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1 M40403 is a low molecular weight, synthetic manganese containing superoxide dismutase
mimetic (SODm) that removes superoxide anions (.O2

7) without interfering with other reactive
species known to be involved in in¯ammatory responses (e.g. nitric oxide, NO and peroxynitrite,
ONOO-).

2 As such, M40403 represents an important pharmacological tool to dissect the roles of .O2
7 in

acute and chronic in¯ammation. For this purpose, the pharmacological pro®le of M40403 was
evaluated in carrageenan-induced pleurisy.

3 Injection of carrageenan into the pleural cavity of rats elicited an acute in¯ammatory response
characterized by: ¯uid accumulation in the pleural cavity which contained a large number of
neutrophils (PMNs) as well as an in®ltration of PMNs in lung tissues and subsequent lipid
peroxidation, and increased production of nitrite/nitrate (NOx), prostaglandin E2 (PGE2), tumour
necrosis factor a, (TNFa), interleukin-1b (IL-1b), interleukin-6 (IL-6) and interleukin-10 (IL-10).

4 All parameters of in¯ammation were attenuated by M40403 except for NOx, PGE2 and IL-10
which remained unaltered. Furthermore, carrageenan induced an upregulation of the adhesion
molecules ICAM-1 and P-selectin, as well as nitrotyrosine and poly (ADP-ribose) synthetase (PARS)
as determined by immunohistochemical analysis of lung tissues.

5 The degree of staining for the ICAM-1, P-selectin, nitrotyrosine and PARS was reduced by
M40403.

6 These results clearly indicate that .O2
7 plays a critical role in the development of the

in¯ammatory response by altering key components of the in¯ammatory cascade. Therefore,
synthetic enzymes of SOD such as M40403, o�ers a novel therapeutic approach for the management
of various in¯ammatory diseases where these radicals have been postulated to play a role.
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Introduction

Under normal circumstances, formation of superoxide anion
(.O2

7; the one-electron reduction product of oxygen) is kept
under tight control by endogenous superoxide dismutase

(SOD) enzymes. These include: the Mn enzyme in mitochon-
dria (SOD2) and Cu/Zn enzyme present in the cytosol
(SOD1) or extracellular surfaces (SOD3). The importance of

SOD2 is highlighted by the ®ndings that in contrast to SOD1
(Reaume et al., 1996) and SOD3 (Carlsson et al., 1995),
SOD2 knockout is lethal to mice (Li et al., 1995; Lebovitz et

al., 1996; Melov et al., 1999). In acute and chronic
in¯ammation, the production of .O2

7 anion is increased at
a rate that overwhelms the capacity of the endogenous SOD
enzyme defence system to remove them. The result of such

imbalance results in .O2
7 mediated damage. A proposal that

.O2
7 was intimately involved with the in¯ammatory response

was raised as early as the 1970s through the pioneering work

of McCord & Fridovich (1969). Some important pro-
in¯ammatory roles for .O2

7 include: endothelial cell damage
and increased microvascular permeability (Droy-Lefaix et al.,

1991; Haglind et al., 1994; Xia et al., 1995), formation of
chemotactic factors such as leukotriene B4 (Fantone & Ward,
1982; Deitch et al., 1990), recruitment of neutrophils at sites

of in¯ammation (Boughton-Smith et al., 1993; Salvemini et
al., 1999), lipid peroxidation and oxidation, DNA single-
strand damage (Dix et al., 1996) and formation of

peroxynitrite (ONOO7), a potent cytotoxic and proin¯am-
matory molecule (Crow & Beckman, 1995; Salvemini et al.,
1998a,b; 1999a; Beckman et al., 1990; Ischiropoulos et al.,
1992; Beckman & Crow, 1993). Most of the knowledge

gathered about the roles of superoxide in disease has been
collected by the use of the native SOD enzyme and, more
recently, by data generated in transgenic animals that

overexpress the human enzyme (Huber et al., 1980; Flohe,
1988; Uematsu et al., 1994; Fridovich, 1995). Protective and
bene®cial roles of SOD have been demonstrated in a broad
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range of disease, both preclinically and clinically (Halliwell &
Gutteridge, 1985; Maxwell, 1995; McCord, 1974). Orgotein1

(bovine CuZnSOD) showed promising results as a human

therapeutic in acute and chronic conditions including
rheumatoid arthritis and osteoarthritis as well as side e�ects
associated with chemotherapy and radiation therapy (Flohe,
1988; Babior, 1982; Niwa et al., 1985). There are drawbacks

or problematic issues associated with the use of the native
enzymes as therapeutic agents (e.g., solution instability,
immunogenicity of non-human enzymes, bell-shaped dose

response curves, high susceptibility to proteolytic digestion)
and as pharmacological tools (e.g., they do not penetrate cells
or cross the blood brain barrier, limiting the dismutation of

superoxide only to the extracellular space or compartments).
To overcome the limitations associated with native enzyme

therapy we have developed a series of superoxide dismutase

mimetics (SODm) that catalytically remove .O2
7. M40403

(see chemical structure Figure 1) is a prototypic example of
our stable, low molecular weight, manganese-containing,
non-peptidic molecules possessing the function and catalytic

rate of native SOD enzymes, but with the advantage of being
a much smaller molecule (MW 483 vs MW 30,000 for the
mimetic and native enzyme, respectively) (Salvemini et al.,

