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A toxic dose of the nitric oxide (NO) donor S-nitrosoglutathione (GSNO; 1 mM) pro-
moted apoptotic cell death of RAW 264.7 macrophages, which was attenuated by cellular
preactivation with a nontoxic dose of GSNO (200 mM) or with lipopolysaccharide,
interferon-g, and NG-monomethyl-l-arginine (LPS/IFN-g/NMMA) for 15 h. Protection
from apoptosis was achieved by expression of cyclooxygenase-2 (Cox-2). Here we inves-
tigated the underlying mechanisms leading to Cox-2 expression. LPS/IFN-g/NMMA
prestimulation activated nuclear factor (NF)-kB and promoted Cox-2 expression. Cox-2
induction by low-dose GSNO demanded activation of both NF-kB and activator pro-
tein-1 (AP-1). NF-kB supershift analysis implied an active p50/p65 heterodimer, and a
luciferase reporter construct, containing four copies of the NF-kB site derived from the
murine Cox-2 promoter, confirmed NF-kB activation after NO addition. An NF-kB decoy
approach abrogated not only Cox-2 expression after low-dose NO or after LPS/IFN-g/
NMMA but also inducible protection. The importance of AP-1 for Cox-2 expression and
cell protection by low-level NO was substantiated by using the extracellular signal-
regulated kinase inhibitor PD98059, blocking NO-elicited Cox-2 expression, but leaving
the cytokine signal unaltered. Transient transfection of a dominant-negative c-Jun mutant
further attenuated Cox-2 expression by low-level NO. Whereas cytokine-mediated Cox-2
induction relies on NF-kB activation, a low-level NO–elicited Cox-2 response required
activation of both NF-kB and AP-1.

INTRODUCTION

Nitric oxide (NO) exerts a number of activities that
encompass endothelium-dependent relaxation, neuro-
transmission, and cell-mediated immune responses.
Its scope of action touches on the functions of many
organ systems and cellular responses (Ignarro, 1990;
Nathan, 1992). Signal transmission and target interac-
tions are achieved via redox and additive chemistry
(Stamler, 1994) that is the basis for communication in
which NO-sensitive targets serve both sensory and
regulatory elements in mediating functional responses
(Nüssler and Billiar, 1993).

The oxidation of l-arginine proceeds to the forma-
tion of citrulline in addition to NO. Constitutive and
inducible NO synthase (NOS) isoforms are character-
ized as low- versus high-NO output systems. Besides
NOS activation and/or induction, NO donors such as
S-nitrosoglutathione (GSNO) are valuable tools to
study NO-transducing pathways because they liberate
NO upon decomposition (Sandau and Brüne, 1996).

During macrophage activation with lipopolysaccha-
ride and interferon-g (LPS/IFN-g), up-regulation of
NOS-II and formation of large amounts of NO are
considered naturally occurring, nonspecific cellular
immune responses directed against invading patho-
gens or tumor cells (Lander, 1997). Activation of mac-
rophages is a key component of the complex patho-
physiology of inflammation in which cells serve as an
effector and generator system of chemokines, cyto-

* Corresponding author. E-mail address: mfm423@rzmail.uni-
erlangen.de.

© 1999 by The American Society for Cell Biology 361



kines, and free radicals. Apparently, macrophages not
only produce radicals such as NO but are affected as
well in a self-destructing feedback loop, which leads
to NO-mediated apoptotic cell death (Albina et al.,
1993; Sarih et al., 1993). Macrophage apoptosis is ac-
companied by chromatin condensation, DNA frag-
mentation, p53 accumulation, and caspase activation
(Messmer and Brüne, 1996; Messmer et al., 1996) and is
blocked by NOS inhibitors such as NG-monomethyl-
l-arginine (NMMA) that underscores a death-promot-
ing role of NO.

Numerous reports focused on the interaction be-
tween NO and the prostaglandin pathway (Salvemini
et al., 1993; Vane et al., 1994; Landino et al., 1996). It has
been reported that NO stimulated prostaglandin bio-
synthesis in vivo, in perfused organs, and in macro-
phages (Salvemini et al., 1996). Mechanistically, NO
may cause direct activation of cyclooxygenase-2 (Cox-
2), although conflicting reports regarding the ability of
NO to stimulate the purified protein exist (Tetsuka et
al., 1996a). In previous experiments it became appar-
ent that low, nonapoptotic concentrations of NO or the
addition of LPS/IFN-g/NMMA promoted Cox-2 up-
regulation in RAW 264.7 macrophages in close asso-
ciation with blocking high-dose GSNO–mediated ap-
optotic alterations (von Knethen and Brüne, 1997). The
requirement of Cox-2 was demonstrated in cells that
overexpress an active Cox-2 enzyme, was substanti-
ated in Cox-2 antisense-expressing clones, and was
ensured further by pharmacological intervention with
the Cox-2 inhibitor NS398. Mechanistically, the anti-
apoptotic action of Cox-2 is transmitted via the forma-
tion of cAMP (von Knethen et al., 1998). However, the
mechanism responsible for NO-mediated Cox-2 ex-
pression remained elusive. There are indications that
activation of the nuclear factor (NF)-kB is involved in
Cox-2 expression because there is an NF-kB consensus
site in the upstream promoter region (2600/11) of the
murine Cox-2 gene (Yamamoto et al., 1995). In addi-
tion activator protein-1 (AP-1) has been linked to
Cox-2 expression (Xie and Herschman, 1995), al-
though a complete AP-1 site in the Cox-2 promoter is
missing. This discrepancy is rationalized by the obser-
vation that AP-1 in this case activates a rather homol-
ogous cAMP response element site (Xie et al., 1994).
AP-1 is induced, among other stimuli, by NO (Pilz et
al., 1995; Robinson and Cobb, 1997; Sciorati et al.,
1997). Mechanistically, activation of AP-1 is achieved
via the mitogen-activated protein kinase (MAPK)
pathway that is diverted into the extracellular-regu-
lated (ERK), the c-jun amino-terminal kinase/stress–
activated protein kinase, and the p38 pathway (Rob-
inson and Cobb, 1997). Detailed mechanisms of AP-1
activation by these phosphorylation cascades remain
elusive, but obviously all three MAPK cascades are
involved (Karin et al., 1997).

The available information encouraged us to explore
the molecular mechanism of Cox-2 induction by NO.
We established NO-mediated activation of the tran-
scription factor NF-kB and AP-1 by NO-releasing
compounds such as GSNO in close association with
Cox-2 induction. Our results suggest activation of
NF-kB and AP-1 by NO as a macrophage rescue sys-
tem, which in turn abrogates apoptotic signaling
mechanisms.

