
INTRODUCTION

THE LOCAL AND SYSTEMIC INFLAMMATORY RESPONSE is
also associated with the production of reactive oxygen

species (ROS), such as superoxide anions (O2
�), hydrogen

peroxide (H2O2), and peroxynitrite (13, 26, 41). Some im-
portant proinflammatory roles for O2

� include endothelial
cell damage and increased microvascular permeability (15,
20, 39), formation of chemotactic factors such as leukotriene
B4 (16, 24), recruitment of neutrophils at sites of inflamma-
tion (8, 32), lipid peroxidation and oxidation, DNA single-
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ABSTRACT

The nuclear factor-�B (NF-�B) is a transcription factor that plays a pivotal role in the induction of genes in-
volved in physiological processes, as well as in the response to inflammation. In this study, we used a selective
nonpeptidyl superoxide dismutase mimetic, M40403, to investigate the role of superoxide anion in NF-�B ac-
tivation during acute inflammation in mice. Injection of carrageenan into the pleural cavity of mice induced
an acute inflammatory response characterized by fluid accumulation in the pleural cavity that contained a
large number of neutrophils, as well as an increased production of tumor necrosis factor-� and interleukin-
1�. All parameters of inflammation were attenuated by M40403 (10 mg/kg i.p., 30 min prior to carrageenan
administration). These inflammatory events were associated with the activation of NF-�B in the lung. In par-
ticular, the appearance of inhibitory protein �B-� (I�B-�) in homogenates of lung tissues was investigated by
immunoblot analysis at 4 h after carrageenan administration. I�B-� levels were substantially reduced in the
lung tissue from carrageenan-treated mice in comparison with sham-treated mice. Furthermore, to detect
NF-�B/DNA binding activity, whole extracts from lung tissue of each mouse were analyzed by electrophoretic
mobility-shift assay. The DNA binding activity significantly increased in whole extracts obtained from lung
tissues of vehicle-treated mice 4 h after carrageenan administration. Treatment of mice with M40403 caused a
significant inhibition of carrageenan-induced I�B-� degradation and NF-�B/DNA binding activity. These
data confirm that M40403 exerts a potent antiinflammatory activity and clearly demonstrate that the reduc-
tion of the inflammatory process is associated with modification of the activation of signal transduction path-
ways. Antioxid. Redox Signal. 6, 699–704.
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strand damage (14), and formation of peroxynitrite, a potent
cytotoxic and proinflammatory molecule (3, 4, 21, 32, 34).

Various studies have clearly demonstrated that nuclear fac-
tor �B (NF-�B) plays a central role in the regulation of many
genes responsible for the generation of mediators or proteins
in inflammation e.g., tumor necrosis factor-� (TNF-�),
interleukin-1 (IL-1), VCAM-1, ICAM-1, or inducible nitric
oxide synthase. Under normal conditions, NF-�B is present
within the cytoplasm in an inactive state, bound to its inhibitory
protein �B-� (I�B-�). However, an inflammatory stimulation
initiates an intracellular signaling cascade, resulting in the
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phosphorylation of I�B-� on serine residues 32 and 36 by
I�B kinase. Once liberated from its inhibitory protein, NF-�B
translocates to the nucleus, where it orchestrates the tran-
scription of a number of proinflammatory genes (29). There-
fore, NF-�B is an attractive candidate to mediate the effects
of ROS because the interaction between the inhibitory protein
I�B and NF-�B is regulated by protein kinases that contain
several redox-sensitive cysteine residues in critical kinase do-
mains (9, 18, 38). We have shown that in models of acute and
chronic inflammation, removal of O2

� with selective superox-
ide dismutase mimetics such as M404043 inhibits neutrophil
infiltration at the site of damage and cytokine release (33).
The mechanism by which O2

�modulates these events is not
known, although a likely possibility is the activation of
known redox-sensitive transcription factors, including as in-
dicated above NF-�B. In this study, using a well characterized
model of acute inflammation (namely, pleurisy), we have
evaluated the relationship between O2

� NF-�B, neutrophil in-
filtration, and cytokine release. The results of our studies
suggest that one mechanism through which O2

� influences
the inflammatory response is the activation of the redox-
sensitive transcription factor NF-�B.

MATERIALS AND METHODS

Animals

Male CD mice (weight 14–36 g; Charles River, Milan,
Italy) were used in these studies. Animals were kept in a con-
trolled environment and allowed access to rodent chow and
water ad libitum. Animal care was in compliance with Italian
regulations on protection of animals used for experimental
and other scientific purposes (D.M. 116192), as well as with
current European Union regulations (O.J. of E.C. L 358/1
12/18/1986).