1999b). An important property of these SODm is that they
catalytically remove superoxide at a high rate without
interacting with other reactive species including nitric oxide,

peroxynitrite, hydrogen peroxide, oxygen or hydroxyl radicals
(Riley et al., 1996; 1997). This property is not shared by other
classes of SOD mimetics or scavengers including several

metalloporphyrins such as tetrakis-(N-ethyl-2-pyridyl) por-
phyrin (MnTE-2-PyP) and tetrakis-(benzoic acid) porphyrin
(MnTBAP), that interact with other reactive species such as
nitric oxide (NO) and ONOO7 which clearly play important

roles in in¯ammation (Patel & Day, 1999). Furthermore,
SODm are not deactivated by ONOO7, an added advantage
over the native MnSOD enzyme that is nitrated and

deactivated by ONOO7 (Yamakura et al., 1998; Macmil-
lan-Crow & Thompson 1999). We have recently shown that
M40403 is anti-in¯ammatory and protective in ischaemia-

reperfusion injury (Salvemini et al., 1999b).
In the current study we have extended our initial

observations to a well characterized model of acute pleurisy
in rats and show that M40403 inhibits the in¯ammatory

response following the intrapleural injection of carrageenan

in rats. Results obtained in this study support the use of
SODm as therapeutic agents in diseases associated with overt
production of superoxide.

Methods

Animals

Male Sprague-Dawley rats (300 ± 350 g; Charles River;

Milan, Italy) were housed in a controlled environment and
provided with standard rodent chow and water. Animal care
was in compliance with Italian regulations on protection of

animals used for experimental and other scienti®c purposes
(D.M. 116192) as well as with EEC regulations (O.J. of E.C.
L 358/1 12/18/1986)

Carrageenan-induced pleurisy

Rats were anaesthetized with iso¯urane and submitted to a

skin incision at the level of the left sixth intercostal space.
The underlying muscle was dissected and saline (0.2 ml) or
saline containing 1% w v71 l-carrageenan (0.2 ml), injected

into the pleural cavity. The skin incision was closed with a
suture and the animals allowed to recover. M40403 (5 ±
20 mg kg71), or an equivalent volume (0.3 ml) of vehicle

(26 mM sodium bicarbonate bu�er, pH 8.1 ± 8.3), was injected
intraperitoneally (i.p.) 15 min before carrageenan. At 4 h
after the injection of carrageenan, the animals were killed by

inhalation of CO2. The chest was carefully opened and the
pleural cavity rinsed with 2 ml of saline solution containing
heparin (5 u ml71) and indomethacin (10 mg ml71). The
exudate and washing solution were removed by aspiration

and the total volume measured. Any exudate, that was
contaminated with blood was discarded. The amount of
exudate was calculated by subtracting the volume injected

(2 ml) from the total volume recovered. The leukocytes in the
exudate were suspended in phosphate-bu�er saline (PBS
composition (in mM): NaCl 137, KCl 2.7, NaH2PO4 1.4,

Na2HPO4 4.3, pH 7.4 and counted with an optical micro-
scope in a Burker's chamber after vital Trypan Blue staining.
Cytokines (TNFa, IL-1b, IL-6 and I1-10) and PGE2 were
measured in the exudates by ELISA's using commercially

available kits (Calbiochem-Novabiochem Corporation,
U.S.A.). Levels of NOx in the exudates were measured using
the Griess reaction as described below.

Measurement of lung-tissue myeloperoxidase activity and
malondialdehyde

Myeloperoxidase (MPO) activity, a haemoprotein located in
azurophil granules of neutrophils, has been used as a

biochemical marker for neutrophil in®ltration into tissues
(Bradley et al., 1982). In the present study, MPO was
measured photometrically by a method similar to that
described previously (Laight et al., 1994). At 4 h following

the intrapleural injection of carrageenan, lung tissues were
obtained and weighed. Each piece of tissue was homogenized
in a solution containing 0.5% w v71 hexa-decyl-trimethyl-

ammonium bromide dissolved in 10 mM potassium phos-
phate bu�er (pH 7) and centrifuged for 30 min at 20,0006g
at 48C. An aliquot of the supernatant was then allowed toFigure 1 Structure of M40403.
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react with a solution of tetramethylbenzidine (1.6 mM) and
0.1 mM H2O2. The rate of change in absorbance was
measured spectrophotometrically at 650 nm. MPO activity

was de®ned as the quantity of enzyme degrading 1 mmol of
peroxide/min71 at 378C and was expressed in milliunits per
100 mg weight of wet tissue. Malondialdehyde (MDA) levels
in the lung tissue were determined as an indicator of lipid

peroxidation (Ohkawa et al., 1979). Lung tissue, collected at
the speci®ed time, were homogenized in 1.15% w v71 KCl
solution. An aliquot (100 ml) of the homogenate was added to

a reaction mixture containing 200 ml of 8.1% w v71 v v71

SDS, 1500 ml of 20% v v71 acetic acid (pH 3.5), 1500 ml of
0.8% w v71 thiobarbituric acid and 700 ml distilled water.

Samples were then boiled for 1 h at 958C and centrifuged at
3,0006g for 10 min. The absorbance of the supernatant was
measured by spectrophotometry at 650 nm.