MATERIALS AND METHODS

Materials
Diphenylamine, pyrrolidine dithiocarbamate (PDTC), and LPS
(Escherichia coli serotype 0127:B8) were purchased from Sigma (De-
isenhofen, Germany). The Cox-2 antibody was bought from Trans-
duction Laboratories (Lexington, KY); the p50- and p65-supershift
antibodies as well as the IkB-a antibody were obtained from Santa
Cruz Biotechnology (Heidelberg, Germany). NMMA was from
Alexis (Grünberg, Germany). Recombinant murine IFN-g and the
b-tubulin antibody were provided by Boehringer Mannheim
(Mannheim, Germany). RPMI 1640, cell culture supplements, and
fetal calf serum were ordered from Biochrom (Berlin, Germany).
The luciferase assay kit was obtained from Promega (Mannheim,
Germany), and the b-galactosidase detection kit was from Tropix
(Mannheim, Germany). Oligonucleotides (6 fluorescein labeling)
were provided by Eurogentec (Seraing, Belgium). PD98059 and
SB203580 were from Biomol (Hamburg, Germany). All other chem-
icals were of the highest grade of purity commercially available.

Cell Culture
The mouse monocyte/macrophage cell line RAW 264.7 was main-
tained in RPMI 1640 supplemented with 100 U/ml penicillin, 100
mg/ml streptomycin, and 10% heat-inactivated fetal calf serum
(complete RPMI). All experiments were performed using complete
RPMI. GSNO, LPS, NMMA, and PDTC were dissolved in water and
added as indicated. PD98059 and SB203580 were dissolved in
DMSO.

Cell Survival
The number of alive RAW 264.7 macrophages, after treatment with
different agents, was determined by the trypan blue dye exclusion
assay.

Nuclear Protein Extraction
Preparation of crude nuclear extract was basically as described
(Schoonbroodt et al., 1997). Briefly, after cell activation for the times
indicated, 4 3 106 RAW 264.7 macrophages were washed in 1 ml of
ice-cold PBS, centrifuged at 1000 3 g for 5 min, resuspended in 400
ml of ice-cold hypotonic buffer (10 mM HEPES/KOH, 2 mM MgCl2,
0.1 mM EDTA, 10 mM KCl, 1 mM DTT, 0.5 mM PMSF, pH 7.9), left
on ice for 10 min, vortexed, and centrifuged at 15,000 3 g for 30 s.
Pelleted nuclei were gently resuspended in 50 ml of ice-cold saline
buffer (50 mM HEPES/KOH, 50 mM KCl, 300 mM NaCl, 0.1 mM
EDTA, 10% glycerol, 1 mM DTT, 0.5 mM PMSF, pH 7.9), left on ice
for 20 min, vortexed, and centrifuged at 15,000 3 g for 5 min at 4°C.
Aliquots of the supernatant that contained nuclear proteins were
frozen in liquid nitrogen and stored at 270°C. Protein was deter-
mined using a Bio-Rad II Kit (Richmond, CA).

Electrophoretic Mobility Shift Assays (EMSAs)
An established EMSA method, with slight modifications, was used
(Camandola et al., 1996). Nuclear protein (5 mg) was incubated for 20
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min at room temperature with 20 mg of bovine serum albumin, 2 mg
of poly(dI-dC) from Pharmacia (Uppsala, Sweden), 2 ml of buffer D
(20 mM HEPES/KOH, 20% glycerol, 100 mM KCl, 0.5 mM EDTA,
0.25% Nonidet P-40, 2 mM DTT, 0.5 mM PMSF, pH 7.9), 4 ml of
buffer F (20% Ficoll-400, 100 mM HEPES/KOH, 300 mM KCl, 10
mM DTT, 0.5 mM PMSF, pH 7.9), and 20,000 cpm of a [32P]-labeled
oligonucleotide in a final volume of 20 ml. Supershift antibodies (2
mg) were added as indicated. DNA–protein complexes were re-
solved at 180 V for 4 h in a taurine-buffered, native 6% polyacryl-
amide gel (4% for supershifts), dried, and visualized (with autora-
diography using a Fuji x-ray film; Siemens, Erlangen, Germany).
Oligonucleotide probes were labeled by a filling reaction using the
Klenow fragment (Boehringer Mannheim). One picomole of oligo-
nucleotide was labeled with 50 mCi of [a-32P]-dCTP (3000 Ci/mmol,
Amersham, Braunschweig, Germany) in cold nucleotides (dATP,
dTTP, and dGTP from GIBCO, Eggenstein, Germany), purified on a
CHROMA SPIN-10 column (Clontech, Heidelberg, Germany), and
stored at 220°C until use. The following oligonucleotide sequences
were used: the NF-kB site (2401/2393, bold letters) from the mu-
rine Cox-2 promoter (Yamamoto et al., 1995),

59-GAG GTG AGG GGA TTC CCT TAG-39; 39-AC TCC CCT
AAG GGA ATC AATC-59; a mutated NF-kB site,

59-GAG GTG AGG GCC TTC CCT TAG-39; 39-AC TCC CGG
AAG GGA ATC AATC-59; the AP-1 site from the human collage-
nase gene (Angel et al., 1987),

59-AGC TAA AGC ATG AGT CAG ACA GCC T-39; 39-TT TCG
TAC TCA GTC TGT CGG ATC GA-59 (this oligonucleotide was
kindly provided by Dr. Peter Angel, Deutsches Krebsforschungs-
zentrum, Heidelberg, Germany).

Immunoblot Analysis
Cell lysis was achieved with lysis buffer (50 mM Tris, 5 mM EDTA,
150 mM NaCl, 0.5% Nonidet-40, 1 mM PMSF, pH 8.0) and sonica-
tion (Branson sonifier, Plainview, NY; 20 s, duty cycle 100%, output
control 60%). After centrifugation (14,000 3 g, 5 min), protein was
determined. Proteins (100 mg) were resolved on 10% polyacryl-
amide gels and blotted onto nitrocellulose. Equal loading was con-
firmed by Ponceau S staining. Filters were incubated overnight at
4°C with the Cox-2 antibody (1:250, Dianova, Hamburg, Germany),
the p53 antiserum (hybridoma supernatant, clone PAb122, 1:5,
kindly provided by Dr. H. Stahl, Homburg/Saar, Germany), or the
IkB-a antibody (1:500). Proteins were detected by a horseradish
peroxidase–conjugated polyclonal antibody (1:10,000) with the ECL
method (Amersham, Braunschweig, Germany).

