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Abstract
The aim of the present study was to assess the effect of a metalloporphyrinic peroxynitrite decomposition catalyst, ww-85, in
the pathophysiology of spinal cord injury (SCI) in mice. Spinal cord trauma was induced by the application of vascular clips
to the dura via a four-level T5�T8 laminectomy. SCI in mice resulted in severe trauma characterized by oedema, neutrophil
infiltration, production of inflammatory mediators, tissue damage and apoptosis. ww-85 treatment (30�300 mg/kg, i.p. 1 h
after the SCI) significantly reduced in a dose-dependent manner: (1) the degree of spinal cord inflammation and tissue
injury, (2) neutrophil infiltration (myeloperoxidase activity), (3) nitrotyrosine formation and PARP activation, (4) pro-
inflammatory cytokines expression, (5) NF-kB activation and (6) apoptosis. Moreover, ww-85 significantly ameliorated the
recovery of limb function (evaluated by motor recovery score) in a dose-dependent manner. The results demonstrate that
ww-85 treatment reduces the development of inflammation and tissue injury associated with spinal cord trauma.
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Introduction

An excessive post-traumatic inflammatory reaction

may play an important role in the secondary injury

processes, which develop after spinal cord injury

(SCI) [1]. The primary traumatic mechanical injury

to the spinal cord causes the death of a number of

neurons that to date can neither be recovered nor

regenerated. However, neurons continue to die for

hours after SCI and this represents a potentially

avoidable event [2]. This secondary neuronal death

is determined by a large number of cellular, molecular

and biochemical cascades. One such cascade that

has been proposed to contribute significantly to the

evolution of the secondary damage is the local

inflammatory response in the injured spinal cord.

While the precise mechanisms responsible remain

undefined, several studies have implicated peroxyni-

trite (ONOO�), a cytotoxic molecule generated when

nitric oxide (NO) and superoxide (O2
.�) combine, in

the secondary neuronal damage of SCI [3�11]. Not

only ONOO� was detected in spinal cord tissues from

rats following traumatic injury [7,8,10,11], but

ONOO�-donor administration directly into the rat

spinal cord has been shown to cause neuronal cell

death and neurological deficits [3�5]. Previous reports

have demonstrated that ONOO� is toxic for neurons

in vitro [12] and recently it have been also established

that primary spinal cord neurons also undergo cell

death following ONOO� treatment [9]. ONOO�

is known to mediate several potentially destructive

chemical reactions, including tyrosine nitration and

lipid peroxidation [13,14]. Mitochondrial respiration
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is directly inhibited by ONOO� and is an early

marker of its cytotoxic effects [12]. Moreover,

ONOO� can also cause DNA damage resulting in

the activation of the nuclear enzyme poly-(ADP-

ribose) polymerase (PARP). The excessive activation

of PARP in turn results in depletion of NAD and ATP

and ultimately neuronal death [9].

Several antioxidants showed neuroprotection in

SCI and in associated conditions like oxidative stress

and inflammation [3,9,15].

Peroxynitrite is known to undergo acid-catalysed

decomposition by two distinct pathways [16,17].

Several studies have reported that certain water-

soluble iron (III) porphyrins are highly active ONOO�

decomposition catalysts, catalysing the isomerization

of ONOO� almost exclusively to nitrate [18,19].

Moreover, it has been recognized that water-

soluble iron (III) porphyrin derivatives are highly

reactive toward peroxynitrite with rate constants

as high as 5.0�107 M�1 s�1 [20]. These agents

catalyse the isomerization of peroxynitrite, resulting

in its decomposition to the less reactive anion, nitrate,

thereby decreasing the levels of the potent oxidizing

and nitrating species, peroxynitrite. In previous

studies, iron (III) metalloporphyrin-based peroxyni-

trite decomposition catalysts, including 5,10,15,20-

tetrakis-[4-sulphonatophenyl]-porphyrinato-iron[III]

and FeCl tetrakis-2-(triethylene glycol monomethyl

ether) pyridyl porphyrin have been shown to have

protection in models of myocardial infarction [21]

and cytokine-induced [22] or doxorubicin-induced

[23] or endotoxin-induced [24] cardiac dysfunction.

