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Abstract:

Inflammation contributes to many pathologies, but the mechanisms by which inflammation induces cell death are unclear. We

investigated interactions between inducible nitric oxide synthase (iNOS), phagocytic NADPH oxidase (PHOX) and arachidonate in

inducing cell death in a J774 macrophage cell line. Little or no cell death was induced by: (i) induction of iNOS with

lipopolysaccharide (LPS) and interferon-� (INF�), (ii) activation of PHOX with phorbol-12-myristate-13-acetate (PMA), or (iii)

addition of arachidonate. However, when iNOS activation was combined with PHOX activation by PMA or with arachidonate, there

was extensive necrotic death of macrophages. In both cases death was accompanied by peroxynitrite production, and was blocked by

removal of peroxynitrite (by FeTPPS), removal of superoxide (by superoxide dismutase), inhibition of iNOS (by 1400W) or

inhibition of PARP (by IsoQ or DPQ). However, when iNOS induction was combined with PMA, death was blocked by a PHOX

inhibitor (apocynin). Whereas when iNOS induction was combined with arachidonate, death was not blocked by apocynin, but was

blocked by a cyclooxygenase (COX) inhibitor (ibuprofen), suggesting that the source of superoxide contributing to cell death differs

in these two conditions.
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Abbreviations: DPQ – 3,4-dihydro-5-[4-(1-piperidinyl)bu-

toxy]-1(2H)-isoquinoline, FeTPPS – 5,10,15,20-tetrakis (4-

sulfonatophenyl) porphyrinato iron (III), IFN�, – interferon-�;

iNOS – inducible NO synthase, IsoQ – 1,5-isoquinolinediol,

LPS – lipopolysaccharide, PARP – poly(ADP ribose) po-

lymerase, PHOX – phagocytic NADPH oxidase, PMA –

phorbol-12-myristate-13-acetate

Introduction

Inflammation contributes to both acute pathologies

(toxic shock, sepsis) and degenerative diseases (ar-

thritis, colitis, atherosclerosis, neurodegenerative dis-

eases), in part by causing cell death. It is therefore im-

portant both to understand the mechanisms by which

inflammation induces cell death, and to find drugs

that block that death. Three main pathways have been

implicated in inflammation-induced cell death: (1) in-

ducible nitric oxide synthase (iNOS) and derivative re-

active nitrogen species (RNS), (2) the phagocytic

NADPH oxidase (PHOX) and derivative reactive oxy-

gen species (ROS), and (3) arachidonate and derivative

prostanoids [4, 10, 11, 13, 17, 20]. Because these three

pathways may be activated to different extents in dif-

ferent types of inflammation it is important to under-
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stand how they interact to induce or prevent cell

death.

iNOS is not normally expressed in healthy mam-

mals, but is induced in variety of cell types, including

endothelial cells and macrophages, by pathogens and

cytokines [4, 13]. NO can kill mammalian cells in cul-

ture by a variety of mechanisms [3–5, 8, 13, 17, 21].

On the other hand there is evidence that iNOS expres-

sion in vivo can be protective, and it is clear that iNOS

can be expressed without killing host cells [4, 8, 20].

This suggests that there is some conditionality to

NO/iNOS induced cell death, i.e. that NO from iNOS

is not sufficient alone to induce cell death, but re-

quires some other factor or conditions to be present.

Because NO-induced cell death is often blamed on per-

oxynitrite rather than NO itself, we investigated the hy-

pothesis that iNOS-induced cell death requires the ad-

ditional presence of a major source of superoxide.