Immunofluorescence localization of ICAM-1, P-selectin,
nitrotyrosine and PARS

Indirect immuno¯uorescence staining was performed on 7 mm
thick sections of un®xed rat lung. Sections were cut in with a
Slee and London cryostat at 7308C, transferred onto clean

glass slides and dried overnight at room temperature.
Sections were permeabilized with acetone at 7208C for
10 min and rehydrated in PBS (phosphate bu�ered saline,

150 mM NaCI, 20 mM sodium phosphate pH 7.2) at room
temperature (RT) for 45 min. Sections were incubated
overnight with (1) rabbit anti-human polyclonal antibody

directed towards P-selectin (CD62P) which reacts with rat
and with mouse anti-rat antibody directed at ICAM-1
(CD54) (1 : 500 in PBS, v v71) (DBA, Milan, Italy) or (2)
with anti-nitrotyrosine rabbit policlonal antibody (1 : 500 in

PBS, v v71) or with anti-poly (ADP-Ribose) goat policlonal
antibody rat (1 : 500 in PBS, v v71). Sections were washed
with PBS, and incubated with secondary antibody (TRITC-

conjugated anti-rabbit and with FITC-conjugated anti-mouse
(Jackson, West Grove, PA, U.S.A.) or with TRITC-
conjugated anti-goat antibody (1 : 80 in PBS, v v71) for 2 h

at RT. Sections were washed as before, mounted with 90%
v v71 glycerol in PBS, and observed with a Nikon RCM8000
confocal microscope equipped with a 406oil objective.

Histological examination

Lung biopsies were taken 4 h after injection of carrageenan.

The biopsies were ®xed for 1 week in bu�ered formaldehyde
solution (10% w v71 in PBS, composition in mM: NaCl 137,
KCl 2.7, NaH2PO4 1.4, Na2HPO4 4.3, pH 7.4) at room

temperature, dehydrated by graded ethanol and embedded in
Paraplast (Sherwood Medical, Mahwah, NJ, U.S.A.). Tissue
sections (thickness 7 mm) were depara�nized with xylene,

stained with trichromic Van Gieson and studied using light
microscopy (Dialux 22 Leitz).

Isolation of pleural macrophages

Resident pleural cell macrophages were collected 4 h after the
carrageenan injection from rats treated with or without

M40403 (Cuzzocrea et al., 1998a). After exsanguination, the
pleural cavity, was opened and the cells in it were collected
by repeated washing with 2 ml of medium (11.8 mM Tris-

HCL bu�er saline, containing (mM): KCl 2.6, MgCl2 1.0,
NaH2PO4 0.4, Glucose 5.4, EDTA 1.5 (pH 7.4). Total
leukocyte counts in the exudate were measured with a

Neubauer cell-count plate after ®xation with Turk's solution.
Di�erential counts of the exuded leukocytes were performed
after smear preparation and staining with Wright-Giemsa
methods as previously described by Ogino et al. (1996). Cells

(106/ml), consisting mainly of macrophages (approximately
70%) were cultured in Dulbecco's Modi®ed Eagle's Medium
(DMEM) supplemented with L-glutamine (3.5 mM), penicillin

(50 ml71), streptomycin (50 mg ml71) and heparin sodium
(10 u ml71) in 12-well plates. Cells were allowed to adhere for
2 h at 378C in a humidi®ed 5% w v71 CO2 incubator. Non-

adherent cells were removed by rinsing the plates three times
with 5% dextrose water. After removing non-adherent cells
(approximately 10%), adherent macrophages were scraped

o� for the measurement of iNOS activity, DNA single strand
breaks and cellular levels of NAD+. In another series of
experiments, cells were made to adhere (for 2 h) as described
above and the levels of nitrite/nitrate (NOx) and peroxynitrite

(ONOO7) formation from the cells was measured in the
supernatant.

Measurement of nitrite/nitrate (NOx) and peroxynitrite
from pleural macrophages

NOx production, an indicator of NO synthesis, was measured
in cell supernatants as described previously (Cuzzocrea et al.,
1998a). Brie¯y, the nitrate in the supernatant was ®rst

reduced to nitrite by incubation with nitrate reductase
(670 mU ml71) and NADPH (160 mM) at room temperature
for 3 h. The nitrite concentration in the samples was then
measured by the Griess reaction, by adding 100 ml of Griess

reagent (0.1% naphthylethylenediamide dihydrochloride in
H2O and 1% sulphanilamide in 5% w v71 concentrated
H2PO4; vol. 1 : 1) to 100 ml samples. The optical density at

550 nm (OD550) was measured using ELISA microplate
reader (SLT-Labinstruments, Salzburg, Austria). The forma-
tion of peroxynitrite was measured by the peroxynitrite-

dependent oxidation of dihydrorhodamine-123 to rhodamine-
123 (Ishiropoulos et al., 1999; Wizemann et al., 1994; Kooy
et al., 1994). Brie¯y, cells were rinsed with PBS and the
medium was then replaced with PBS containing 5 mM
dihydrorhodamine 123. After a 60 min incubation at 378C,
the ¯uorescence of rhodamine-123 was measured using a
¯uorimeter at an excitation wavelength of 500 nm, emission

wavelength of 536 nm (slit widths 2.5 and 3.0 nm, respec-
tively).

Measurement of mitochondrial respiration in pleural
macrophages

Cell respiration was assessed by measuring the mitochondrial-
dependent reduction of MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] to formazan as described
previously (Cuzzocrea et al., 1998a; Darley-Usmar et al.,

1995). Brie¯y, cells in 96-well plates were incubated at 378C
with MTT (0.2 mg ml71) for 1 h. Culture medium was
removed by aspiration and the cells were solubilized in

DMSO (100 ml). The extent of reduction of MTT to
formazan within cells was quanti®ed by the measurement of
OD550.
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Determination of DNA single-strand breaks in pleural
macrophages

The formation of DNA strand breaks in double-stranded
DNA was determined by the alkaline unwinding method
(Cuzzocrea et al., 1998a,b; Shraufstatter et al., 1986). Cells in
12-well plates were scraped into 0.2 ml of solution A bu�er