In addition, recently we have demonstrated that

5,10,15,20-tetrakis(4-sulphonatophenyl)porphyrinato

iron III chloride (FeTSPP), a peroxynitrite decom-

position catalyst, significantly reduced the develop-

ment of SCI [25]. In the present study, we examined

the anti-inflammatory and anti-apoptotic mechan-

isms of action of the novel metalloporphyrinic perox-

ynitrite decomposition catalyst ww-85 in a mouse

model of secondary injury in the spinal cord. In

particular, we have determined the following end-

points of the inflammatory response: (1) histological

damage, (2) motor recovery, (3) neutrophil infiltra-

tion, (4) NF-kB expression, (5) nitrotyrosine forma-

tion and PARP activation, (6) apoptosis as TUNEL

staining and (7) Bax and Bcl-2 expression.

Materials and methods

Animals

Male adult CD1 mice (25�30 g, Harlan Nossan,

Milan, Italy) were housed in a controlled environ-

ment and provided with standard rodent chow and

water. Animal care was in compliance with Italian

regulations on protection of animals used for experi-

mental and other scientific purpose (D.M. 116192)

as well as with the EEC regulations (O.J. of E.C. L

358/1 12/18/1986).

SCI

Mice were anaesthetized using chloral hydrate (400

mg/kg body weight). A longitudinal incision was

made on the midline of the back, exposing the

paravertebral muscles. These muscles were dissected

away exposing T5�T8 vertebrae. The spinal cord was

exposed via a four-level T5�T8 laminectomy and SCI

was produced by extradural compression of the spinal

cord using an aneurysm clip with a closing force of

24 g. Following surgery, 1.0 cc of saline was adminis-

tered subcutaneously in order to replace the blood

volume lost during the surgery. During recovery from

anaesthesia, mice were placed on a warm heating pad

and covered with a warm towel. Mice were singly

housed in a temperature-controlled room at 278C for

a survival period of 10 days. Food and water were

provided to the mice ad libitum. During this time

period, the animals’ bladders were manually voided

twice a day until the mice were able to regain normal

bladder function. In all injured groups, the spinal

cord was compressed for 1 min. Sham animals were

only subjected to laminectomy.

Experimental design

A dose�response effect was performed investigating

the effect of ww-85 (30�300 mg/kg, i.p.) on the

development of SCI. Mice were randomized into 10

groups. Sham animals were subjected to the surgical

procedure, except that the aneurysm clip was not

applied and treated 1 h after surgical procedure

intraperitoneally (i.p.) with vehicle (saline) or ww-

85 (30�300 mg/kg, i.p.). The remaining mice were

subjected to SCI (as described above) and treated

with an i.p. bolus of vehicle (saline) or ww-85 (30�
300 mg/kg, i.p.) 1 h after SCI. The doses of ww-85

(30�300 mg/kg, i.p.) used here were based on a

previous in vivo study [26]. In the experiments

regarding the motor score the animals were treated

as previously described and daily until day 10.

Myeloperoxidase activity

Myeloperoxidase (MPO) activity, an indicator of

polymorphonuclear leukocyte (PMN) accumulation,

was determined in the spinal cord tissues as pre-

viously described [27] at 24 h after SCI. MPO

activity was defined as the quantity of enzyme

degrading 1 mmol of peroxide/min at 378C and was

expressed in milliunits/g of wet tissue.

Thiobarbituric acid-reactant substances measurement

Thiobarbituric acid-reactant substances measure-

ment, which is considered a good indicator of lipid

632 T. Genovese et al.
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peroxidation, was determined, as previously de-

scribed [28] in the spinal cord tissue at 24 h after

SCI. Thiobarbituric acid-reactant substances were

calculated by comparison with OD650 of standard

solutions of 1,1,3,3-tetramethoxypropan 99% mal-

ondialdehyde bis (dymethyl acetal) 99% (MDA)

(Sigma, Milan). The absorbance of the supernatant

was measured by spectrophotometry at 650 nm.

Lipid peroxidation

Lipid peroxides (LPO) were measured in portions of

spinal cord tissues, collected at 24 h after SCI, by using

LPO determination kit (OXIS International Inc.,

USA) according to the manufacturer instructions.

Light microscopy

Spinal cord biopsies were taken at 24 h following

trauma. Tissue segments containing the lesion (1 cm

on each side of the lesion) were paraffin embedded

and cut into 5-mm-thick sections. Tissue longitudinal

sections (thickness 5 mm) were deparaffinized with

xylene, stained with Haematoxylin/Eosin (H&E),

with Gomori stain and studied using light microscopy

(Dialux 22 Leitz).