Quantitation of DNA Fragmentation
DNA fragmentation was measured with the diphenylamine assay
as reported elsewhere (McConkey et al., 1989). Briefly, after incuba-
tions, cells were scraped off the culture plates, resuspended in 250 ml
of 10 mM Tris, 1 mM EDTA, pH 8.0 (TE buffer), and incubated with
an additional 250 ml of lysis buffer (5 mM Tris, 20 mM EDTA, pH
8.0, 0.5% Triton X-100) for 30 min at 4°C. After lysis, intact chroma-
tin (pellet) was separated from DNA fragments (supernatant) by
centrifugation for 15 min at 13,000 3 g. Pellets were resuspended in
500 ml of TE buffer, and samples were precipitated overnight by
adding 500 ml of 10% trichloroacetic acid at 4°C. DNA was pelleted
by centrifugation (4000 3 g, 10 min), and the supernatant was
removed. After addition of 300 ml of 5% trichloroacetic acid, sam-
ples were boiled for 15 min. DNA contents were quantitated using
the diphenylamine reagent (Burton, 1956). The percentage of frag-
mented DNA was calculated as the ratio of the DNA content in the
supernatant to the amount in the pellet.

Transient Transfection of a Dominant-negative c-jun
Mutant into RAW 264.7 Macrophages
Targeting transcription factor activation by transient transfection of
upstream signaling components requires high transfection efficiency

and/or selection of cells expressing the mutant protein. One day
before transfection, cells were seeded at a density of 1 3 106 cells/ml
into 10-cm noncell culture plates. RAW 264.7 macrophages were
transiently transfected with 15 mg of the expression vector (TAM-
67), which contains the sequence of a dominant-negative c-jun mu-
tant (kindly provided by Dr. E. Gulbins, Tübingen, Germany)
(Brown et al., 1993, 1994). For positive selection, 5 mg of the vector
pMACS4, designed to express a truncated human CD4 molecule,
were cotransfected. Transfection was achieved using a Pro Gentor II
electroporator (Hoeffer, San Francisco, CA). Cells (3 3 106) were
resuspended in 400 ml of complete medium, transferred to a cuvette,
and pulsed (260 V, 1080 mF, 26 ms). Transfected cells were pooled
and seeded in 10 ml of complete medium into a 10-cm noncell
culture Petri dish. Cells cultured overnight for 15 h were harvested,
and CD4-positive clones were enriched using a Mini-MACS system
(Miltenyi Biotech GmbH, Bergisch-Gladbach, Germany) according
to the manufacturer’s instructions. Briefly, transfected cells were
harvested in PBS supplemented with 5 mM EDTA. Cells (107) were
resuspended in 320 ml of PBS, 0.5% BSA, and 5 mM EDTA (PBE) and
80 ml of MACSelect 4 Microbeads to achieve magnetic labeling of
transfected cells. After 15 min on ice, the volume was adjusted to 2
ml with PBE. Cells were applied to a positive selection column
(MS1) that was placed in the magnetic field of a Mini-MACS sep-
arator. Unbound cells were washed out (2 ml of PBE), the column
was removed from the separator, and positive cells were collected,
pooled, and seeded. In control examinations, 15 h has been deter-
mined as the most effective period for allowing the CD4 surface
marker expression in RAW 264.7 macrophages.

Luciferase Plasmid Expression Containing the NF-
kB Site of the Mouse Cox-2 Promoter
NF-kB reporter constructs were cloned into the pGL3-basic plasmid
(Promega) and contained four copies of the NF-kB element taken
from the murine Cox-2 promoter (NF-kB–sense) or its mutated form
(NF-kB–mut) (see EMSA), inserted upstream of a TK minimal pro-
moter, driving a luciferase gene. Corresponding sequences were
verified by DNA sequencing. A further NF-kB reporter construct
containing four copies of the NF-kB site of the porcine E-selectin
promoter (NF-kB–selectin) was kindly provided by Dr. F. Bach
(Sandoz Center for Immunobiology, Boston, MA) (Bach et al., 1997).
RAW 264.7 macrophages were transiently transfected using the
DEAE-dextran method as described previously (Arakawa et al.,
1996). Cell selection or electroporation was unnecessary because the
synthesis of two, generally not in macrophages, expressed proteins
was analyzed. Briefly, 1 d before transfection, cells were seeded in
suspension at a density of 1 3 106 cells/ml. Cells (1 3 107) were
harvested, washed twice with PBS, and incubated for 3 h at 37°C in
1 ml of RPMI 1640 supplemented with 50 mM Tris-HCl, pH 7.3, 400
mg of DEAE-dextran, 20 mg of luciferase reporter construct (NF-kB–
sense, NF-kB–mut, NF-kB–selectin), and 5 mg of cytomegalovirus-
b-galactosidase plasmid as an internal control. Cells were washed
twice with PBS to discard the DNA/DEAE-dextran mixture and
were seeded at a density of 1 3 106 cells/ml and cultured for 24 h.
Afterward cells were stimulated for 12 h with 200 mM GSNO or
with LPS/IFN-g/NMMA. Cell extracts were assayed for luciferase
and b-galactosidase activity. For calculations, luciferase activity was
normalized for b-galactosidase using the following formula: lucif-
erase activity/b-galactosidase activity.

Decoy Approach
RAW 264.7 cells were exposed to an NF-kB or a mutated NF-kB
oligonucleotide. One day before exposition, cells were seeded at a
density of 1 3 106 cells/well into six-well plates. Oligonucleotides (3
mM) were added 24 h before cell stimulation. After the medium was
changed, cell stimulation was performed as indicated. Oligonucle-
otide sequences were identical to those used for EMSA.
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Statistical Analysis
Each experiment was performed at least three times, and statistical
analysis was performed using the two-tailed Student’s t test. Oth-
erwise representative data are shown.