(myoinositol 250 mM, NaH2PO3 10 mM, MgCl2 1 mM,
pH 7.2). The cell lysate was then transferred into plastic
tubes designated T (maximum ¯uorescence), P (¯uorescence

in sample used to estimate extent of DNA unwinding), or B
(background ¯uorescence). To each tube, 0.2 ml of solution B
(alkaline lysis solution: NaOH 10 mM, urea 9 M, ethylene-

diaminetetraacetic acid 2.5 mM, sodium dodecyl sulphate
0.1% w v71) was added and incubated at 48C for 10 min to
allow cell lysis and chromatin disruption. 0.1 ml each of

solutions C (0.45 volume solution B in 0.2 N NaOH) and D
(0.4 volume solution B in 0.2 N NaOH) were then added to
the P and B tubes. 0.1 ml of solution E (neutralizing solution:
glucose 1 M, mercaptoethanol 14 mM) was added to the T

tubes before solutions C and D were added. From this point
onwards, all incubations were carried out in the dark. A
30 min incubation period at 08C was then allowed, during

which the alkali di�used into the viscous lysate. As the
neutralizing solution, solution E, was added to the T tubes
before addition of the alkaline solutions C and D, the DNA

in the T tubes was never exposed to a denaturing pH. At the
end of the 30 min incubation, the contents of the B tubes
were sonicated for 30 s to ensure rapid denaturation of DNA

in the alkaline solution. All tubes were then incubated at
158C for 10 min. Denaturation was stopped by chilling to
08C and adding 0.4 ml of solution E to the P and B tubes.
1.5 ml of solution F (ethidium bromide 6.7 mg ml71 in

13.3 mM NaOH) was added to all the tubes and ¯uorescence
(excitation: 520 nm, emission: 590 nm) was measured by a
¯uorimeter. Under the conditions used, in which ethidium

bromide binds preferentially to double stranded DNA, the
percentage of double stranded DNA (D) may be determined
using the equation:

% D=1006[F(P) 7 F(B)]/[F(T) 7 F (B)];

where F(P) is the ¯uorescence of the sample, F(B) the

background ¯uorescence, i.e. ¯uorescence due to all cell
components other than double stranded DNA, and F(T) the
maximum ¯uorescence.

Measurement of cellular NAD+ levels in pleural
macrophages

We measured NAD+ levels as a mean to indirectly evaluate
poly(ADP-ribose)synthase (PARS) activation as previously

done by others (Carson et al., 1986; SzaboÁ et al., 1997;
Hyslop et al., 1988). Cells in 12-well plates were extracted in
0.25 ml of 0.5 N HClO4 scraped, neutralized with 3 M KOH,
and centrifuged for 2 min at 10,0006g. The supernatant was

assayed for NAD+ using a modi®cation of the colorimetric
method (Cuzzocrea et al., 1998a; Zingarelli et al., 1996) in
which NADH produced by enzymatic cycling with alcohol

dehydrogenase, reduces MTT to formazan through the
intermediation of phenazine methasulphate. The rate of
MTT reduction is proportional to the concentration of the

co-enzyme. The reaction mixture contained 10 ml of a
solution of 2.5 mg ml71 MTT, 20 ml of a solution of
4 mg ml71 phenazine methosulphate, 10 ml of a solution of

0.6 mg ml71 alcohol dehydrogenase (300 u mg71), and 190 ml
of 0.065 M glycyl-glycine bu�er, pH 7.4, that contained 0.1 M

nicotinamide and 0.5 M ethanol. The mixture was warmed to
378C for 10 min, and the reaction was started by the addition

of 20 ml of the sample. The rate of increase in absorbance
was read immediately after the addition of NAD+ samples
and after 10- and 20-min incubation at 378C against blank at

560 nm in the ELISA microplate reader (SLT-Labinstru-
ments, Salzburg, Austria).

Determination of nitric oxide synthase activity (pleural
macrophages and lung tissue)

The calcium-independent conversion of L-arginine to L-
citrulline in the homogenates of either pleural macrophages
or lungs (obtained 4 h after carrageenan treatment in the
presence or the absence of M40403) served as an indicator of

iNOS activity (SzaboÁ et al., 1993). Cells or lung tissue were
scraped into a homogenation bu�er composed of 50 mM

Tris.HCl, 0.1 mM EDTA and 1 mM phenylmethylsulphonyl

¯uoride (pH 7.4) and homogenized in the bu�er on ice using
a tissue homogenizer. Conversion of [3H]-L-arginine to [3H]-L-
citrulline was measured in the cell/lung homogenates as

described previously (Cuzzocrea et al., 1998a). Brie¯y,
homogenates (30 ml) were incubated in the presence of [3H]-
L-arginine (10 mM, 5 kBq per tube), NADPH (1 mM),

calmodulin (30 nM), tetrahydrobiopterin (5 mM) and EGTA
(2 mM) for 20 min at 228C. Reactions were stopped by
dilution with 0.5 ml of ice cold HEPES bu�er (pH 5.5)
containing EGTA (2 mM) and EDTA (2 mM). Reaction

mixtures were applied to Dowex 50 W (Na+ form) columns
and the eluted [3H]-L-citrulline activity was measured by a
Beckman scintillation counter.

Materials

Cell culture medium, heparin and foetal calf serum were
obtained from Sigma (Milan, Italy). Perchloric acid was
obtained from Aldrich (Milan, Italy). Primary anti-nitrotyr-
osine antibody was from Upstate Biotech (DBA, Milan,

Italy). All other reagents and compounds used were obtained
from Sigma Chemical Company (Sigma, Milan, Italy). The
SODm, M40403 was synthesized in house as described

previously (Salvemini et al., 1999b).

