are representative of three di�erent experiments.
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the medium (4.64+0.95 ng ml71), but SIN-1 did not exert

additional e�ects (5.2+0.75 ng ml71).
Moreover, SIN-1 failed to increase COX-2 activity also

when cells were incubated with excess exogenously added

arachidonate, both in the absence or presence of IL-1a
(Figure 3c). Thus the modi®cations in the expression of
COX-2 induced by SIN-1 contrasted with the absence of

modi®cations of the cyclo-oxygenase activity.
Since NO donors have been reported to a�ect the activity

of prostacyclin synthase, we assessed the PGI2 synthase

activity by adding to the cells exogenous PGH2, the substrate
of PGI2 synthase, and measuring the amount of 6-keto-
PGF1a. Neither SIN-1 alone nor SIN-1+IL-1a modi®ed
prostacyclin synthase activity (90+16, 80+17 and

92+17 ng ml71, for unstimulated cells, SIN-1 and SIN-
1+IL-1a respectively, n=3).
These data suggest that in HUVEC the SIN-1 induced

expression of COX-2 devoid of enzyme activity, as inferred
from the absence of modi®cations in the production of PG.

Recovery of enzyme activity in immunoprecipitates

We then addressed the question whether COX activity could
be recovered after isolation of the enzyme by immunopreci-

pitation. To this end, the enzyme activity was assessed after
immunoprecipitation of COX-2 from cells incubated with
SIN-1 alone or with IL-1a. In this assay, arachidonic acid

was added in the presence of haematin to restore the
prosthetic group. The levels of PGE2, which re¯ect the
formation of PGH2, the product of COX activity, were

measured. As shown in Figure 5a, PGE2 levels were
signi®cantly greater when cells were treated with SIN-1.
Similarly, SIN-1+IL-1a elicited higher levels of PGE2

compared to IL-1a alone. Western blot analysis of the
immunoprecipitated COX-2 showed the induction of COX-2
by SIN-1 (Figure 5b), as described to occur in total cell
lysates (Figure 3a).

Nitrosylation of protein on the tyrosine residues has been
proposed as one of the mechanisms of action of NO and its
derivatives. Therefore, we assessed whether the COX-2

induced by SIN-1 was tyrosine nitrated. Using speci®c
antibodies raised against nitrotyrosine, we were unable, in
our experimental conditions and within the limit of detection
of the antibodies, to show that immunoprecipitated COX-2

was tyrosine nitrated (data not shown).

Characterization of the SIN-1-dependent COX-2
induction

Cycloheximide, an inhibitor of protein synthesis, suppressed

the induction of COX-2 by SIN-1 in the absence or presence
of IL-1a, PMA or TNFa (data not shown), suggesting that
SIN-1 induced de novo synthesis of the protein. Moreover,

Northern blot analysis showed that SIN-1 increased basal
and IL-1a-dependent COX-2 mRNA levels (Figure 6).

To determine whether activation of guanylate cyclase and
cyclic GMP by NO played a role in the induction of COX-2,

we evaluated the e�ect of 8-bromo-cyclic GMP and 8-pCT-

Figure 2 Immuno¯uorescence analyses of COX-2 in HUVEC
exposed to SIN-1 and/or IL-1a. Cells were treated as described in
the legend of Figure 1 and further processed as described in the
Methods section. (a) Unstimulated cells, (b) 1 mM SIN-1, (c)
25 u ml71 IL-1a, (d) 1 mM SIN-1+25 u ml71 IL-1a. Magni®ca-
tion6250.

Figure 3 E�ect of SIN-1 and IL-1a on COX-2 expression and COX
activity in HUVEC. (a) COX-2 expression was analysed after 6 h
incubation in the absence (control) or presence of 1 mM SIN-1 and/
or 25 u ml71 IL-1a as indicated in the legend of Figure 1. This
Western blot represents 14 similar experiments. (b) The COX-2 signal
was quantitated by densitometric analysis and results are expressed as
6-fold increase over unstimulated cells (control). (c) COX activity
was assayed in HUVEC after 6 h incubation with 1 mM SIN-1 and/
or 25 u ml71 IL-1a. Cells were incubated in the presence of 10 mM
arachidonic acid for 30 min. 6-keto-PGF1a concentration was
determined in the supernatant by EIA. Data are expressed as
mean+s.e. of 14 experiments. Statistical analysis was performed by
means of Student's unpaired t-test (*P50.05 with respect to IL-1a).
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cyclic GMP, a PDE-resistant cyclic GMP analogue, on COX-
2 expression. Both analogues failed to mimic the e�ect of
SIN-1 (Figure 7).