RESULTS

Cox-2 Expression and p53 Accumulation Are
Inversely Related in RAW 264.7 Macrophages
Within a 4-h incubation period, NO-releasing com-
pounds such as GSNO (1 mM) evoked a massive
tumor suppressor p53 accumulation in RAW 264.7
macrophages (Figure 1, lane 4) but no induction of
Cox-2. As revealed by Western blot analysis, p53 ex-
pression and Cox-2 were absent in controls (Figure 1,
lane 1). In corroboration with earlier experiments,
macrophages exposed to a combination of LPS/IFN-
g/NMMA (Figure 1, lane 3) responded with Cox-2
expression. For these experiments, the NOS inhibitor
NMMA was necessary to prevent endogenous NO
generation that is known to initiate apoptotic cell
death in macrophages (Sarih et al., 1993). Inhibition of
macrophage inducible NOS by NMMA and inhibition
of the NO formation have been shown before (Mess-
mer et al., 1995). When RAW 264.7 cells were pre-
stimulated with LPS/IFN-g/NMMA for 15 h, the abil-
ity to up-regulate p53 during a subsequent 4-h
incubation period with 1 mM GSNO was suppressed
(Figure 1, lane 5 compared with lane 4). Further ex-

periments established that the addition of 100 mM
PDTC during the preincubation period inhibited
Cox-2 expression and restored a functional, GSNO-
mediated p53 response (Figure 1, lane 6 compared
with lane 5). PDTC by itself neither affected 1 mM
GSNO-evoked p53 accumulation (our unpublished re-
sults) nor promoted a Cox-2 or p53 response (Figure 1,
lane 2). Moreover, cell viability as judged by trypan
blue exclusion was unaltered (our unpublished re-
sults).

Prestimulation of macrophages with a low and thus
nontoxic dose of GSNO (200 mM) for 19 h promoted
Cox-2 expression. At the same time, low-dose NO
prestimulation abrogated the p53 response elicited by
1 mM GSNO (Figure 1, lane 7). In turn, the addition of
PDTC reversed cellular responses. PDTC effectively
restored p53 accumulation after the addition of 1 mM
GSNO and inhibited protein expression of Cox-2 (Fig-
ure 1, lane 8).

These results point to efficient Cox-2 expression in
response to LPS/IFN-g/NMMA or low-dose GSNO in
RAW 264.7 macrophages, whereas PDTC diminished
these alterations. Moreover, Cox-2 expression and p53
accumulation are inversely related in RAW 264.7 mac-
rophages.

The involvement of AP-1 in NO-mediated Cox-2
induction was analyzed by the use of specific MAPK
inhibitors. Cells were incubated with low-dose GSNO

Figure 1. Inverse expression of Cox-2 and p53 in RAW 264.7
macrophages. Western blot analysis of Cox-2 and p53 in RAW 264.7
macrophages is shown. Cells were stimulated with a combination of
LPS/IFN-g/NMMA (LPS, 10 mg/ml; IFN-g, 100 U/ml; NMMA, 1
mM) or with 200 mM GSNO in the presence or absence of 100 mM
PDTC for 15 h. After the addition of 1 mM GSNO or vehicle,
incubations continued for an additional 4 h (total incubation period
of 19 h). GSNO-mediated p53 accumulation (lane 4) was measured
after 4 h. Details are described in MATERIALS AND METHODS.
The blot is representative of three similar experiments.

Figure 2. Attenuated Cox-2 induction by MAPK inhibitors. West-
ern blot analysis of Cox-2 in RAW 264.7 macrophages is shown.
Cells were stimulated with (A) 200 mM GSNO or (B) a combination
of LPS/IFN-g/NMMA (LPS, 10 mg/ml; IFN-g, 100 U/ml; NMMA,
1 mM) in the presence or absence of 20 mM PD98059 or 5 mM
SB203580 for 15 h. Details are described in MATERIALS AND
METHODS. The blot is representative of three similar experiments.
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(200 mM), the ERK kinase inhibitor PD98059, the p38-
specific inhibitor SB203580, and a combination thereof
or remained as controls. After low-dose NO prestimu-
lation, only PD98059 inhibited Cox-2 expression (Fig-
ure 2A, lane 6). Attenuating the p38 pathway by
SB203580 affected NO-induced Cox-2 expression mar-
ginally (Figure 2A, lane 7). A combination of PD98059
and SB203580 abrogated Cox-2 expression completely
(Figure 2A, lane 8). In control experiments the omis-
sion of GSNO (Figure 2A, lanes 1 and 3–5) revealed no
Cox-2 induction.

Preactivation of cells with LPS/IFN-g/NMMA pro-
moted Cox-2 expression (Figure 2B, lane 2) in agree-
ment with a previous report (von Knethen and Brüne,
1997). However, the addition of PD98059 or SB203580
left Cox-2 expression unaltered (Figure 2B, lanes 3–5).
Evidently AP-1 activation is dispensable for Cox-2
induction after LPS/IFN-g/NMMA stimulation but is
needed after low-dose NO (200 mM GSNO) prestimu-
lation.

NF-kB Activation by LPS/IFN-g/NMMA and by
GSNO
To study NF-kB activation in RAW 264.7 macro-
phages, we exposed cells to cytokines and NO-gener-

ating compounds followed by EMSA. In a first set of
experiments, cells were exposed for 2–6 h to LPS/IFN-
g/NMMA or to low-dose GSNO (Figure 3A). LPS/
IFN-g/NMMA activated NF-kB in a time-dependent
manner. Active NF-kB became detectable 2 h after
agonist challenge (Figure 3A, lane 3), revealed stron-
ger activation at 4 and 6 h (our unpublished results),
but was absent in unstimulated controls (Figure 3A,
lane 2). We then investigated NF-kB activation by a
nontoxic dose of GSNO (200 mM) (Figure 3A). GSNO
led to a weak NF-kB activation 2 h after cell stimula-
tion, promoted stronger activation at 4 h, and demon-
strated a slightly decreased NF-kB activity after 6 h
(Figure 3A, lanes 4–6).

To demonstrate specific NF-kB binding to the corre-
sponding oligonucleotide derived from the mouse
Cox-2 promoter, we performed EMSA experiments
using a mutated oligonucleotide in parallel. With the
mutated oligonucleotide, no NF-kB complex binding
in response to LPS/IFN-g/NMMA or to GSNO be-
came apparent (Figure 3A, lanes 7–12). This ensures
specificity of the oligonucleotide from the mouse
Cox-2 promoter and NF-kB binding.