The segments of each spinal cord were evaluated in

the rostral/caudal perilesional area by an experienced

histopathologist (RO). Damaged neurons were

counted and the histopathology changes of the gray

matter were scored on a 6-point scale [29]: 0, no

lesion observed, 1, gray matter contained 1�5 eosi-

nophilic neurons; 2, gray matter contained 5�10

eosinophilic neurons; 3, gray matter contained more

than 10 eosinophilic neurons; 4, small infarction (less

than one third of the gray matter area); 5, moderate

infarction (one third to one half of the gray matter

area); 6, large infarction (more than half of the gray

matter area). The scores from all the sections from

each spinal cord were averaged to give a final score for

individual mice. All the histological studies were

performed in a blinded fashion.

Immunohistochemical localization of nitrotyrosine, PAR,

FAS-ligand, Bax and Bcl-2

Spinal cord biopsies were taken at 24 h following

trauma. Tissue segments containing the lesion (1 cm

on each side of the lesion, rostrally/caudally to the

perilesional area) were paraffin embedded and cut

into 5-mm-thick sections. Tissue longitudinal sections

(thickness 5 mm), after deparaffinization, endogenous

peroxidase was quenched with 0.3% (v/v) hydrogen

peroxide in 60% (v/v) methanol for 30 min. The

sections were permeabilized with 0.1% (w/v) Triton

X-100 in PBS for 20 min. Non-specific adsorption

was minimized by incubating the section in 2% (v/v)

normal goat serum in PBS for 20 min. Endogenous

biotin or avidin binding sites were blocked by

sequential incubation for 15 min with biotin and

avidin (DBA), respectively. Sections were incubated

overnight with anti-Fas-ligand (1:500 in PBS, v/v),

anti-nitrotyrosine rabbit polyclonal antibody (Up-

state, 1:500 in PBS, v/v), anti-PAR antibody (Bio-

Mol, 1:200 in PBS, v/v), anti-Bax antibody (Santa

Cruz Biotechnology, 1:500 in PBS, v/v) or with anti-

Bcl-2 polyclonal antibody (Santa Cruz Biotechnol-

ogy, 1:500 in PBS, v/v). Sections were washed with

PBS and incubated with secondary antibody. Specific

labelling was detected with a biotin-conjugated goat

anti-rabbit IgG and avidin-biotin peroxidase complex

(DBA). To verify the binding specificity for nitrotyr-

osine, PAR, Fas-ligand, Bax and Bcl-2, 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 im-

munoreactions were positive in all the experiments

carried out.

Immunocytochemistry photographs (n�5) were

assessed by densitometry by using Imaging Densit-

ometer (AxioVision, Zeiss, Milan, Italy) and a

computer program. In particular the densitometry

analysis was carried out in longitudinal section in

which the spinal cord was orientated in order to

observe the lesion area as well as the rostrally/caudally

perilesional area. In this type of section, is possible to

evaluate the presence/absence or the alteration of

the distribution pattern. Therefore, the densitometry

data obtained represent all these difference.

Terminal deoxynucleotidyltransferase-mediated UTP end

labelling (TUNEL) assay

TUNEL assay was conducted by using a TUNEL

detection kit according to the manufacturer’s instruc-

tion (Apotag, HRP kit DBA, Milan, Italy). Briefly,

tissue segments containing the lesion (1 cm on each

side of the lesion, rostrally/caudally to the perilesional

area) were cut into longitudinal 5-mm-thick sections.

Tissue were incubated with 15 mg/ml proteinase K for

15 min at room temperature and then washed with

PBS. Endogenous peroxidase was inactivated by 3%

H2O2 for 5 min at room temperature and then

washed with PBS. Sections were immersed in term-

inal deoxynucleotidyltransferase (TdT) buffer con-

taining deoxynucleotidyl transferase and biotinylated

dUTP in TdT buffer, incubated in a humid atmo-

sphere at 378C for 90 min and then washed with

PBS. The sections were incubated at room tempera-

ture for 30 min with anti-horseradish peroxidase-

conjugated antibody and the signals were visualized

with diaminobenzidine. The number of TUNEL

positive cells/high-power field was counted in 5�10

fields for each coded slide.