Next, we tested the e�ect of peroxynitrite on the induction
of COX-2. SIN-1 has been demonstrated to release very
rapidly superoxide and NO which react to form the highly
oxidant substance, peroxynitrite. Figure 8 shows that 0.5 ±

1 mM peroxynitrite was able to induce COX-2, although to a
lesser extent with respect to SIN-1. These data suggest that
the formation of peroxynitrite could account at least partially

for the observed induction of COX-2 exerted by SIN-1.
Finally we evaluated some aspects of SIN-1 induced

signalling relative to COX-2 expression. In particular we

assessed the potential role of some protein kinases in this
e�ect. PKC represents an important signalling pathway
required for the expression of COX-2 induced by a variety

of stimuli. The PKC inhibitor Ro 31-8220 suppressed the
induction of COX-2 by SIN-1 alone or in the presence of IL-
1a (Figure 9). Moreover, prolonged incubation (18 h) of cells
with PMA, described to downregulate PKC, lead to

inhibition of the SIN-1- and/or IL-1a-dependent induction
of COX-2 (data not shown).

Exposure of cells to SB203580, a speci®c p38 kinase

inhibitor, abolished the expression of COX-2 induced by
SIN-1 or IL-1a, whereas the MEK inhibitor PD98059
partially inhibited COX-2 induction by SIN-1 (Figure 9).

Figure 4 E�ect of SIN-1 on COX-2 expression in the presence of
di�erent endothelial cell activators. HUVEC were incubated for 6 h
with two di�erent concentrations of SIN-1 in the absence or presence
of 5 nM PMA, 25 u ml71 IL-1a or 100 u ml71 TNFa. COX-2
expression was evaluated as indicated in the legend of Figure 1. The
e�ect of TNFa was studied in a di�erent set of experiments. Results
are representative of three di�erent experiments.

Figure 5 Recovery of COX-2 activity in immunoprecipitates. Cells
were incubated for 6 h in the absence (control) or presence of 1 mM

SIN-1 and/or 25 u ml71 IL-1a as indicated in the legend of Figure 1.
(a) COX-2 activity. COX-2 protein was immunoprecipitated using an
immunoa�nity column of monoclonal antibody selective for COX-2
and COX activity was assayed by incubating the immunoprecipitated
proteins with 25 mM of arachidonic acid and haematin as described in
the Methods section. After 15 min of incubation, the reaction was
stopped and the PGE2, one of the metabolites of PGH2 was
measured in the supernatant by EIA. Results are expressed as
mean+s.e.mean of seven experiments. *P50.05 with respect to IL-
1a, unpaired t-test. (b) Detection of COX-2 protein after
immunoprecipitation. The immunoprecipitates were recovered in
Laemmli bu�er and assayed for COX-2 expression by Western blot
analysis. IgG corresponds to immunoglobulin recovered by im-
munoprecipitation.

Figure 6 Northern blot analysis of COX-2. Cells were incubated
with 1 mM SIN-1, and/or 25 u ml71 IL-1a for 6 h. COX-2 mRNA
levels were evaluated by Northern analysis as indicated in the
Methods section. Signals were evaluated by phosphoimager using
Fuji imaging-plate. (a) Northern blot analysis; (b) COX-2 signals
were quanti®ed relative to b-actin. Results are representative of four
di�erent experiments.
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Discussion

In a variety of in vivo or cell systems, NO has been reported
to modulate expression of COX-2 or the formation of PG.
Earlier studies by Salvemini et al. (1993) showed that LPS-

treated mouse macrophage cell lines exposed to NO synthase
inhibitors produced lower amounts of PG. This type of
modulation was found in other cellular (Davidge et al., 1995;