Experimental groups

Mice were randomly allocated into the following groups:
(a) Carrageenan + vehicle group. Mice were subjected to
carrageenan-induced pleurisy and received the vehicle for
M40403 [26 mM sodium bicarbonate buffer (pH 8.1–8.3)]
30 min prior to carrageenan (n = 10), (b) M40403 group. Same
as the Carrageenan + vehicle group, but mice were adminis-
tered M40403 (10 mg/kg i.p. bolus) 30 min prior to car-
rageenan (n = 10), (c) Sham + saline group. Sham-operated
group in which mice were subjected to the identical surgical
procedures as the carrageenan group, except that saline was
administered instead of carrageenan (n = 10); (d) Sham +
M40403 group. Identical to Sham + saline group except for
the administration of M40403 (10 mg/kg i.p. bolus) 30 min
prior to identical surgical procedures (n = 10).

Carrageenan-induced pleurisy

Mice were anesthetized with isoflurane 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% �-carrageenan (0.2 ml) was injected
into the pleural cavity. The skin incision was closed with a su-

ture, and the animals were allowed to recover. At 4 h after the
injection of carrageenan, the animals were killed by inhala-
tion of CO2. The chest was carefully opened and the pleural
cavity rinsed with 2 ml of saline solution containing heparin
(5 U/ml) and indomethacin (10 µg/ml). The exudates and
washing solution were removed by aspiration and the total
volume measured. Any exudate that was contaminated with
blood was discarded. The amount of exudates was calculated
by subtracting the volume injected (2 ml) from the total vol-
ume recovered. The leukocytes in the exudates were sus-
pended in phosphate-buffered saline (PBS) and counted with
an optical microscope in a Burker’s chamber after vital trypan
blue staining.

Preparation of cytosolic 
fractions and nuclear extracts

The animals were killed after the experimental procedure
by inhalation of CO2, and the lung tissue was removed, imme-
diately frozen in liquid nitrogen, and stored at �80°C until
protein extraction.

All extraction procedures were performed on ice with ice-
cold reagents. Tissues were washed twice in PBS (ICN Bio-
medicals, Milan, Italy), and cytosolic extracts were prepared
by homogenizing the tissues in an extraction buffer [10 mM
HEPES (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM
EGTA, 1 mM DL-dithiothreitol (DTT), 0.5 mM phenylmethyl-
sulfonyl fluoride (PMSF), 15 µg/ml soybean trypsin inhibitor,
3 µg/ml pepstatin A, 2 µg/ml leupeptin, 40 µM benzamidine
(all from Sigma, Milan, Italy)] and incubating on ice for
15 min. After centrifugation at 13,000 g at 4°C for 5 min, the
supernatant containing the cytosolic fraction was collected,
and protein concentration was determined by the Bio-Rad
protein assay kit (Bio-Rad, Milan, Italy); then it was
aliquoted and stored at �80°C. The nuclear pellet was resus-
pended in a high-salt extraction buffer [20 mM HEPES
(pH 7.9), 420 mM NaCl, 1.5 mM MgCl2, 0.1 mM EDTA,
0.1 mM EGTA, 1% (vol/vol) Nonidet P-40, 25% (vol/vol)
glycerol, 1 mM DTT, 0.5 mM PMSF, 15 µg/ml soybean
trypsin inhibitor, 3 µg/ml pepstatin A, 2 µg/ml leupeptin,
40 µM benzamidine] and incubated under continuous shaking
at 4°C for 30 min. The nuclear extract was then centifuged for
15 min at 13,000 g. The supernatant was collected, protein
concentration was determined by the Bio-Rad protein assay
kit, and then it was aliquoted and stored at �80°C.

Western blot analysis of I�B-�

Immunoblotting analysis of I�B-� proteins was per-
formed on cytosolic fractions. In brief, protein concentration
was determined, and equivalent amounts (50 µg) for each
sample were mixed with gel loading buffer [50 mM Tris, 8%
(wt/vol) sodium dodecyl sulfate, 10% (wt/vol) glycerol, 10%
(vol/vol) 2-mercaptoethanol, 0.008% (wt/vol) bromophenol
blue] in a ratio of 1:1, boiled for 3 min, and electrophoresed
on a 12% (wt/vol) discontinuous polyacrylamide gel. The
proteins were transferred onto nitrocellulose membranes, sat-
urated by incubation for 3 h at room temperature with 10%
(wt/vol) nonfat dry milk in PBS 0.1% Triton X-100, and then
incubated with anti-I�B-� antibody (1:500) (sc-371, Santa
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Cruz Biotechnology, Milan, Italy) overnight at 4°C. The
membranes were washed three times with 0.5% Triton X-100
in PBS and then incubated with anti-rabbit immunoglobulins
coupled to peroxidase (1:10,000) (Amersham). The immuno-
complexes were visualized by the ECL chemiluminescence
method (Amersham, Milan, Italy). Subsequently, the relative
expression of the proteins was quantified by densitometry
scanning of the x-ray films with GS-700 Imaging Densitome-
ter (Bio-Rad, Milan, Italy) and a computer program (Molecu-
lar Analyst, IBM). �-Actin (Sigma) western blot analysis was
performed to ensure equal sample loading.