One of the main sources of superoxide during in-

flammation is the PHOX [10, 11]. The catalytic

subunit (gp91) of the oxidase is present on the plasma

membrane and intracellular vesicles, particularly of

neutrophils and macrophages, but the same or ho-

mologous subunits are found at lower levels in a vari-

ety of other cell types [10, 11]. The oxidase is nor-

mally inactive in resting cells, but can be rapidly acti-

vated by phorbol myristate acetate (PMA)-induced

protein kinase C phosphorylation of the p47 regula-

tory subunit of the oxidase, which on phosphorylation

translocates from the cytosol to the membrane and as-

sembles with the catalytic subunits [10]. Once active

the NADPH oxidase produces superoxide within in-

tracellular vesicles or outside the cell, and this super-

oxide (or derivative molecules) is potentially cyto-

toxic to pathogens and/or host cells. The NADPH oxi-

dase, like iNOS, is a key effector of non-specific host

defence against pathogens, but also appears to con-

tribute to the pathology of inflammatory and neurode-

generative diseases [4, 11]. However, paradoxically

superoxide itself has very little potential to kill patho-

gens or host cells, and it is now appreciated that the

NADPH oxidase also has physiological roles in regu-

lating cell proliferation and differentiation [10, 11].

As with iNOS, it is not clear why the NADPH oxidase

is in some circumstances protective and in other con-

ditions causes host cell death and pathology.

Superoxide can react with NO at the diffusion-

limited rate to produce a potentially more toxic spe-

cies: peroxynitrite. Peroxynitrite can kill cells by

causing DNA damage that activates poly(ADP ribose)

polymerase (PARP) [21]. Co-activation of iNOS and

NOX2, for example in macrophages, microglia and/or

neutrophils, potentially produces peroxynitrite [1, 15].

However, it is not clear that the production of per-

oxynitrite in such conditions would be more or less

cytotoxic than the production of NO, superoxide and

derivative species (H2O2, NO2, N2O3 and S-nitroso-

thiols). In this work we used a macrophage cell line to

test whether NO from iNOS would synergise with su-

peroxide from NADPH oxidase to cause cell death via

peroxynitrite production.

Arachidonic acid and its metabolites are implicated

in several important inflammatory conditions includ-

ing airway and glomerular inflammation as well as

atherosclerosis [9]. In general, arachidonic acid me-

tabolites antagonize inflammatory responses and are

involved in regulation of pro-survival pathways [9].

However, accumulation of arachidonate or its me-

tabolites in cells may lead to cell death in some patho-

logical conditions suggesting that there is some condi-

tionality in pro-survival/pro-death actions of arachi-

donate [6, 7, 9, 19]. Several mechanisms have been

proposed for arachidonate-induced cell death such as

a detergent-like effect on membrane permeability or

induction of mitochondrial permeability transition

[19]. However, these effects require relatively high

concentrations of arachidonate. We were interested

whether arachidonate at relatively low concentrations

may synergise with iNOS to induce cell death in

macrophages.

Materials and Methods

Cell culture

Murine macrophage J774 cells were maintained in

DMEM supplemented with 10% fetal calf serum and

50 µg/ml gentamycin at 37°C in a humidified atmos-

phere containing 5% CO2.

Cell treatments

For the experiments, cells (10 × 104/ml) were sus-

pended in DMEM with 10% fetal calf serum and

plated in 24-well cell culture plates (1 ml per well).

iNOS was induced in the macrophages by exposure to

10 µg/ml LPS plus 10 ng/ml IFN-�. Two hours after
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the addition of LPS/interferon-�, 30 µM sodium ara-

chidonate (Cayman Chemicals USA) or 2.5 µg/ml

PMA (Sigma USA) was added to the cells and cell

death was assessed after a further 22 h. In some

experiments the following inhibitors were added

15 min prior to addition of arachidonate: 100 µM

1400 W (Alexis Switzerland), 1 mM apocynin (Cal-

biochem Germany), 100 µM FeTPPS (5,10,15,20-

tetrakis (4-sulfonatophenyl) porphyrinato iron (III),

Calbiochem Germany), 320 U/ml Cu,Zn-SOD (Sigma

USA), 100 µM 1,5-isoquinolinediol (Alexis Switzerland),

100 µM 3,4-dihydro-5-[4-(1-piperidinyl)butoxy]-1(2H)-

isoquinoline (DPQ, Alexis Country), 10 µM 4-[5-

phenyl-3-(trifluoromethyl)-1H-pyrazol-1-yl]benzene-

sulfonamide (COX2 inhibitor PTPBS, Calbiochem

Germany), 25 µM ibuprofen (Calbiochem Germany).