Data analysis

All values in the ®gures and text are expressed as
mean+standard error of the mean (s.e.m.) for n observa-

tions. For the in vitro studies, data represent the number of
wells studied (6 ± 9 wells from 2 ± 3 independent experi-
ments). For the in vivo studies, n represents the number of
animals studied. The results were analysed by one-way

ANOVA followed by a Bonferroni post-hoc test for multiple
comparisons. A P-value less than 0.05 was considered
signi®cant. In the experiments involving histology or

immunohistochemistry, the ®gures shown are representative
of at least three experiments performed on di�erent
experimental days.
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Results

Effects of M40403 in carrageenan-induced pleurisy

Histological examination of lung sections revealed signi®cant
tissue damage (Figure 2B) when compared with lung sections
taken from saline-treated animals (Figure 2A). Histological

examination of lung sections from rats treated with carragee-
nan showed oedema, tissue injury as well as in®ltration of the
tissue with neutrophils (PMNs) (Figure 2B). M40403 at the

highest dose tested (20 mg kg71, intraperitoneally, i.p.),
signi®cantly reduced the degree of injury as well as the
in®ltration of PMNs (Figure 2C). Furthermore, the injection

of carrageenan into the pleural cavity of rats elicited an acute
in¯ammatory response characterized by the accumulation of
¯uid (oedema) that contained large amounts of PMNs (Figure

3A,B). Neutrophils also in®ltrated in the lung tissues (Figure
4A) and this was associated with lipid peroxidation of lung
tissues as evidenced by an increase in the levels of
malonyldialdehyde (Figure 4B). Oedema, neutrophil in®ltra-

tion in lung tissue and lipid peroxidation were attenuated in a
dose-dependent fashion by the intraperitoneal injection of
M40403 (5 ± 20 mg kg71, n=10) (Figures 3 and 4).

Effects of M40403 on the expression of adhesion
molecules (ICAM-1, P-selectin)

Staining of lung tissue sections obtained from saline-treated
rats with anti-ICAM-1 antibody showed a speci®c staining

along bronchial epithelium (arrows), demonstrating that
ICAM-1 is constitutively expressed (Figure 5A). No positive
staining for P-selectin was found in lung tissue section from
saline-treated rats (Figure 5B). At 4 h after carrageenan

injection, the staining intensity substantially increased along
the bronchial epithelium (Figure 5C; see arrows). Lung tissue
sections obtained from carrageenan-treated rats showed

positive staining for P-selectin localized in the bronchial
epithelium (Figure 5D, see arrows). No positive staining for
ICAM-1 or P-selectin was found in the lungs of carrageenan-

treated rats that received intraperitoneal injection of M40403
(20 mg kg71) (Figure 5E,F). To verify the binding speci®city
for ICAM-1 or P-selectin, some sections were also incubated

with only the primary antibody (no secondary) or with only the
secondary antibody (no primary). In these situations no
positive staining was found in the sections indicating that the
immunoreaction was positive in all the experiments carried out.

Effects of M40403 on nitrotyrosine and PARS

At 4 h after carrageenan injection, lung sections were taken in
order to determine the immunohistological staining for
nitrotyrosine or PARS. Sections of lung from saline-treated

rats did not reveal any immunoreactivity for nitrotyrosine
(Figure 6A) or for PARS (Figure 6B) within the normal
architecture. A positive staining for nitrotyrosine (Figure 6C)
and for PARS (Figure 6D) was found primarily localized in the

vessels (big arrows) and in the bronchial epithelium (small
arrows) of carrageenan treated animals. M40403 (20 mg kg71,
i.p.) reduced the staining for both nitrotyrosine and PARS

(Figure 6E, F). In order to con®rm that the immunoreaction for
the nitrotyrosine was speci®c some sections were also incubated
with the primary antibody (anti-nitrotyrosine) in the presence

of excess nitrotyrosine (10 mM) to verify the binding speci®city.
To verify the binding speci®city for PARS, some sections were
also incubated with only the primary antibody (no secondary)

or with only the secondary antibody (no primary). In these
situations, no positive staining was found in the sections
indicating that the immunoreaction was positive in all the
experiments carried out.

Effects of M40403 on the release of cytokine, nitrate/
nitrite (NOx) and PGE2

A signi®cant increase in the levels of TNFa, IL-1b, IL-6 and
IL-10 was observed in pleural exudates from carrageenan-

Figure 2 E�ect of M40403, on lung injury: When compared to lung
sections taken from control animals (A), lung sections from
carrageenan-treated rats (B) demonstrates interstitial haemorrhage
and polymorphonuclear leukocyte accumulation. Lung sections from
a carrageenan-treated rat that had received M40403, (20 mg kg71,
intraperitoneally) (C) exhibit reduced interstitial haemorrhage and a
lesser cellular in®ltration. Original magni®cation:662.5. Figure is
representative of at least three experiments performed on di�erent
experimental days.
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treated (Figure 7A,B). At the highest dose tested, M40403
(20 mg kg71) attenuated the release of TNFa, IL-1b and IL-
6 (Figure 7A,B), but had no e�ect on IL-10 (if anything a

slight increase was observed) (Figure 7A). Furthermore, a
signi®cant increase in NOx and PGE2 concentration was
found in pleural exudates (from 5+1 to 15+3 nmol NOx

ml71 exudate (n=10), and from 0 to 250+10 pg PGE2 ml71

exudate (n=10). M40403 had no e�ect on NOx or PGE2

release (from 15+3 to 20+2 nmol NOx ml71 pleural

exudate and from 250+10 to 200+20 pg PGE2 ml71 pleural
exudate in rats treated with carrageenan alone and rats
treated with carrageenan in the presence of M40403
respectively, (n=10).