Electrophoretic mobility-shift assay (EMSA)

Double-stranded oligonucleotides containing the NF-�B
recognition sequence (5�-GAT CGA GGG GAC TTT CCC
TAG-3�) were end-labeled with [�-32P]ATP (ICN Biomed-
icals). Aliquots of nuclear extracts (20 µg of protein for each
sample) were incubated for 30 min with radiolabeled
oligonucleotides (2.5–5.0 	 104 cpm) in 20 µl of reaction
buffer containing 2 µg of poly(dI-dC), 10 mM Tris-HCl
(pH 7.5), 100 mM NaCl, 1 mM EDTA, 1 mM DTT, 1 mg/ml
bovine serum albumin, and 10% (vol/vol) glycerol. The
specificity of the DNA/protein binding was determined for
NF-�B by competition reaction in which a 50-fold molar ex-
cess of unlabeled wild-type, mutant, or Sp-1 oligonucleotide
was added to the binding reaction 10 min before addition of
radiolabeled probe. Protein–nucleic acid complexes were re-
solved by electrophoresis on 4% nondenaturing polyacryl-
amide gel in 0.5 	 Tris–borate–EDTA buffer at 150 V for 2 h
at 4°C. The gel was dried and autoradiographed with an in-
tensifying screen at �80°C for 20 h. Subsequently, the rela-
tive bands were quantified by densitometry scanning of the x-
ray films with GS-700 Imaging Densitometer (Bio-Rad) and
a computer program (Molecular Analyst, IBM).

Measurement of cytokines

TNF-� and IL-1� levels were evaluated in the exudates at
4 h after the induction of pleurisy by carrageenan injection.
The assay was carried out by using a colorimetric, commer-
cial ELISA kit (Calbiochem–Novabiochem Corp., San Diego,
CA, U.S.A.).

Data analysis

All values in the figures and text are expressed as means
± SEM of n observations. For the in vivo studies, n repre-
sents the number of animals studied. The results were ana-
lyzed by one-way ANOVA followed by a Bonferroni post-
hoc test for multiple comparisons. A p value of <0.05 was
considered significant.

RESULTS

The development of carrageenan-induced pleurisy
is attenuated in M40403-treated mice

All mice that had received carrageenan developed an
acute pleurisy, producing 0.75 ± 0.02 ml of turbid exudates
(Fig. 1A). When compared with the number of cells collected

from the pleural space of sham-operated mice, injection of
carrageenan induced a significant increase in the number of
polymorphonuclear neutrophils (PMNs) (Fig. 1B). Pretreat-
ment of mice with M40403 showed a significant attenuation
of the pleural exudates, as well as the number of PMNs
within the exudates (Fig. 1). No significant exudates and no
significant increase in the number of PMNs were observed in
the pleural cavity of sham-operated mice.

Effect of M40403 on cytokine increase

The levels of TNF-� and IL-1� were significantly ele-
vated in the exudates from vehicle-treated mice at 4 h after
carrageenan administration (Fig. 2). In contrast, the levels of
these cytokines were significantly lower in carrageenan-
treated mice treated with M40403 (Fig. 2). No significant
cytokine increase was observed in the exudates of sham-
operated mice.

Effect of M40403 on I�B-� degradation

To elucidate whether induction of pleurisy by carrageenan
leads to the degradation of I�B-� in the lung tissue, we have
investigated the cytosolic levels of I�B-� by immunoblotting
analysis. A basal level of I�B-� was detectable in the cytoso-
lic fraction of lung tissue obtained from normal mice (Fig. 3),
whereas in lungs from carrageenan-treated mice I�B-� levels
were significantly reduced (Fig. 3). M40403 pretreatment sig-
nificantly prevented I�B-� degradation following pleurisy in-
duction (Fig. 3). �-actin western blot analysis was performed
to ensure equal sample loading (Fig. 3).
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FIG. 1. Effect of M40403 on carrageenan (CAR)-induced
inflammation. The increase in volume exudate (A) and accu-
mulation of PMNs (B) in pleural cavity at 4 h after carrageenan
injection were inhibited by M40403 (10 mg/kg i.p.). Each
value is the mean ± SEM for n = 10 experiments. *p < 0.01
versus sham; °p < 0.01 versus carrageenan-treated in the ab-
sence of M40403.
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Effect of M40403 on NF-�B activation 
in inflamed lungs