To show activation of NF-kB further, we used the
NF-kB–blocking agent PDTC (our unpublished re-

Figure 3. Activation of NF-kB in RAW 264.7 macrophages. Activation of NF-kB was analyzed by EMSA using a specific (NF-kB) or mutated
(NF-kB mutated) oligonucleotide derived from the mouse Cox-2 promoter as described in MATERIALS AND METHODS. (A) Macrophages
were stimulated with a combination designated L (LPS, 10 mg/ml; IFN-g, 100 U/ml; NMMA, 1 mM) or G (GSNO, 200 mM) for the times
indicated. EMSA was performed with sense or mutated oligonucleotides. For controls the addition of nuclear extracts (extract) or cell
stimulation was omitted. (B) Supershift analysis of the active NF-kB complex was performed as described in MATERIALS AND METHODS.
Macrophages were stimulated with L or G for 4 h. For supershift analysis a p50 antibody (lanes 2 and 5) or a p65 antibody (lanes 3 and 6)
was included. NF-kB activation without antibody addition (lanes 1 and 4) is shown. Data are representative of three similar experiments.

Cell Protection by NO-Mediated Gene Activation

Vol. 10, February 1999 365



sults). Addition of 100 mM PDTC in combination with
LPS/IFN-g/NMMA or with GSNO completely sup-
pressed NF-kB–oligonucleotide complex formation.

The activation of NF-kB by exogenously added NO
was concentration dependent. GSNO concentrations
higher than 200 mM led to minor or no NF-kB activa-
tion (our unpublished results). This is rationalized by
the ability of NO to interfere with DNA binding at
higher concentrations (Park et al., 1997) or to promote
enhanced IkB synthesis (Umansky et al., 1998).

The identity of the activated NF-kB–oligonucleotide
complex in RAW 264.7 macrophages was determined

further by supershift analysis (Figure 3B). Binding of
activated NF-kB to antisera against the p50 and p65
subunits of NF-kB was performed. Addition of the p50
antiserum during NF-kB–oligonucleotide binding
shifted the complex to a higher molecular weight (Fig-
ure 3B, lanes 2 and 5). In accordance with previous
studies (Newton et al., 1997), the p65 antiserum led to
decreased complex formation (Figure 3B, lanes 3 and
6) that implicated inhibition of the DNA-binding abil-
ity of the p65 NF-kB subunit after antibody addition.
Conclusively, NF-kB activation in response to LPS/
IFN-g/NMMA or to GSNO resembles the p50/p65
heterodimer NF-kB complex.

NF-kB Activation Is Accompanied by IkB-a
Degradation
Activation of NF-kB required dissociation and degra-
dation of the inhibitory protein IkB-a. Western blot
analysis revealed significantly decreased IkB-a ex-
pression at 4 h after LPS/IFN-g/NMMA (Figure 4A,
top, lane 2) or GSNO (Figure 4A, top, lane 3) stimula-
tion. Equal loading was confirmed by b-tubulin stain-
ing (Figure 4A, bottom). As a result of multiple exam-
inations, it seems that LPS/IFN-g/NMMA reduced
IkB-a expression to values ,10% compared with con-
trols, whereas GSNO attenuated expression to 30%
compared with controls (Figure 4B). IkB-a degrada-
tion further supported NF-kB activation.

The Murine Cox-2 NF-kB Site Is Activated by Low-
Dose NO as well as by LPS/IFN-g/NMMA
To determine whether the Cox-2 NF-kB site is in-
volved functionally in Cox-2 promoter activation after
low-dose NO addition, we transiently transfected lu-
ciferase reporter plasmids into RAW 264.7 macro-
phages. Luciferase activity of two reporter plasmids,
containing four copies of either the NF-kB site derived
from the murine Cox-2 promoter or its mutated coun-
terpart (Figure 5A), was low in the absence of agonists
(Figure 5B). LPS/IFN-g/NMMA as well as low-dose
NO led to increased luciferase activity in cells contain-
ing the NF-kB–sense construct. Luciferase activity was
absent in cells transfected with the mutated plasmid
(NF-kB–mut) (Figure 5B).

LPS/IFN-g/NMMA–mediated induction was fivefold
compared with a threefold induction with 200 mM
GSNO. It was impossible to study luciferase activity in
response to high NO concentrations (1 mM GSNO) be-
cause of the immediate resultant cytotoxicity. We ob-
served induction of luciferase expression further using
an NF-kB reporter taken from the porcine E-selectin
promoter after LPS/IFN-g/NMMA or 200 mM GSNO
stimulation (our unpublished results). Our results sug-
gest that binding of NF-kB to its cognition site transmit-
ted LPS/IFN-g/NMMA– and to a lower extent low-dose
NO–mediated Cox-2 promoter activation.

Figure 4. IkB-a degradation after RAW 264.7 macrophage activa-
tion. (A) Top, IkB-a Western blot analysis in RAW 264.7 macro-
phages after stimulation with a combination of LPS/IFN-g/NMMA
(LPS, 10 mg/ml; IFN-g, 100 U/ml; NMMA, 1 mM) or with 200 mM
GSNO for 4 h. Bottom, b-tubulin Western blot analysis performed to
ensure equal sample loading. Blots are representative of three sim-
ilar experiments. (B) Densitometric analysis of multiple examina-
tions as described in A. Details are outlined in MATERIALS AND
METHODS. Data are means 6 SD of the individual experiments.
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AP-1 Activation by LPS/IFN-g/NMMA and by
GSNO

To study activation of AP-1, we stimulated RAW 264.7
macrophages with LPS/IFN-g/NMMA or with
GSNO. Nuclear extracts were analyzed in EMSA us-
ing oligonucleotides that contained the TRE site from
the human collagenase promoter (Angel et al., 1987).
In corroboration with previous studies, GSNO acti-
vated AP-1 in a dose-dependent manner (our unpub-
lished results). Stimulation with LPS/IFN-g/NMMA
for 4 h achieved weak AP-1 activation (Figure 6A, lane
2) compared with the GSNO (200 mM)-elicited re-
sponse (Figure 6A, lane 3).

To study activation of AP-1 further, we used the
MAPK pathway inhibitors PD98059 and SB203580
(Figure 6B). Addition of 20 mM PD98059 in combina-
tion with 200 mM GSNO attenuated AP-1 activation
(Figure 6B, lane 3), whereas 5 mM SB203580 left the
NO response unaltered (Figure 6B, lane 4). A combi-
nation of PD98059 and SB203580 revealed no syner-
gism (Figure 6B, lane 5), although both inhibitors ef-
ficiently blocked the specified kinase pathway (our
unpublished results). We conclude that AP-1 induc-
tion by low-dose NO is mediated by the ERK pathway
and therefore is blocked by PD98059.