Effects of M40403 on nitrate/nitrite (NOx) and
peroxynitrite formation from pleural macrophages

Carrageenan induced the expression of inducible NOS in
macrophages isolated from the pleural cavity (from 5+1 to
29+1 fmol mg71 min71 for macrophages taken from non-

injected rats or injected with carrageenan respectively n=10,
P50.01). This induction was, in turn, associated with the
release of NOx into the pleural cavity (Figure 8A). At the

highest dose tested (20 mg kg71), intraperitoneal injection of
M40403 (5 ± 20 mg kg71) had no e�ect on the release of
NOx (Figure 8A) nor did it inhibit the activity of iNOS
(from 29+1 to 31+1 fmol mg71 min71 for macrophages

Figure 3 E�ect of M40403, on carrageenan-induced in¯ammation: The increase in volume exudate (A) and accumulation of
polymorphonuclear cells (PMNs, B) in pleural cavity at 4 h after carrageenan injection was inhibited in a dose-dependent manner by
M40403 (5 ± 20 mg kg71, intraperitoneally). Each value is the mean+s.e.mean for n=10 experiments. *P50.01 vs sham. oP50.01
versus carrageenan.

Figure 4 E�ect of M40403, on myeloperoxidase (MPO) activity and malondialdehyde (MDA) levels in the lung. Within 4 h,
pleural injection of carrageenan led to an increase in neutrophil accumulation in the lung (as measured by MPO activity, A) an
e�ect that was associated with increased lipid peroxidation of lung tissue (as measured by MDA, B). M40403 inhibited in a dose-
dependent (5 ± 20 mg kg, intraperitoneally) fashion neutrophil in®ltration and lipid peroxidation. Each value is the mean+s.e.mean
for n=10 experiments. *P50.01 when compared to control rats and oP50.01 when compared with rats treated with carrageenan in
the absence of M40403.
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taken from rats injected with carrageenan alone or
carrageenan with M40403 (n=10), P50.5). When compared

to the supernatant of macrophages collected from the
pleural cavity of sham-operated animals, the supernatant

Figure 5 Immunohistochemical localization of ICAM-1 and P-selectin in the lung. Staining of lung tissue sections obtained from
sham-operated rats with anti-ICAM-1 antibody showed a speci®c staining along bronchial epithelium (arrows), demonstrating that
ICAM-1 is constitutively expressed (A). Lung section from sham-operated rats revealed no positive staining for P-selectin (B).
Section obtained from carrageenan-treated rats showed intense positive staining for ICAM-1 (C) and for P-selectin (D) on bronchial
epithelium (arrows). The degree of bronchial epithelium staining for ICAM-1 (E) and for P-selectin (F) was markedly reduced in
tissue section obtained from M40403-treated rats (20 mg kg71, intraperitoneally). Original magni®cation:6100. Figure is
representative of at least three experiments performed on di�erent experimental days.

Figure 6 Immunohistochemical localization for nitrotytosine and for PARS in the lung. No positive staining for nitrotyrosine (A)
and for PARS (B) was found in the lung section from sham-administered rats. Immunohistochemistry for nitrotyrosine (C) and for
PARS (D) show positive staining along the vessels (big arrows) and in the bronchial epithelium (small arrows) from a carrageenan-
treated rats. The intensity of the positive staining for nitrotyrosine (E) and for PARS (F) was signi®cantly reduced in the lung from
M40403-treated rats (20 mg kg71, intraperitoneally). Original magni®cation:6100. Figure is representative of at least three
experiments performed on di�erent experimental days.
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of macrophages obtained from carrageenan-treated rats
showed a signi®cant increase in the concentration of
peroxynitrite (Figure 8B). As expected, M40403 (5 ±

20 mg kg71, i.p.) attenuated peroxynitrite formation from
pleural macrophages in a dose-dependent manner (Figure
8B).

Figure 7 Pleural injection of carrageenan caused by 4 h an increase in the release of the cytokines, tumour necrosis factor
alpha (TNFa, A), interleukin-1b (IL-1b, B), interleukin-6 (IL-6, C) and interleukin-10 (IL-10, D). When tested at the highest
dose, M40403 (20 mg kg71, intraperitoneally) inhibited TNFa, IL-1b and IL-6 (A ±C) but had no e�ect on IL-10 (D). Each
value is the mean+s.e.mean for n=10 experiments. *P50.01 vs control and oP50.01 vs carrageenan treated in the absence of
M40403.

Figure 8 E�ect of M40403, on nitrite/nitrate (NOx) (A) and peroxynitrite (B) formation by macrophage ex vivo. Production of
NOx release was una�ected by pre-treatment of rats with M40403, (5 ± 20 mg kg71, intraperitoneally) (A). On the other hand,
M40403 (5 ± 20 mg kg71) caused a dose-dependent inhibition of peroxynitrite production (B). Each value is the mean+s.e.mean for
n=10 experiments. *P50.01 when compared to control macrophages and oP50.01 when compared to macrophages taken from
M40404-treated rats injected with carrageenan in the presence of M40403.
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Effects of M40403 on DNA damage and injury of pleural
macrophages

When compared to normal rats, a signi®cant increase in the
occurrence of single-strand breaks in DNA was seen in pleural
macrophages taken from rats that received an injection of
carrageenan (Figure 9A). Furthermore, a reduction in

mitochondrial respiration (Figure 9B) as well as a signi®cant
fall in the intracellular levels of NAD+ (Figure 9C) was
observed in these cells. M40403 had signi®cant protective

e�ects on all parameters of damage (Figure 9A±C).