Effects of a metalloporphyrinic 633
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Measurement of TNF-a and IL-1b̃

Portions of spinal cord tissues, containing the lesion

(1 cm on each side of the lesion, rostrally/caudally to

the perilesional area), collected at 24 h after SCI,

were homogenized as previously described in PBS

containing 2 mmol/L of phenyl-methyl sulphonyl

fluoride (Sigma Chemical Co.) and tissue TNFa

and IL-1b levels were evaluated. The assay was

carried out by using a colorimetric, commercial

kit (Calbiochem-Novabiochem Corporation, USA)

according to the manufacturer instructions. All

TNFa and IL-1b determinations were performed in

duplicate serial dilutions.

Preparation of spinal cord extracts and Western blot

analysis for IkB-a, phospho-NF-kB p65 (serine 536),

NF-kB p65, Bax and Bcl-2

Cytosolic and nuclear extracts were prepared as

previously described [30] with slight modifications.

Briefly, spinal cord tissues from each mouse containing

the lesion (1 cm on each side of the lesion, rostrally/

caudally to the perilesional area) were suspended in

extraction Buffer A containing 0.2 mM PMSF, 0,15

mM pepstatin A, 20 mM leupeptin, 1 mM sodium

orthovanadate, homogenized at the highest setting for

2 min and centrifuged at 1000 x g for 10 min at 48C.

Supernatants represented the cytosolic fraction. The

pellets, containing enriched nuclei, were re-suspended

in Buffer B containing 1% Triton X-100, 150 mM

NaCl, 10 mM TRIS-HCl pH 7.4, 1 mM EGTA, 1 mM

EDTA, 0.2 mM PMSF, 20 mM, 0.2 mM sodium

orthovanadate. After centrifugation for 30 min at 15

000 x g at 48C, the supernatants containing the nuclear

protein were stored at �808C for further analysis. The

levels of IkB-a, phospho-NF-kB p65 (serine 536), Bax

and Bcl-2 were quantified in cytosolic fraction from

spinal cord tissue collected 24 h after SCI, while NF-

kB p65 levels were quantified in nuclear fraction. The

filters were blocked with 1�PBS, 5% (w/v) non-fat

dried milk for 40 min at room temperature and

subsequently probed with specific Abs IkB-a (Santa

Cruz Biotechnology, 1:1000) or phospho-NF-kB p65

(serine 536) (Cell Signaling, 1:1000) or anti-Bax

(1:500; Santa Cruz Biotechnology) or anti-Bcl-2

(1:500; Santa Cruz Biotechnology) or anti- NF-kB

p65 (1:1000; Santa Cruz Biotechnology) in 1�PBS,

5% w/v non-fat dried milk, 0.1% Tween-20 (PMT) at

48C, overnight. Membranes were incubated with

peroxidase-conjugated bovine anti-mouse IgG sec-

ondary antibody or peroxidase-conjugated goat anti-

rabbit IgG (1:2000, Jackson ImmunoResearch, West

Grove, PA) for 1 h at room temperature.

To ascertain that blots were loaded with equal

amounts of proteic lysates, they were also incubated

in the presence of the antibody against b-actin protein

(1:10 000 Sigma-Aldrich Corp.). The relative expres-

sion of the protein bands of IkB-a (�37 kDa),

phospho NF-kB (�65 kDa), NF-kB p65 (�75

kDa), Bax (�23 kDa), Bcl-2 (�29 kDa) was

quantified by densitometric scanning of the X-ray

films with a GS-700 Imaging Densitometer (GS-700,

Bio-Rad Laboratories, Milan, Italy) and a computer

program (Molecular Analyst, IBM) were quantified

by scanning densitometry (Imaging Densitometer

GS-700 BIO-RAD, USA).

Grading of motor disturbance

The motor function of mice subjected to compression

trauma was assessed once a day for 10 days after injury.

Recovery from motor disturbance was graded using

the modified murine Basso, Beattie and Bresnahan

(BBB) [31] hind limb locomotor rating scale [32,33].

Materials

The ww-85 was obtained from Inotek Pharmaceuti-

cals Corporation (Beverly, USA). All other com-

pounds were obtained from Sigma-Aldrich Company

Ltd. (Milan, Italy). All other chemicals were of the

highest commercial grade available. All stock solutions

were prepared in non-pyrogenic saline (0.9% NaCl;

Baxter, Italy, UK).

Statistical evaluation

All values in the figures and text are expressed

as mean9standard error of the mean (SEM) of n

observations. For the in vivo studies, n represents the

number of animals studied. In the experiments invol-

ving histology or immunohistochemistry, the figures

shown are representative of at least three experiments

performed on different experimental days. The results

were analysed by one-way ANOVA followed by a

Bonferroni post-hoc test for multiple comparisons. A p-

value of less than 0.05 was considered significant. BBB

scale data were analysed by the Mann-Whitney test

and considered significant when p-value wasB0.05.