NF-kB Decoy Oligonucleotides Attenuated Low-
Dose GSNO– and LPS/IFN-g/NMMA–mediated Cox-
2 Induction, whereas Targeting of c-jun Abolished
Induction of Cox-2 after Low-Dose NO Only
To demonstrate a transcriptionally active NF-kB in
promoting Cox-2 expression, we used an NF-kB decoy
approach. For these experiments RAW macrophages
were incubated with oligonucleotides that have been
specified for the EMSA. Oligonucleotide uptake was
;50% (von Knethen et al., 1998), and fluorescence
microscopy revealed oligonucleotide incorporation
into the nucleus. LPS/IFN-g/NMMA (Figure 7A, lane
4) or 200 mM GSNO (Figure 7A, lane 2) mediated

Figure 5. NF-kB–driven luciferase activity. (A) Schematic presen-
tation of the constructs. (B) RAW 264.7 macrophages cotransfected
with NF-kB luciferase plasmid constructs and with a plasmid en-
coding b-galactosidase. We analyzed for luciferase and b-galactosi-
dase expression, after both activities were normalized as described
in MATERIALS AND METHODS. Cells were stimulated with a
combination of LPS/IFN-g/NMMA (LPS, 10 mg/ml; IFN-g, 100
U/ml; NMMA, 1 mM), GSNO (200 mM), or vehicle (control). Data
are means 6 SD of three individual experiments.

Figure 6. Activation of AP-1 by low-dose NO or by LPS/IFN-g/
NMMA. Activation of AP-1 was analyzed by EMSA using a specific
AP-1 oligonucleotide, derived from the human collagenase pro-
moter as described in MATERIALS AND METHODS. (A) Macro-
phages were stimulated with a combination designated L (LPS, 10
mg/ml; IFN-g, 100 U/ml; NMMA, 1 mM), or G (GSNO, 200 mM) for
4 h. EMSA was performed using the AP-1 oligonucleotides. For a
control, cell stimulation was omitted. (B) Macrophages were stim-
ulated with G (GSNO, 200 mM) for 4 h in the presence or absence of
PD98059 or SB203580. EMSA was performed using the AP-1 oligo-
nucleotides. For a control, cell stimulation was omitted. Data are
representative of three similar experiments.
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Cox-2 induction in cells transfected with oligonucleo-
tides containing a mutated murine Cox-2 NF-kB site.

In contrast, cells containing oligonucleotides with
the murine Cox-2 NF-kB site attenuated Cox-2 expres-
sion after LPS/IFN-g/NMMA (Figure 7A, lane 5) or
200 mM GSNO (Figure 7A, lane 3) stimulation. Con-
clusively, a transcriptionally active NF-kB is obliga-
tory for Cox-2 induction by low-dose NO or LPS/
cytokines.

Inhibition of c-jun by transient transfection of a
dominant-negative c-jun mutant (TAM-67) sup-
pressed Cox-2 after 200 mM GSNO (Figure 7B, lane 2),
compared with results in cells that had been trans-

fected with an unrelated control plasmid (Figure 7B,
lane 1). In contrast, Cox-2 induction by LPS/IFN-g/
NMMA remained unaffected in TAM-67–transfected
cells (Figure 7B, lane 4 compared with lane 3). These
data substantiate an active role of AP-1 in Cox-2 in-
duction after the addition of NO, which is attenuated
by targeting c-jun, a basic component of the AP-1
complex.

PDTC, NF-kB Decoy Oligonucleotides, and a
Dominant-negative c-jun Mutant Reversed Inducible
Protection and Restored Apoptotic Cell Death
GSNO (1 mM) induced apoptotic DNA fragmentation
in RAW 264.7 macrophages. Controls exhibited ;5%
fragmentation, whereas values rose to .30% after an
8-h incubation period with GSNO. As seen in these
and previous experiments, prestimulation with LPS/
IFN-g/NMMA for 15 h suppressed GSNO-mediated
DNA fragmentation when the NO donor was added
for a subsequent 8-h incubation period (von Knethen
and Brüne, 1997). When prestimulation was per-
formed in the presence of NF-kB decoy oligonucleo-
tides or PDTC, GSNO-initiated apoptotic DNA cleav-
age was restored (Figure 8). Control experiments
performed with the mutated NF-kB oligonucleotide
left protection unaltered. In close analogy, macro-
phage prestimulation with a nontoxic dose of GSNO
(200 mM) for 15 h primarily blocked the subsequent
apoptotic response of a high, toxic dose of the NO-
releasing compound (1 mM GSNO). NF-kB decoy oli-
gonucleotides or PDTC abrogated low-dose GSNO–
mediated protection and allowed high-dose GSNO–
evoked apoptosis. GSNO effects were unrelated to
glutathione, and the apoptotic-initiating activity of
GSNO was mimicked by other NO-releasing agents
such as spermine NO. In addition low-level NO–ini-
tiated protection was achieved by other NO donors
such as diethylenetriamine-nitric oxide (our unpub-
lished results). NF-kB decoy oligonucleotides or PDTC
was nontoxic to macrophages as judged by the trypan
blue exclusion assay and did not promote DNA frag-
mentation (our unpublished results). Similarly, target-
ing of c-jun by transient transfection of a dominant-
negative c-jun mutant abrogated protection, mediated
by low-dose NO prestimulation (Figure 8).

In conclusion, protective mechanisms evoked by
LPS/IFN-g/NMMA or by GSNO in macrophages are
reversed by NF-kB decoy oligonucleotides or the
NF-kB inhibitor PDTC. Elimination of the major AP-1
component c-jun attenuated low-dose NO–mediated
protection. Our results demonstrate that LPS/IFN-g/
NMMA–induced protection requires NF-kB, whereas
low-dose NO–mediated protection demands both
NF-kB and AP-1. These transcription factors are nec-
essary components of the signaling cascade leading to
Cox-2 expression.