Assessment of cell death

Necrosis was assayed by determining the percentage

of cells with plasma membrane permeable to propid-

ium iodide. Cells were incubated with 1 µg/ml

propidium iodide and 2 µg/ml Hoechst 33342 (to

visualize total number of nuclei) at room temperature

for 10 min in the dark, followed by examination with

fluorescent microscope (Zeiss Axiovert S100).

Propidium iodide-positive cells were considered as

necrotic. Results are expressed as the percentage of

total cells that were propidium iodide-positive. In

each experiment 6–10 independent fields (~1000 nu-

clei in total) were counted per each condition.

Measurement of hydrogen peroxide production

Hydrogen peroxide production by cells was measured

using Amplex Red Assay kit (Molecular probes).

Cells (approximately 3 × 105 cells/ml) were sus-

pended in phosphate-buffered saline (PBS) containing

1 µM Amplex Red, 10 U/ml horseradish peroxidase

and the rate of hydrogen peroxide production was de-

termined by following the increase in fluorescence

(excitation at 560 nm, emission at 587 nm) at room

temperature measured with a Shimadzu RF-1501

spectrofluorimeter.

Measurement of nitrite production

NO production by activated macrophages was also

evaluated by measuring nitrite concentrations in the

cells incubation medium using the Griess reaction.

Briefly, 200 µl of samples were transferred to a 96-

well plate and mixed with 15 µl 12.5 mM sulfanila-

mide and 15 µl 6 M HCl. After 5 min, 15 µl 12.5 mM

N-(1-naphthyl)-ethylene diamine was added and after

another 20 min the absorbance was read at 540 nm us-

ing a BMG Fluorostar Optima plate reader. Nitrite

concentration was calculated from a standard curve of

NaNO2 in the medium.

Measurement of nitrotyrosine staining

For immunocytochemistry of nitrotyrosine, cells were

fixed with 4% paraformaldehyde for 30 min at room

temperature, permeabilised with 0.1% saponin in PBS

(phosphate-buffered saline) containing 1% bovine se-

rum albumin for 30 min, incubated for 1 h with

a mouse monoclonal anti-nitrotyrosine antibody

(clone 1A6, Upstate) and the anti-nitrotyrosine anti-

bodies were visualised with goat anti-mouse Cy3 con-

jugated secondary antibodies (Jackson ImmunoRe-

search). Cells were imaged using a fluorescent micro-

scope.

Statistical analysis

Data are presented as means ± standard error of at

least 3 separate experiments. Statistical analyses were

performed using ANOVA. Differences were regarded

to be statistically significant at p

Results

Induction of iNOS in J774 macrophages by exposure

to LPS and IFN� for 24 h resulted in NO production

(as measured by nitrite levels in the culture medium –

2.4 ± 1.1 µM in the untreated cultures, 11.3 ± 2.8 µM

in the LPS/IFN�-treated culture, and 8.7 ± 2.4 µM in

the LPS/IFN�-plus arachidonate-treated culture).