To detect NF-�B/DNA binding activity, nuclear extracts
from lung tissue of each mouse were analyzed by EMSA. A
low basal level of NF-�B/DNA binding activity was detected
in nuclear proteins from tissue of untreated mice (naive). The
DNA binding activity significantly increased in nuclear ex-
tracts obtained from inflamed lungs of control animals 4 h after
carrageenan injection. Pretreatment of mice with M40403
(10 mg/kg) caused a significant inhibition of carrageenan-
induced NF-�B/DNA binding activity as revealed by spe-
cific EMSA (Fig. 4). The specificity of NF-�B/DNA binding
complex was demonstrated by the complete displacement of
the NF-�B/DNA binding in the presence of a 50-fold molar
excess of unlabeled NF-�B probe (W.T. 50x) in the competi-
tion reaction. In contrast, a 50-fold molar excess of unla-
beled mutated NF-�B probe (Mut 50x) or Sp-1 oligo-
nucleotide (Sp-1 50x) had no effect on this DNA-binding
activity (Fig. 4).

DISCUSSION

Several previous studies have suggested that oxidative
stress may reflect the inflammatory component of lung
inflammation (31).

One consequence of increased oxidative stress is the acti-
vation and inactivation of redox-sensitive proteins (37). Re-
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FIG. 2. Pleural injection of carrageenan (CAR) caused at
4 h an increase in the release of the cytokines TNF-� (A)
and IL-1� (B). M40403 (10 mg/kg i.p.) inhibited TNF-� and
IL-1� production. Each value is the mean ± SEM for n = 10 ex-
periments. *p < 0.01 versus control; and °p < 0.01 versus
carrageenan-treated in the absence of M40403.
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FIG. 3. Effect of M40403 on I�B-� degradation. Western
blot analysis (A), as well as densitometric analysis (B), shows
the effect of M40403 on degradation of I�B-� in lung tissue
collected at 4 h after carrageenan administration. Sham: basal
level of I�B-� band was present in the tissue from sham-
treated mice. CAR: I�B-� band has disappeared in the lung tis-
sue from carrageenan-treated mice. M40403: I�B-� band is
not completely modified in the lung tissue from carrageenan-
treated mice that received M40403. �-Actin western blot
analysis was performed to ensure equal sample loading. The
data illustrated are representative of a total of three separate ex-
periments carried out on each lung tissue collected from all the
mice (n = 10).

FIG. 4. Effect of M40403 on NF-�B/DNA binding activity
in mouse lung. Whole extracts from carrageenan-treated
(CAR) or vehicle-treated (sham) mouse lung were prepared as
described in Materials and Methods and incubated with 32P-
labeled NF-�B probe. Representative EMSA of NF-�B shows
the effect of M40403 (M40403) on NF-�B/DNA binding activ-
ity evaluated in lung tissue 4 h after carrageenan administra-
tion. In competition reaction, whole-cell extracts were incu-
bated with radiolabeled NF-�B probe in the absence or
presence of identical but unlabeled oligonucleotides (W.T.
50x), mutated nonfunctional �B probe (Mut 50x), or unlabeled
oligonucleotide containing the consensus sequence for Sp-1
(Sp-1 50x). Data illustrated are from a single experiment and
are representative of three separate experiments.

13707C03.PGS  6/17/04  2:54 PM  Page 702

http://www.liebertonline.com/action/showImage?doi=10.1089/1523086041361659&iName=master.img-002.jpg&w=226&h=116


cent evidence suggests that the activation of NF-�B may also
be under the control of oxidant/antioxidant balance (19, 35).
This hypothesis is based primarily on the observation that low
doses of peroxides, including H2O2 and tert-butyl hydroper-
oxide, can induce NF-�B activation, whereas some antioxi-
dants prevent it (10, 25). NF-�B is normally sequestered in
the cytoplasm, bound to the regulatory protein I�B. In re-
sponse to a wide range of stimuli including oxidative stress,
infection, hypoxia, extracellular signals, and inflammation,
I�B is phosphorylated by the enzyme I�B kinase (9). The net
result is the release of the NF-�B dimer, which is then free to
translocate into the nucleus. The exact mechanisms by which
M40403 suppresses NF-�B activation in inflammation are
not known. However, in this study, the transient loss of I�B-�,
which occurs in lung tissue from carrageenan-treated mice,
was significantly reduced by M40403 treatment, suggesting
that M40403 may also inhibit NF-�B activation via a signifi-
cant prevention of I�B-� degradation. This is in agreement
with a recent study that demonstrated that M40403 prevents
N-methyl-D-aspartate-induced NF-�B activation in vitro (27).
Most notably, we report here that M40403 prevents the nu-
clear translocation of NF-�B in the lung of mice subjected to
experimental pleurisy. These results support the view that
carrageenan-induced pleurisy leads to the activation of NF-
�B (at least in macrophages and epithelial cells), and also
that the dose of M40403 used in our study is sufficient to in-
hibit the activation of NF-�B in vivo. Furthermore, the ability
of M40403 to prevent nuclear translocation of NF-�B
strongly suggests that O2