Franchi et al., 1994; Rettori et al., 1992; Sautebin et al., 1995;
Watkins et al., 1997) and animal models (Salvemini et al.,
1994; 1995b). Opposite e�ects, however, have been recently
reported in rat mesangial cells (Tetsuka et al., 1996), vascular

cells (Kosonen et al., 1998) or chondrocytes (Notoya et al.,
2000). We have recently shown that in rat macrophages
activated by lipopolysaccharide inhibition of NO synthase

enhanced the production of PG which paralleled by an
increase in COX-2 expression (Habib et al., 1997). These data
suggest that endogenous NO down-regulates the induction of

COX-2 in macrophages. This e�ect was also found in an in
vivo model of rats chronically treated with a NO synthase
inhibitor (Henrion et al., 1997). In in vitro COX assays

performed with puri®ed or recombinant COX, NO had no
clear e�ect on the ability of puri®ed COX to oxygenate
arachidonic acid (Upmacis et al., 1999), although some
studies have suggested the opposite (Tsai et al., 1994).

Indeed, interactions between NO and COX are more likely
to lead to inhibition than activation of the enzyme. A

possible explanation is the di�erences between experimental

conditions aimed to evaluate the direct e�ect of NO on
recombinant enzymes in simpli®ed systems where NO is
added to puri®ed COX and whole cell systems where NO

intermediates can be formed. Also, the e�ects of NO may
depend upon various factors, including the cell type, the type
of NO donor and the concentration of NO formed in the cell.

In the present study, we assessed the e�ect of SIN-1, a
potent NO donor, on cyclo-oxygenase activity and expression
in cultured HUVEC. Previous studies have shown that
incubation of HUVEC with two other NO donors, GEA

3175 and S-nitroso-N-acetylpenicillamine (SNAP), leads to
an inhibition of prostacyclin formation without modi®cation
of the expression of COX (Kosonen et al., 1998).

The most intriguing ®nding of the present study is the
absence of an increase in PG release or activity which can be
expected following the induction of COX-2 by SIN-1. The

enzyme activity of COX-2 was partially recovered following
immunoprecipitation of the enzyme. These results, together
with the demonstration by Kosonen et al. (1998) that COX-2 is

the enzyme responsible for the majority of the prostacyclin
produced in HUVEC, indicate that SIN-1 induces the synthesis
of an inactive form of COX-2. This inactive form is, however,
not irreversibly modi®ed, since the enzyme was active after

addition of haematin, a Fe-protoporphyrin source. Some non-
steroid anti-in¯ammatory drugs have been reported to induce

Figure 7 E�ect of cyclic GMP analogues on COX-2 expression.
HUVEC were incubated with 1 mM of 8-pCPT-cyclic GMP or 8-
bromo-cyclic GMP for 6 h. COX-2 expression was evaluated as
indicated in the legend of Figure 1. Results are representative of two
di�erent experiments.

Figure 8 Induction of COX-2 by peroxynitrite. HUVEC were
incubated with di�erent concentrations of peroxynitrite or 1 mM

SIN-1 for 6 h. COX-2 expression was evaluated as indicated in the
legend of Figure 1. Results are representative of three di�erent
experiments.

Figure 9 Involvement of kinases in COX-2 induction by SIN-1.
Cells were treated in the absence or presence of 3 mM of the PKC
inhibitor, Ro 31-8220, 10 mM of the p38MAP kinase inhibitor,
SB203580 or 25 mM of the MEK kinase inhibitor, PD98059, for
30 min prior to the addition of 1 mM SIN-1 and/or 25 u ml71 IL-1a
followed by 6 h incubation. COX-2 expression was evaluated by
Western blot analysis. Results are representative of three di�erent
experiments for Ro 31-8220 and two di�erent experiments for
SB203580 and PD98059.
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inactive COX-2 since the newly synthesized enzyme is
inactivated by the drug (Meade et al., 1999). In the case of
NO donors, one possibility is that SIN-1 modi®es the reserves

of haeme in the cell as described in endothelial cells by Juckett
et al. (1998) who have recently demonstrated that NO
nitrosylates intracellular free haeme in endothelial cells in
culture and forms NO complexes. This might result in an