Discussion

Reactive oxygen and nitrogen species including nitric oxide,

superoxide and the product of their reaction, peroxynitrite,
are involved in acute and chronic in¯ammation. The relative
contribution of each of these species is becoming increasingly
substantiated through the development of selective agents

that either inhibit their formation or remove them. The use of
native SOD enzymes both preclinically and clinically shed
light on the importance of .O2

7 in disease and, thus, the

therapeutic potential of exogenous SOD enzymes (Huber et
al., 1980; Flohe, 1988; Uematsu et al., 1994). Because of the
limitations associated with the native enzymes, strategies to

develop low molecular weight molecules that selectively
remove .O2

7 for therapeutic application has been sought.
While a number of synthetic metal complexes such as the

MnIII or FeIII Porphyrins or the MnIII(Salen) complexes have
been claimed to possess SOD activity, they also react with all of
the other pertinent biological oxidants such as H2O2, OONO7,
NO. (Patel & Day, 1999). Such compounds have been tested in

several animal models of disease (Patel & Day, 1999). However,
it is di�cult from those studies to decipher the role of
superoxide using such non-selective redox catalysts ± they lack

speci®city. This is in contrast to the selective MnII mimics of the

biscyclohexylpyridine class such as M40403 whose unique
selectivity resides in the nature of the manganese(II) centre in
the complex. The resting oxidation state of the complex is the

reduced state, Mn(II); as a consequence, the complex has no
reactivity with reducing agents until it is oxidized to Mn(III) by
protonated superoxide, whereupon, the complex is rapidly
reduced back to the Mn(II) state by the superoxide anion at

di�usion-controlled rates. Since the complex is so di�cult to
oxidize (+0.78 v (SHE)) many one-electron oxidants cannot
oxidize (including nitric oxide and oxygen) this and its related

complexes. Further, since M40403 operates via a facile one-
electron oxidation pathway other two-electron non-radical, but
nevertheless, potent oxidants are not kinetically competent to

oxidize the Mn(II) complex; e.g., OONO7, H2O2, OCl7.
Here we have shown that superoxide anions plays a major

role in the development of in¯ammation and that their

removal by the synthetic SOD enzyme M40403 is anti-
in¯ammatory. The anti-in¯ammatory pro®le of such agents
warrants their development as clinical candidates for
in¯ammatory diseases.

A mechanism by which M40403 attenuates in¯ammation is
by reducing ONOO7 formation by simply removing .O2

7

before it reacts with NO. This is important since the pro-

in¯ammatory and cytotoxic e�ects of ONOO7 are numerous
(Squadrito & Pryor 1995; Salvemini et al., 1998a). Removal of
ONOO7 by agents such as FeTMPS, a porphyrin-containing

molecule which increases the rate of isomerization of ONOO7
to nitrate is cytoprotective and anti-in¯ammatory (Salvemini et
al., 1996a,b; 1998a,b; Stern et al., 1996; Misko et al., 1998).

Peroxynitrite also nitrosates tyrosine residues in proteins and
nitrotyrosine formation along with its detection by immuno-
¯uorescence has been used as a marker for the detection of the
endogenous formation of peroxynitrite (Beckman, 1996).

Using nitrotyrosine as a marker for the presence of ONOO7
has been challenged by the demonstration that other reactions
can also induce tyrosine nitration; e.g., the reaction of nitrite

with hypochlorous acid and the reaction of myeloperoxidase

Figure 9 E�ect of M40403, on DNA damage and cellular dysfunction in macrophages taken from carrageenan-challenged rats.
When evaluated at 4 h post carrageenan injection, a signi®cant damage of DNA (as measured by DNA single strand breakage) was
observed in pleural macrophages when compared to control macrophages (A). In addition to this damage, a reduction of
mitochondrial respiration and cellular levels of NAD+ was also seen. M40403 (5 ± 20 mg kg71, intraperitoneally) attenuated DNA
damage (A) and restored cellular respiration (B) and intra-cellular levels of NAD+ (C). *P50.01 when compared to control
macrophages and oP50.01 when compared to macrophages taken from M40403-treated rats injected with carrageenan in the
presence of M40403.
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with hydrogen peroxide can lead to the formation of
nitrotyrosine (Eiserich et al., 1998). Thus, increased nitrotyr-
osine staining is considered, as an indicator of `increased

nitrosative stress' rather than a speci®c marker of the
generation of peroxynitrite (Eiserich et al., 1998). We have
found that nitrotyrosine is indeed present in lung sections taken
after carrageenan injection and that M40403 reduced the

staining in these tissues. Based on these ®ndings, we conclude
that carrageenan evoked, in part, a superoxide-driven
ONOO7 formation that was, in turn, responsible for the

formation of nitrotyrosine. The fact that there is residual
nitration can be explained by the presence of neutrophils in the
lung. A similar pattern of immunoreactivity for nitrotyrosine is

observed in a lung model of ischaemia (Ischiropoulos et al.,
1995). Macrophages harvested from pleural exudates generated
substantial amounts of ONOO7 and this was attenuated by

some 60% with M40403. .O2
7 and peroxynitrite can also cause

DNA single-strand damage which is the obligatory trigger for
PARS activation (Inoue & Kawanishi, 1995; Salgo et al., 1998)
resulting in the depletion of its substrate NAD+ in vitro and a

reduction in the rate of glycolysis. Since NAD+ functions as a
cofactor in glycolysis and the tricarboxylic acid cycle, NAD+

depletion leads to a rapid fall in intracellular ATP and,

ultimately, cell injury (SzaboÁ & Dawson, 1998). Furthermore,
substantial evidence exists to support the fact that PARS
activation is important in in¯ammation (SzaboÁ , 1999). PARS

inhibitors such as nicotinamide and 3-aminobenzamide attenu-
ate both acute and chronic in¯ammatory processes (Cuzzocrea
et al., 1998b; SzaboÁ et al 1997; SzaboÁ & Dawson, 1998; SzaboÁ ,