Figure 7. NF-kB decoy oligonucleotides as well as the targeting of
c-jun attenuated Cox-2 induction after low-dose NO. (A) RAW 264.7
macrophages (1 3 106 cells) were exposed to oligonucleotides (3
mM) containing the murine Cox-2 promoter NF-kB site (decoy) or a
mutated NF-kB site for 24 h. After the medium was changed, cells
were stimulated with a combination of LPS/IFN-g/NMMA (LPS,
10 mg/ml; IFN-g, 100 U/ml; NMMA, 1 mM) or with GSNO (200
mM) for 15 h. Cox-2 expression was analyzed by Western Blot
analysis. (B) Cells were transiently transfected and enriched as
described in MATERIALS AND METHODS with an expression
vector containing the sequence of a dominant-negative c-jun mutant
to target c-jun (TAM-67 transf.). Cells were stimulated for 15 h with
200 mM GSNO or with a combination of LPS/IFN-g/NMMA (LPS,
10 mg/ml; IFN-g, 100 U/ml; NMMA, 1 mM). Cox-2 Western blot
analysis was as described in MATERIALS AND METHODS. Blots
are representative of three similar experiments.
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DISCUSSION

A major function for naturally occurring oxygen- and
nitrogen-derived radicals that are produced at least in
part by specialized cells such as macrophages and
neutrophils is immunological host defense. This is
exemplified during their active antipathogenic or an-
titumorigenic roles (Wiseman and Halliwell, 1996;
Lander, 1997). A delicate balance between formation
and detoxification of radicals allows directing signal-
ing pathways to physiological or pathological condi-
tions. Overproduction of radicals is cytotoxic and re-
fers to necrotic or apoptotic pathways (Jacobson, 1996;
Wiseman and Halliwell, 1996). However, radicals also
act as intracellular messengers. In agreement, redox-
controlled transcription factors, oxidative-susceptible
thiol groups or redox-sensitive phosphorylation
events allow radicals to modulate and trigger commu-
nicating systems (Anderson et al., 1994; Lander, 1997;
Quijano et al., 1997). The constitutive expression of
defense systems permits cells to cope with oxidative
conditions, whereas inducible protective systems
make the adjustment to longer-lasting perturbations
of the normal redox environment possible. For acti-
vated macrophages, a rescue mechanism exists that
allows them to face high-level radical production
without entering the naturally existing death pro-
gram, known as apoptosis. Recently, we established
up-regulation of Cox-2 in response to low-level NO or
LPS/cytokine treatment that in turn conferred resis-
tance to macrophage apoptotic cell death, normally
elicited by a toxic dose of the NO donor GSNO. An
active role of Cox-2 was established in Cox-2–overex-
pressing macrophages and further substantiated in
cells that lost the ability to express Cox-2 by an anti-

sense approach (von Knethen and Brüne, 1997). Pro-
tection was mediated by an increase of cAMP (von
Knethen et al., 1998). Cox-2 overexpression and resis-
tance to butyrate-induced apoptosis are causatively
correlated for colon epithelial cells, and a general link
between the ability of nonsteroidal anti-inflammatory
drugs to prevent or reduce the occurrence of colorec-
tal, gastrointestinal, and perhaps other cancers exists,
thus supporting the notion that products of the pro-
stanoid/Cox-2 pathways cause tumor promotion
(Tsujii and DuBois, 1995; Levy, 1997; Sheng et al.,
1997). This is important for the proposal that the oc-
currence of tumors reflects an impairment of apopto-
sis (Levy, 1997) and for further suggestions that NO
may be tumorigenic (Ambs et al., 1997). However,
details on NO-mediated Cox-2 expression remained
elusive.

In this study we established formation of an active
p50/p65 heterodimer NF-kB complex and Cox-2 ex-
pression in response to LPS/cytokine or low-level NO.
A role of NF-kB during Cox-2 expression can be ratio-
nalized when we consider the putative NF-kB–bind-
ing site in the upstream Cox-2 promoter region
(2600/11) (Yamamoto et al., 1995). Further evidence
stems from the ability of PDTC to block NF-kB acti-
vation (Tetsuka et al., 1996b) that has been proven in
alveolar macrophages, in which PDTC suppressed
Cox-2 expression in response to LPS (Hempel et al.,
1994). To avoid pharmacological side effects of PDTC,
we used an NF-kB decoy approach that unequivocally
demonstrated an active NF-kB complex in promoting
Cox-2 expression. Decoy oligonucleotide approaches
have been used successfully to inhibit transcriptional
activity (Roshak et al., 1996; Sharma et al., 1996; von

Figure 8. NF-kB decoy oligonu-
cleotides, PDTC, and transfection
of TAM-67 attenuated inducible
protection in RAW 264.7 macro-
phages. DNA fragmentation was
assessed as described in MATERI-
ALS AND METHODS. Cells were
prestimulated with a combination
of LPS/IFN-g/NMMA (LPS, 10
mg/ml; IFN-g, 100 U/ml; NMMA,
1 mM), GSNO (200 mM), or vehicle
in the absence or presence of
NF-kB decoy and mutated oligo-
nucleotides (3 mM) or of 100 mM
PDTC or after transient transfec-
tion of TAM-67 for 15 h as indi-
cated. After prestimulation, 1 mM
GSNO was added for an addi-
tional 8-h incubation period to as-
say DNA fragmentation by the di-
phenylamine method. Data are
means 6 SD of three individual
experiments (*p # 0.005 vs inhib-
ited controls).
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Knethen et al., 1998) by scavenging active transcription
factors. Our results are in agreement with the report of
Schmedtje et al. (1997) in which NF-kB p65 decoy
oligonucleotides down-regulated hypoxia-induced
Cox-2 expression.

We further underscored an active role of NF-kB
during NO-mediated Cox-2 activation by using a re-
porter plasmid with four copies of the NF-kB site
derived from the murine Cox-2 or the porcine E-selec-
tin promoter (Bach et al., 1997). Additionally, it is
known that IkB-a acts as a natural NF-kB inhibitor
(Lin et al., 1995). Consequently, IkB-a degradation re-
sults in NF-kB activation and concomitant expression
of NF-kB–inducible genes (Traenckner et al., 1995;
Baichwal and Baeuerle, 1997). This scenario is in
agreement with our results achieved by low-dose NO
and by LPS/IFN-g/NMMA prestimulation.

The influence of NO or NO-releasing compounds on
NF-kB activation is controversial. Although activation
of NF-kB by NO donors has been described for lym-
phocytes (Lander et al., 1993) and has been established
as a NO-responsive system during hemorrhagic shock
(Hierholzer et al., 1998), other reports stated that NO
inhibits activation of NF-kB, in part by hindering
DNA binding (Park et al., 1997). The ability of NO or
NO1 to interfere in the DNA-binding assay (EMSA)
can be explained by S-nitrosation of critical thiol
groups at the active NF-kB complex, which may not
necessarily apply to the situation in intact cells but is
in agreement with our observations that GSNO con-
centrations .200 mM attenuated NF-kB activation.
These considerations are supported by the observation
that NO is a potent coactivator of IkB-a kinase at low
concentrations, whereas high doses of NO impaired
the DNA-binding activity of NF-kB (Umansky et al.,
1998). Mechanisms of NF-kB activation by NO are
currently under investigation. We address the possible
involvement of tyrosine phosphorylation that is
known to be affected by redox active compounds, i.e.
GSNO, and is considered as a mechanism for NF-kB
activation (Menon et al., 1995; Traenckner et al., 1995).