impaired accessibility of the newly synthesized enzyme to
haeme. Also, NO can directly bind the haeme moieties of
haeme proteins, thereby causing the displacement or the

disruption of the axial ligand. The observation that the
production of 6-keto-PGF1a was identical when PGH2 was
added to cells ruled out any e�ect of SIN-1 on prostacyclin

synthase, althoughWade & Fitzpatrick (1997) have described a
modulation of the recombinant PGI2 synthase by di�erent
concentrations of NO. Recent results have shown that

induction of COX-2 may not always be accompanied by an
increased capacity of the cells to generate PG. Intracellular
localization of COX or availability of AA released by the
di�erent phospholipases, secreted or cyctoplasmic, have been

suggested to play an additional role in the regulation of the
formation of PG (Reddy &Herschman, 1997). Although SIN-1
is by no means an inducer of physiological relevance, it may

represent a useful tool in investigating the mechanisms by
which an increase in COX-2 content is not accompanied by a
concomitant variation in activity.

The induction of COX-2 by SIN-1 alone or in the presence
of IL-1a occurred in a time- and dose-dependent manner.
This induction was cyclic GMP-independent since the non-

hydrolyzed analogue of cyclic GMP, 8-pCPT-cyclic GMP,
did not induce COX-2 in these cells. In this respect, both
cyclic GMP-dependent and -independent expression of COX-
2 has been described and these apparent discrepancies might

be mainly related to di�erences in regulation of the redox
status according to cell type (Davidge et al., 1995; Salvemini
et al., 1993; Tetsuka et al., 1996).

Spontaneous decomposition of SIN-1, is accompanied by
virtually simultaneous release of superoxide and NO, which
immediately react with each other to generate the highly

reactive peroxynitrite (Goodwin et al., 1999; Hogg et al.,
1992). Also, superoxide is formed in cells after activation with
cytokines under some conditions and can interact with NO to
form peroxynitrite. In our cellular model, exogenous

peroxynitrite induced COX-2, albeit to a lesser extent than
SIN-1, suggesting a direct involvement of this compound in

COX-2 induction. Peroxynitrite has been reported to react
directly with enzymes including COX (Landino et al., 1996)
and to modulate vascular tone (Upmacis et al., 1999).

The e�ect of SIN-1 was the consequence of a signalling
event as it was suppressed by PKC and MAP kinase
inhibitors. The activation of PKC induces COX-2 expression
in many cell types such as Swiss 3T3 ®broblasts and mouse

mast cells (Herschman, 1996; Kujubu et al., 1991; Okada et
al., 2000). Recently, Yoshida et al. (1999) have demonstrated
that NO donors such as SIN-1 or SNAP activated puri®ed

PKC in vitro. Moreover, NO generated during reperfusion
following ischaemia activated PKC isoforms in rat heart.
In this study we have observed that the increase in COX-2

levels after incubation with SIN-1 was dependent on PKC
activation, since Ro 31-8220, a speci®c inhibitor of PKC,
reduced the expression of COX-2. PKC is not the only kinase

involved in COX-2 induction by SIN-1 in HUVEC. Other
protein kinases such as the three MAP kinase subfamilies,
ERK, p38, and JNK/SAPK, can be involved in the COX-2
induction (Herschman, 1996). Using selective inhibitors of

MAP kinases, we have demonstrated that p38 MAP kinase,
and to a lesser extent ERK kinase, play a role in COX-2
induction by SIN-1. NO and related chemical species have

been demonstrated to activate MAP kinases (Lander et al.,
1996). However, di�erent modulation was demonstrated in
other experimental models where exogenous free radicals

mainly activated p38 MAP kinase and less often ERK,
suggesting that activation of MAP kinases is cell type-speci®c
(Jun et al., 1999; Lander et al., 1996).

In summary, we have shown that SIN-1 induces COX-2
expression in HUVEC through a signalling pathway which
involves PKC and p38 MAP kinase. The newly synthesized
protein is devoid of enzyme activity which suggests that NO

donors di�erently a�ect the expression of COX and its
activity.
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(INSERM) and grants from the Association pour la Recherche sur
le Cancer (ARC #2076). S. Eligini was supported by scholarships
from the Fondation pour la Recherche MeÂ dicale and the
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