1999; Eiserich et al., 1998). As shown in Figures 5 and 8,
M40403 reduced PARS immuno¯uorescence and attenuated
the reduction of NAD+. The overall e�ect of M40403 was a
signi®cant protection of cellular viability (Figure 8). In light of

the role of PARS in in¯ammation, it is possible that PARS
inhibition by M40403 accounts for its anti-in¯ammatory
response.

Besides attenuating ONOO7 production and PARS
activation, M40403 also reduced the development of oedema,
neutrophil accumulation and lipid peroxidation and had an

overall protective e�ect on the degree of lung injury as
assessed by histological examination. In previous studies,
superoxide, has been found to increase both neutrophil
in®ltration and adhesion (Hirschelmann & Bekemser, 1981;

Scraufstatter et al., 1987; Warren et al., 1990). A possible
mechanism by which M40403 attenuates PMNs in®ltration is
by down-regulating adhesion molecules ICAM-1 and P-

selectin. Other adhesion molecules may also be a�ected by
superoxide. For instance, SOD enzyme attenuates monocyte
in®ltration in glomeruli post endotoxin; an e�ect associated

with an attenuation of the expression of various adhesion
molecules including glomerular ICAM-1 and VCAM-1 and
leukocyte LFA-1 and VLA-4 (Faas et al., 1998).

.O2
7 plays a role in the regulation of cytokine release since

M40403 inhibited the release of the pro-in¯ammatory
cytokines, TNFa and IL-1b in acute in¯ammation and post
ischaemia-reperfusion injury (Salvemini et al., 1999b, this

study). Furthermore, M40403 attenuated IL-6 release an
important cytokine that plays a role in the in¯ammatory
response associated with pleurisy. Thus, IL-6 knockout mice

are resistant to the acute in¯ammation of the lung caused by
carrageenan (Cuzzocrea et al., 1999). Our data is substan-
tiated by a recent report which demonstrates that superoxide

anions (generated from xanthine-xanthine oxidase) increase
TNFa release from macrophages (Volk et al., 1999). Besides
pro-in¯ammatory cytokines, in¯ammation is associated with

the release of anti-in¯ammatory cytokines in an attempt to
regulate the extent and severity of the response. Release of
IL-10, a major anti-in¯ammatory cytokine, was not a�ected
by M40403.

Injection of carrageenan in the pleural cavity of rats
induces the expression of iNOS and COX-2 that in turn
release large amounts of pro-in¯ammatory NOx and PGs

(Tomlinson et al., 1994; Hatanaka et al., 1999). Consistant
with our previous ®ndings (Salvemini et al., 1999b), M40403
had no e�ect on the activity of iNOS nor on the release of

NOx or PGE2, indicating that the pro-in¯ammatory e�ects of
superoxide do not involve NO or PGE2. The fact that
M40403 did not a�ect PGE2 release furthers our under-

standing of the role of reactive species in the activation of
COX enzymes. NO activates both COX-1 and COX-2
(Salvemini et al., 1993) leading to an exaggerated production
of pro-in¯ammatory PGE2 and dual inhibition of both NO

and NO-driven COX-2 activation accounts for the anti-
in¯ammatory e�ect of NOS inhibitors (Salvemini et al., 1995;
1996a,b). Since the discovery of the ability of NO to activate

COX enzymes several hypotheses have been put forward to
explain the increased production of PGs by NO (Salvemini,
1997). The possible role of ONOO7 in the activation of

COX (Landino et al., 1997) cannot be supported by the
present study. Indeed, if ONOO7 did activate COX,
M40403 (by removing .O2 and reducing ONOO7) should

have reduced PGE2 but this was not observed. The relative
roles of NO and ONOO7 in COX activation remains to be
fully elucidated.

Data generated from the present study indicate that

selective removal of superoxide is anti-in¯ammatory. These
®ndings support: (1) the concept that superoxide is a crucial
mediator of in¯ammation and, (2) the potential use of SODm

as therapeutic agents in in¯ammation. To date, it is unclear
by which mechanism(s) .O2

7 modulates these events. An
attractive possibility would be the activation of transcription

factors such as NFkB or AP-1 which in turn regulate a
variety of genes that encode for pro-in¯ammatory cytokines,
chemokines, in¯ammatory enzymes, adhesion molecules and
receptors and as such play pivotal roles in in¯ammation

(Bauerle & Henkel, 1994; Barnes & Karin, 1997). At present,
we cannot assess the relative contribution of ONOO7 in the
overall pro-in¯ammatory e�ect of .O2

7. This area will be

expanded as novel and selective inhibitors/catalysts for
ONOO7 become available. Nevertheless in light of the
known pro-in¯ammatory and cytotoxic activity of ONOO7,

its attenuation by M40403 is clearly an added bene®t to the
overall property of the molecule.

The challenge in the future will be to understand the signal

transduction mechanisms used by superoxide to modify key
components of the in¯ammatory response as this will
undoubtedly elucidate important molecular targets for future
pharmacological intervention.
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