However, there was no significant increase in cell

death (as measured by propidium iodide staining of

the cells – Fig. 1). Addition of 30 µM arachidonate to

the macrophages (in the absence of LPS/IFN�) also

did not induce significant cell death (Fig. 1). How-

ever, if the same concentration of arachidonate was

added to the LPS/INF�-activated, iNOS-expressing

cells this resulted in more than 50% necrosis after 24 h

of incubation. This cell death was completely pre-
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vented by a specific inhibitor of iNOS (1400 W), an

enzyme removing superoxide (superoxide dismutase,

SOD), or a catalytic decomposer of peroxynitrite

(FeTPPS), implicating involvement of iNOS, super-

oxide and peroxynitrite in the death (Fig. 1). Cell

death also was prevented by a PARP inhibitor (IsoQ),

which is consistent with previously known data that

peroxynitrite-induced cell death is mediated by the

activation of PARP [21]. To test whether peroxynitrite

was produced in the cells exposed to arachidonate

plus LPS/INF-� we measured tyrosine-nitrated pro-

teins in these cells, as nitrotyrosine is a marker of per-

oxynitrite production [14]. Immunocytochemistry

with a monoclonal antibody against nitrotyrosine re-

vealed little or no staining in control (non-activated)

or LPS/INF-�-activated cells (Fig. 2), but substantial

staining in the presence of both LPS/INF-� and ara-

chidonate. And this protein nitration was substantially

reduced in the presence of decomposer of peroxyni-

trite – FeTPPS, indicating that protein nitration in

LPS/INF� and arachidonate treated cells was medi-

ated by peroxynitrite.

We tested whether arachidonate could indeed cause

ROS production in these cells, and we found that

30 µM arachidonate did indeed cause an acute in-

crease in hydrogen peroxide production by macro-

phages. Arachidonate can cause activation of PHOX

[18], but diphenylene iodonium (DPI), a non-specific

inhibitor of PHOX, only partially inhibited the

arachidonate-induced hydrogen peroxide production

(2.1 ± 0.3, 9.1 ± 0.8 and 5.6 ± 0.2 pmol H2O2/min/106

cells in control, arachidonate and arachidonate plus

DPI treated cells, respectively). Furthermore, arachi-

donate plus LPS/INF-�-induced cell death was unaf-

fected by a specific inhibitor of NADPH oxidase apo-

cynin. However, as shown in Figure 1, arachidonate

plus LPS/INF-�-induced necrosis was abolished by

a cyclooxygenase-1 inhibitor ibuprofen (reduction to

26% necrosis), but not by a specific cyclooxygenase 2

inhibitor PTPBS (more than 60% necrosis). This sug-

gests that the main source of superoxide contributing

to arachidonate-induced cell death was not PHOX but

rather COX-1 or something downstream of COX-1.

Notably, ibuprofen had no effect on NO levels in acti-

vated macrophages measured as nitrite concentration

in the incubation media: 11.3 ± 2.8 µM in the
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LPS/IFN�-treated culture, 8.9 ± 0.4 µM in the

LPS/IFN�-plus ibuprofen-treated culture and 12.8

± 1.5 µM in the LPS/IFN�- plus arachidonate plus

ibuprofen-treated culture.

We tested whether another well known activator of

NADPH oxidase phorbol myristate acetate (PMA)

would synergise with NO from iNOS to induce cell

death in macrophages. Addition of PMA to the macro-

phages to activate the NADPH oxidase caused little or

no cell death assessed 24 h after addition (Figs 3, 4).

However, if PMA was added together with LPS and

IFN� there was substantial necrotic cell death at 24 h

(Figs 3, 4). This death was completely prevented by

1400 W, apocynin, or FeTPPS, was partially reduced by

exogenous SOD and was insensitive to catalase (Fig. 4).

This indicates that all of the death induced by

PMA/LPS/IFN�, in contrast to arachidonate/LPS/INF�,

was mediated by NADPH oxidase, iNOS, and peroxyni-

trite. And this is consistent with all of the death being

due to NO from iNOS reacting with superoxide from

NADPH oxidase to produce peroxynitrite that kills the

cells. PMA/LPS/IFN�-induced death was also prevented

by two PARP inhibitors (IsoQ and DPQ), consistent

peroxynitrite-induced, PARP-mediated death.