� is a key ROS in this pathway.
NF-�B has been indicated to play a role in the development

of numerous pathological states (2, 11, 17). The inflamma-
tory products of NF-�B activation have been demonstrated in
several cellular models (36), and a critical role of NF-�B in
the inflammatory cascade in vivo is now emerging (1, 7, 23)
In fact, several studies suggest that the nuclear translocation
of NF-�B is a prerequisite for the full development of lung
inflammatory injury. Furthermore, the activation of NF-�B is
a common end point of various signal transduction pathways,
including the activation of phosphatidylcholine-specific
phospholipase C, protein kinase C, protein tyrosine kinases,
and mitogen-activated protein kinases and other signaling
factors (22, 28). Binding of NF-�B to the respective binding
sequence on genomic DNA encoding for IL-1 and TNF-� re-
sults in a rapid and effective transcription of these genes (12,
40). There is good evidence that TNF-� and IL-1� help to
propagate the extension of a local or systemic inflammatory
process (5, 6, 30). Recently, we have demonstrated that
M40403 inhibits TNF-� and IL-1� production in an experi-
mental model of pleurisy in rats (33). Therefore, the inhibi-
tion of the production of TNF-� and IL-1� by M40403 con-
firmed in the present study is most likely attributed to the
inhibitory effect on the activation of NF-�B.

The results of our studies suggest that one mechanism
through which O2

� influences the inflammatory response is
through the activation of the redox-sensitive transcription
factor NF-�B. Removal of O2

� with selective superoxide dis-
mutase mimetic represents a viable strategy to modulate in-
flammatory responses governed by overproduction of this
ROS.

ABBREVIATIONS

DTT, DL-dithiothreitol; EMSA, electrophoretic mobility-
shift assay; H2O2, hydrogen peroxide; I�B-�, inhibitory pro-
tein �B-�; IL-1�, interleukin-1�; NF-�B, nuclear factor-�b;
O2

�, superoxide anion; PBS, phosphate-buffered saline;
PMNs, polymorphonuclear neutrophils; PMSF, phenyl-
methylsulfonyl fluoride; ROS, reactive oxygen species; TNF-
�, tumour necrosis factor-�.

REFERENCES

1. Altavilla D, Saitta A, Guarini S, Galeano M, Squadrito G,
Santamaria LB, Venuti FS, Bazzani C, Bertolini A, and
Squadrito F. Nuclear factor-kappaB as a target of cy-
closporin in acute hypovolemic hemorrhagic shock. Car-
diovasc Res 52: 143–152, 2001.

2. Barnes PJ and Adcock IM. NF-kappa B: a pivotal role in
asthma and a new target for therapy. Trends Pharmacol Sci
18: 46–50, 1997.

3. Beckman JS and Crow LP. Pathological implications of ni-
tric oxide, superoxide and peroxynitrite formation.
Biochem Soc Trans 21: 330–334, 1993.

4. Beckman JS, Beckman TW, Chen J, Marshall PA, and Free-
man B. Apparent hydroxyl radical production by peroxyni-
trite: implication for endothelial injury from nitric oxide and
superoxide. Proc Natl Acad Sci U S A 87: 1620–1624, 1990.

5. Ben-Abraham R, Weinbroum AA, Dekel B, and Paret G.
Chemokines and the inflammatory response following car-
diopulmonary bypass—a new target for therapeutic inter-
vention?—A review. Paediatr Anaesth 13: 655–661, 2003.

6. Bhatia M. Novel therapeutic targets for acute pancreatitis
and associated multiple organ dysfunction syndrome. Curr
Drug Targets Inflamm Allergy 1: 343–351, 2002.

7. Blackwell TS, Blackwell TR, Holden EP, Christman BW,
and Christman JW. In vivo antioxidant treatment sup-
presses nuclear factor-kappa B activation and neutrophilic
lung inflammation. J Immunol 157: 1630–1637, 1996.