NF-kB regulates a diverse group of genes that play
important roles in immune and inflammatory re-
sponses as well as in apoptotic cell death (Baeuerle
and Baltimore, 1996). Experimental evidence from tu-
mor necrosis factor-a–initiated apoptosis in cells taken
from NF-kB knockout mice or in cells that carry a
mutant and thus suppressive form of IkB implied a
general role for NF-kB in preventing apoptosis (Wang
et al., 1996). For macrophages our results put NF-kB–
mediated expression of Cox-2 as a protective gene
product in place. Apoptotic parameters such as DNA
fragmentation and p53 accumulation are suppressed
when Cox-2 is transcribed (von Knethen and Brüne,
1997; von Knethen et al., 1998), whereas apoptosis
proceeds when activation of NF-kB and the concomi-
tant Cox-2 expression are compromised by PDTC or

NF-kB decoy oligonucleotides. Although our experi-
ments do not eliminate the involvement of other tran-
scription factors or protective proteins, the inverse
expression of Cox-2 and p53 in RAW 264.7 macro-
phages is striking.

In contrast to LPS/cytokine–induced Cox-2 expres-
sion, NF-kB appears to be only one component of
low-dose NO signaling. Observing a dose-dependent
AP-1 activation after NO donor addition is in agree-
ment with previous reports that stated that NO medi-
ated AP-1 activation (Pilz et al., 1995; Sciorati et al.,
1997). As presented here, activation was attenuated by
the ERK kinase inhibitor PD98059 but not by the p38
inhibitor SB203580. The inhibitory profile paralleled
that of Cox-2 induction because PD98059 suppressed
low-dose NO–mediated Cox-2 expression. The in-
volvement of AP-1 is comprehensible because AP-1
activates the murine Cox-2 promoter via a cAMP re-
sponse element (Xie et al., 1994; Xie and Herschman,
1995). Our experiments using a dominant-negative
c-jun mutant (TAM-67) further support the notion that
AP-1 causes Cox-2 induction in response to NO,
thereby abrogating apoptotic cell death. Cytokine-elic-
ited Cox-2 expression required NF-kB activation,
whereas inhibition of MAPKs revealed no interfer-
ence. The essential role of NF-kB is confirmed by
studies from Hwang and coworkers that point to
NF-kB activation and Cox-2 expression in LPS-stimu-
lated macrophages. In LPS-activated macrophages,
Cox-2 expression partially required the MAPK path-
way (Hwang et al., 1997), whereas our results ne-
glected any contribution of this system in LPS/IFN-
g–stimulated cells. The discrepancy may be the signal
strength. Minor NF-kB activation evoked by LPS may
require an additional pathway (i.e., the MAPK system
for promoting Cox-2), whereas strong NF-kB activa-
tion that results from the combination of LPS and
IFN-g (von Knethen, unpublished results) relies on
one signaling system only. These considerations may
also apply for the NO system. NO causes minor NF-kB
activation and therefore requires the MAPK system in
parallel for Cox-2 induction.

Our study provides insights into how low-level
NO– or LPS/cytokine–signaling mechanisms con-
ferred cellular protection against NO-mediated apo-
ptosis. LPS/cytokine–elicited protection demanded
NF-kB activation and subsequent Cox-2 expression,
whereas low-dose NO–induced protection required
AP-1 in addition. Our results help us understand the
dual role of NO in regulating apoptotic cell death and
differentiate between an apoptotic initiating versus
inhibitory action of NO.
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oxide induced poly(ADP-ribose) polymerase cleavage in RAW 264.7
macrophage apoptosis is blocked by Bcl-2. FEBS Lett. 384, 162–166.

Nathan, C. (1992). Nitric oxide as a secretory product of mammalian
cells. FASEB J. 6, 3051–3064.

Newton, R., Kuitert, L.M.E., Bergmann, M., Adcock, I.M., and
Barnes, P.J. (1997). Evidence for involvement of NF-kB in the tran-
scriptional control of Cox-2 gene expression by IL-1b. Biochem.
Biophys. Res. Commun. 237, 28–32.

Nüssler, A.K., and Billiar, T.R. (1993). Inflammation, immunoregu-
lation, and inducible nitric oxide synthase. J. Leukocyte Biol. 54,
171–178.

Park, S.K., Lin, H.L., and Murphy, S. (1997). Nitric oxide regulates
nitric synthase-2 gene expression by inhibiting NF-k B binding to
DNA. Biochem. J. 322, 609–613.

Pilz, R.B., Suhasini, M., Idriss, S., Meinkoth, J.L., and Boss, G.R.
(1995). Nitric oxide and cGMP analogs activate transcription from
AP-1- responsive promoters in mammalian cells. FASEB J. 9, 552–
558.

Quijano, C., Alvarez, B., Gatti, R.M., Augusto, O., and Radi, R.
(1997). Pathways of peroxynitrite oxidation of thiol groups. Bio-
chem. J. 322, 167–173.

Robinson, M.J., and Cobb, M.H. (1997). Mitogen-activated protein
kinase pathways. Curr. Opin. Cell Biol. 9, 180–186.

Roshak, A.K., Jackson, J.R., McGough, K., Chabot Fletcher, M.,
Mochan, E., and Marshall, L.A. (1996). Manipulation of distinct
NFkappaB proteins alters interleukin-1b-induced human rheuma-

Cell Protection by NO-Mediated Gene Activation

Vol. 10, February 1999 371



toid synovial fibroblast prostaglandin E2 formation. J. Biol. Chem.
271, 31496–31501.

Salvemini, D., Currie, M.G., and Mollace, V. (1996). Nitric oxide-
mediated cyclooxygenase activation. A key event in the antiplatelet
effects of nitrovasodilators. J. Clin. Invest. 97, 2562–2568.

Salvemini, D., Misko, T.P., Masferrer, J.L., Seibert, K., Currie, M.G.,
and Needleman, P. (1993). Nitric oxide activates cyclooxygenase
enzymes. Proc. Natl. Acad. Sci. USA 90, 7240–7244.
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