As a measure of peroxynitrite production we meas-

ured nitrotyrosine staining of the cells, and found that

PMA/LPS/IFN� caused extensive nitrotyrosine im-

munorectivity within the cells that was blocked by the

peroxynitrite decomposer FeTPPS (Fig. 2) and by

apocynin (not shown), indicating peroxynitrite pro-

duction and extensive protein nitration in this condi-

tion. Nitrite levels were 0.1 ± 1.0 µM in the untreated

cultures, 31.0 ± 12.6 µM in the LPS/IFN�-treated cul-

ture, 2.1 ± 1.2 µM in the PMA-treated culture, and 4.8

± 4.4 µM in the LPS/IFN�-plus PMA-treated culture

(mean and standard deviation of at least 4 experi-

ments). NO is known to degrade to nitrite, whereas

peroxynitrite degrades principally to nitrate. Thus

these results are consistent with PMA causing NO

from iNOS to be diverted to peroxynitrite.

Discussion

iNOS, the NADPH oxidase, arachidonate and their

derivatives are important mediators of innate immu-

nity as well as inflammatory damage. However, our

results indicate that maximal activation of each sys-

tem alone causes little cell death, at least to the

macrophages. On the other hand if iNOS together

with either PHOX or arachidonate are activated at the

same time peroxynitrite is produced, resulting in ex-

tensive peroxynitrite-mediated cell death. Peroxyni-
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trite often causes cell death via activating PARP [21],

and consistent with this we found that PARP inhibi-

tors partially blocked cell death.

In many pathological situations a rise in cellular

Ca2+ is observed leading to activation of phospholi-

pase A2, an enzyme that releases arachidonic acid

from membrane phospholipids. Several previous stud-

ies have indicated that ROS formation in some condi-

tions is linked with the activity of phospholipase A2

[16, 23] and that exposure of cells to arachidonate

causes production of ROS [24]. Arachidonate is

known to activate NADPH oxidase, COX, and

lipoxygenases, all of which have been shown to pro-

duce superoxide [2, 18, 22, 25]. In our experiments

NO- and superoxide-induced cell death in arachido-

nate/LPS/INF�-treated macrophages was blocked by

an inhibitor of COX-1 (ibuprofen) but not by a spe-

cific inhibitor of NADPH oxidase (apocynin) suggest-

ing that COX-1 was involved in the production of su-

peroxide. COX has been shown to produce superox-

ide in the presence of arachidonate [12], so the

simplest explanation is that the superoxide contribut-

ing to arachidonate-induced death is derived directly

from COX-1. However, it is also possible that some-

thing derived from the COX-1 pathway is causing or

activating superoxide production.

Synergy between iNOS and arachidonate or

NADPH oxidase in inducing cell death might be rele-

vant in the context of (a) innate immunity, and/or (b)

inflammatory pathology. After acute infection, in-

flammation is induced, accompanied by the rapid re-

cruitment of neutrophils that produce large amounts

of superoxide from the activated NADPH oxidase, re-

sulting in death of pathogens susceptible to superox-

ide or derivative molecules in particular hydrogen

peroxide, hypochlorite and perhaps the hydroxyl radi-

cals [11]. Some time later monocyte/macrophages ar-

rive at the infected tissue, and spray the site with NO

from iNOS. The introduction of NO into an environ-

ment full of superoxide may radically alter the chem-

istry of the infection site, potentially producing per-

oxynitrite, NO2, and hydroxyl radicals, that may kill

a different set of pathogens (and host cells). Later still

or in chronic inflammation iNOS may be active alone

in the absence of sources of superoxide, resulting in

a different chemistry dominated by NO, NO2, N2O3

and S-nitrosothiols, that may kill a different range of

pathogens (and host cells). Phospholipase A2 is gener-

ally activated early in inflammation resulting in ara-

chidonate release and activation of COX-1; later on

COX-2 is induced, which may result in a further burst

of ROS and COX-derived metabolites.
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