8. Boughton-Smith NK, Evans SM, Laszlo F, Whittle BJ, and
Moncada S. The induction of nitric oxide synthase and in-
testinal vascular permeability by endotoxin in the rat. Br J
Pharmacol 110: 1189–1195, 1993.

9. Bowie A and O’Neill LA. Oxidative stress and nuclear
factor-kappaB activation: a reassessment of the evidence
in the light of recent discoveries. Biochem Pharmacol 59:
13–23, 2000.

10. Byun MS, Jeon KI, Choi JW, Shim JY, and Jue DM. Dual
effect of oxidative stress on NF-kappakB activation in
HeLa cells. Exp Mol Med 34: 332–339, 2002.

11. Chen F, Castranova V, Shi X, and Demers LM. New in-
sights into the role of nuclear factor-kappaB, a ubiquitous
transcription factor in the initiation of diseases. Clin Chem
45: 7–17, 1999.

12. Collart MA, Baeuerle PA, and Vassalli P. Regulation of tumor
necrosis factor alpha transcription in macrophages: involve-
ment of four �B-like motifs and of constitutive and inducible
forms of NF-�B. Mol Cell Biol 10: 1498–1506, 1990.

M40403 REDUCES NF-�B ACTIVATION 703

13707C03.PGS  6/17/04  2:54 PM  Page 703



13. Cuzzocrea S, Riley DP, Caputi AP, and Salvemini D. An-
tioxidant therapy: a new pharmacological approach in
shock, inflammation, and ischemia/reperfusion injury.
Pharmacol Rev 53: 135–159, 2001.

14. Dix TA, Hess KM, Medina MA, Sullivan RW, Tilly SL, and
Webb TLL. Mechanism of site-selective DNA nicking by
the hydrodioxyl (perhydroxyl) radical. Biochemistry 35:
4578–4583, 1996.

15. Droy-Lefaix MT, Drouet Y, Geraud G, Hosfod D, and Bra-
quet P. Superoxide dimutase (SOD) and the PAF-antago-
nist (BN 52021) reduce small intestinal damage induced
by ischemia–reperfusion. Free Radic Res Commun 12–13:
725–735, 1991.

16. Fantone JC and Ward PA. A review: role of oxygen-derived
free radicals and metabolites in leukocyte-dependent in-
flammatory reactions. Am J Pathol 107: 395–418, 1982.

17. Ghosh S, May MJ, and Kopp EB. NF-kappa B and Rel pro-
teins: evolutionarily conserved mediators of immune re-
sponses. Annu Rev Immunol 16: 225–260, 1998.

18. Gius D, Botero A, Shah S, and Curry HA. Intracellular oxi-
dation/reduction status in the regulation of transcription fac-
tors NF-kappaB and AP-1. Toxicol Lett 106: 93–106, 1999.

19. Haddad JJ. Antioxidant and prooxidant mechanisms in the
regulation of redox(y)-sensitive transcription factors. Cell
Signal 14: 879–897, 2002.

20. Haglind E, Xia G, and Rylander R. Effects of antioxidants
and PAF receptor antagonist in intestinal shock in the rat.
Circ Shock 42: 83–91, 1994.

21. Ischiropoulos H, Zhu L, and Beckman IS. Peroxynitrite
formation from macrophage-derived nitric oxide. Arch
Biochem Biophys 298: 446–451, 1992.

22. Kolesnick R and Goled DW. The sphingomyelin pathway
in tumor necrosis factor and interleukin-1 signaling. Cell
77: 325–328, 1994.

23. Lentsch AB, Czermak BJ, Bless NM, and Ward PA. NF-
kappaB activation during IgG immune complex-induced
lung injury: requirements for TNF-alpha and IL-1beta but
not complement. Am J Pathol 152: 1327–1336, 1998.

24. Li Y, Ferrante A, Poulos A, and Harvey DP. Neutrophil
oxygen radical generation. Synergistic responses to tumor
necrosis factor and mono/polyunsaturated fatty acids. J
Clin Invest 97: 1605–1609, 1996.

25. Macdonald J, Galley HF, and Webster NR. Oxidative stress
and gene expression in sepsis. Br J Anaesth 90: 221–232,
2003.

26. McCord J. Oxygen-derived free radicals. New Horiz 
1: 70–76, 1993.

27. McInnis J, Wang C, Anastasio N, Hultman M, Ye Y,
Salvemini D, and Johnson KM. The role of superoxide and
nuclear factor-kappaB signaling in N-methyl-D-aspartate-
induced necrosis and apoptosis. J Pharmacol Exp Ther
301: 478–487, 2002.

28. Novogrodsky A, Vanichkin A, Patya M, Gazit A, Osherov
N, and Levitzki A. Prevention of lipopolysaccharide-
induced lethal toxicity by tyrosine kinase inhibitors. Sci-
ence 264: 1319–1322, 1994.

29. Peters RT, Liao SM, and Maniatis T. IKKepsilon is part of
a novel PMA-inducible IkappaB kinase complex. Mol Cell
5: 513–522, 2000.

30. Piguet PF, Grau GE, Vesin C, Loetscher H, Genz R, and
Lesslauer W. Evolution of collagen arthritis is arrested by
treatment with anti-tumour necrosis factor (TNF) antibody
or a recombinant soluble TNF receptor. J Immunol 77:
510–514, 1992.

31. Rahman I and MacNee W. Oxidative stress and regulation
of glutathione in lung inflammation. Eur Respir J 16:
534–554, 2000.

32. Salvemini D, Jensen MP, Riley DP, and Misko TP. Thera-
peutic manipulations of peroxynitrite. Drug News Perspect
11: 204–214, 1998.

33. Salvemini D, Riley DP, Lennon PJ, Wang ZQ, Currie MG,
Macarthur H, and Misko TP. Protective effects of a super-
oxide dismutase mimetic and peroxynitrite decomposition
catalysts in endotoxin-induced intestinal damage. Br J
Pharmacol 127: 685–692, 1999.

34. Salvemini D, Mazzon E, Dugo L, Riley DP, Serraino I, Ca-
puti AP, and Cuzzocrea S. Pharmacological manipulation
of the inflammatory cascade by the superoxide dismutase
mimetic, M40403. Br J Pharmacol 132: 815–827, 2001.

35. Schreck R, Rieber P, and Baeuerle PA. Reactive oxygen in-
termediates as apparently widely used messengers in the
activation of the NF-kappa B transcription factor and HIV-1.
EMBO J 10: 247–258, 1991.

36. Siebenlist U, Franzoso G, and Brown K. Structure, regula-
tion and function of NF-kappa B. Annu Rev Cell Biol 10:
405–455, 1994.

37. Szabo C. Multiple pathways of peroxynitrite cytotoxicity.
Toxicol Lett 140–141: 105–112, 2003.

38. Wang T, Zhang X, and Li JJ. The role of NF-kappaB in the
regulation of cell stress responses. Int Immunopharmacol
2: 1509–1520, 2002.

39. Xia ZF, Hollyoak M, Barrow RE, He F, Muller MJ, and
Herndon DN. Superoxide dismutase and leupeptin prevent
delayed reperfusion injury in the rat small intestine during
burn shock. J Burn Care Rehabil 16: 111–117, 1995.

40. Xie QW, Kashiwabara Y, and Nathan C. Role of transcrip-
tion factor NF-�B/Rel in induction of nitric oxide syn-
thase. J Biol Chem 269: 4705–4708, 1994.

41. Youn YK, Lalonde C, and Demling R. Use of antioxidant
therapy in shock and trauma. Circ Shock 35: 245–249,
1991.

Address reprint requests to:
Daniela Salvemini, Ph.D.

Metaphore Pharmaceuticals
1910 Innerbelt Business Center Drive

St. Louis, MO 63114, U.S.A.

E-mail: dsalvemini@metaphore.com

Received for publication February 26, 2004; accepted April 19,
2004.

704 CUZZOCREA ET AL.

13707C03.PGS  6/17/04  2:54 PM  Page 704



This article has been cited by:

1. U.V. Bhandary, B. Shirodkar, W. Tse, A.D. Hodgkinson, A.G. Demaine. 2011. A polymorphism of NADPH oxidase
p22 phox is associated with reduced susceptibility to acute rejection in renal allograft recipients. Transplant Immunology
25:1, 16-19. [CrossRef]

2. Ines Batini#-Haberle , Júlio S. Rebouças , Ivan Spasojevi# . 2010. Superoxide Dismutase Mimics: Chemistry,
Pharmacology, and Therapeutic Potential. Antioxidants & Redox Signaling 13:6, 877-918. [Abstract] [Full Text HTML]
[Full Text PDF] [Full Text PDF with Links]

3. Daniela Salvemini, William Neumann. 2010. Targeting peroxynitrite driven nitroxidative stress with synzymes: A novel
therapeutic approach in chronic pain management. Life Sciences 86:15-16, 604-614. [CrossRef]

4. Masahiro Iwata, Shigeyuki Suzuki, Yuji Asai, Takayuki Inoue, Kenji Takagi. 2010. Involvement of Nitric Oxide in a Rat
Model of Carrageenin-Induced Pleurisy. Mediators of Inflammation 2010, 1-11. [CrossRef]

5. Caio C.S. Alves, Ana L.S. Azevedo, Michele F. Rodrigues, Rachel P. Machado, Maria A. Souza, Marco A.
Machado, Henrique C. Teixeira, Ana P. Ferreira. 2009. Cellular and humoral immune responses during intrathoracic
paracoccidioidomycosis in BALB/c mice. Comparative Immunology, Microbiology and Infectious Diseases 32:6,
513-525. [CrossRef]

6. Daniela Salvemini. 2009. Peroxynitrite and opiate antinociceptive tolerance: A painful reality. Archives of Biochemistry
and Biophysics 484:2, 238-244. [CrossRef]

7. Emanuela Mazzon, Emanuela Esposito, Rosanna Paola, Luisa Riccardi, Rocco Caminiti, Roberto Dal Toso, Giovanna
Pressi, Salvatore Cuzzocrea. 2009. Effects of verbascoside biotechnologically produced by Syringa vulgaris plant cell
cultures in a rodent model of colitis. Naunyn-Schmiedeberg's Archives of Pharmacology . [CrossRef]

8. Salvatore Cuzzocrea, Tiziana Genovese, Emanuela Mazzon, Emanuela Esposito, Concetta Crisafulli, Rosanna Di Paola,
Placido Bramanti, Daniela Salvemini. 2009. FUMONISIN B1 REDUCES THE DEVELOPMENT OF MULTIPLE
ORGAN FAILURE INDUCED BY ZYMOSAN IN MICE. Shock 31:2, 170-177. [CrossRef]

9. Ivan Spasojevi#, Yumin Chen, Teresa J. Noel, Ping Fan, Lichun Zhang, Julio S. Rebouças, Daret K. St. Clair, Ines Batini#-
Haberle. 2008. Pharmacokinetics of the potent redox-modulating manganese porphyrin, MnTE-2-PyP5+, in plasma and
major organs of B6C3F1 mice. Free Radical Biology and Medicine 45:7, 943-949. [CrossRef]

10. Peter Kovacic. 2007. Protein electron transfer (mechanism and reproductive toxicity): Iminium, hydrogen bonding,
homoconjugation, amino acid side chains (redox and charged), and cell signaling. Birth Defects Research Part C: Embryo
Today: Reviews 81:1, 51-64. [CrossRef]

11. C MUIA, E MAZZON, D MAIERE, D ZITO, R DIPAOLA, S DOMENICO, C CRISAFULLI, D BRITTI,
S CUZZOCREA. 2006. Pyrrolidine dithiocarbamate reduced experimental periodontitis. European Journal of
Pharmacology 539:3, 205-210. [CrossRef]

12. Clara Di Filippo, Salvatore Cuzzocrea, Francesco Rossi, Raffaele Marfella, Michele D'Amico. 2006. Oxidative Stress as
the Leading Cause of Acute Myocardial Infarction in Diabetics. Cardiovascular Drug Reviews 24:2, 77-87. [CrossRef]

13. Agnes Görlach . 2005. Redox Regulation of the Coagulation Cascade. Antioxidants & Redox Signaling 7:9-10, 1398-1404.
[Abstract] [Full Text PDF] [Full Text PDF with Links]

14. Agnes Görlach . 2004. Redox Control of Blood Coagulation. Antioxidants & Redox Signaling 6:4, 687-690. [Citation]
[Full Text PDF] [Full Text PDF with Links]

http://dx.doi.org/10.1016/j.trim.2011.05.005
http://dx.doi.org/10.1089/ars.2009.2876
http://online.liebertpub.com/doi/full/10.1089/ars.2009.2876
http://online.liebertpub.com/doi/pdf/10.1089/ars.2009.2876
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2009.2876
http://dx.doi.org/10.1016/j.lfs.2009.06.011
http://dx.doi.org/10.1155/2010/682879
http://dx.doi.org/10.1016/j.cimid.2008.07.006
http://dx.doi.org/10.1016/j.abb.2008.11.005
http://dx.doi.org/10.1007/s00210-009-0400-5
http://dx.doi.org/10.1097/SHK.0b013e31817fbd4a
http://dx.doi.org/10.1016/j.freeradbiomed.2008.05.015
http://dx.doi.org/10.1002/bdrc.20086
http://dx.doi.org/10.1016/j.ejphar.2006.03.072
http://dx.doi.org/10.1111/j.1527-3466.2006.00077.x
http://dx.doi.org/10.1089/ars.2005.7.1398
http://online.liebertpub.com/doi/pdf/10.1089/ars.2005.7.1398
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2005.7.1398
http://dx.doi.org/10.1089/1523086041361668
http://online.liebertpub.com/doi/pdf/10.1089/1523086041361668
http://online.liebertpub.com/doi/pdfplus/10.1089/1523086041361668