Results

ww-85 reduces the severity of spinal cord trauma

The severity of the trauma at the level of the

perilesional area assessed the presence of oedema as

well as alteration of the white matter (Figure 1A and

D) and was evaluated at 24 h after injury. Significant

damage to the spinal cord was observed in the spinal

cord tissue from SCI mice when compared with

sham-operated mice (Figure 1A). Notably, a signifi-

cant protection against the spinal cord injury was

observed in ww-85 (300 mg/kg) treated mice (Figure

1C and D). In sham animals (Figure 1E), a sig-

nificant presence of Gomori-positive were observed

in the astrocytes as well as in the vessels. At 24 h after

the injury, a significant loss of the Gomori positive

localization was observed in the spinal cord tissues in

634 T. Genovese et al.
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Figure 1. Effect of ww-85 on histological alterations of the spinal cord tissue 24 h after injury. No histological alterations (A) were observed

in the spinal cord tissues from sham-operated mice. Twenty-four hours after trauma a significant damage to the spinal cord, from no-treated

SCI operated ?mice at the perilesional area, was assessed by the presence of oedema as well as alteration of the white matter (B). Notably, a

significant protection from the SCI was observed in the tissue collected from ww-85 SCI treated mice (C). The histological score (D) was

made by an independent observer. A significant presence of Gomori-positive localization was observed in the astrocytes and in the vessels of

sham-operated mice (E). At 24 h after the injury in no-treated SCI operated ? mice (F), a significant loss of presence of Gomori-positive

localization was observed. In contrast, in the tissue collected from ww-85 SCI treated mice there was an evident presence of Gomori-positive

localization (G). In addition, the degree of motor disturbance was assessed every day until 10 days after SCI by Basso, Beattie and

Bresnahan criteria (H). The treatment with ww-85 ameliorated the recovery of motor disturbance after SCI in a dose dependent fashion (h).

wm: White matter; gm: gray matter. This figure is representative of at least three experiments performed on different experimental days.

Values shown are mean9SE mean of 10 mice for each group. *pB0.01 vs SCI.

Effects of a metalloporphyrinic 635
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mice subjected to SCI? (Figure 1F). In contrast, in

ww-85 (300 mg/kg) treated mice the loss of Gomori

positive localization was attenuated in the central part

of lateral and dorsal funiculi (Figure 1G). In order to

evaluate if histological damage to the spinal cord was

associated with a loss of motor function, the modified

BBB hind limb locomotor rating scale score was

evaluated. While motor function was only slightly

impaired in sham mice, mice subjected to SCI had

significant deficits in hind limb movement. ww-85

(30, 100, 300 mg/kg) reduced the degree of limb

motor disturbances induced by SCI (Figure 1H).

Effects of ww-85 on neutrophil infiltration

The above-mentioned histological pattern of spinal

cord injury appeared to be correlated with the influx of

leukocytes into the spinal cord. Therefore, we inves-

tigated the effect of ww-85 on the neutrophil infiltra-

tion by measuring tissue myeloperoxidase (MPO)

activity (Figure 2). MPO activity was significantly

elevated in the spinal cord at 24 h after injury in mice

subjected to SCI when compared with sham-operated

mice (Figure 2). Treatment with ww-85 attenuated

neutrophil infiltration into the spinal cord at 24 h after

injury in a dose-dependent fashion (Figure 2).

Effects of ww-85 on nitrotyrosine formation, lipid

peroxidation and PAR formation after SCI

Twenty-four hours after SCI, nitrotyrosine, a specific

marker of nitrosative stress, was measured by im-

munohistochemical analysis in the spinal cord sec-

tions to determine the localization of ‘peroxynitrite

formation’ and/or other nitrogen derivatives pro-

duced during SCI. Spinal cord sections from sham-

operated mice did not stain for nitrotyrosine (data not

shown), whereas spinal cord sections obtained from

SCI mice exhibited positive staining for nitrotyrosine

(Figure 3A and C). The positive staining was mainly

localized in inflammatory cells as well as in nuclei of

Schwann cells in the white and gray matter of the

spinal cord tissues. ww-85 treatment (300 mg/kg)

reduced the degree of positive staining for nitrotyr-

osine (Figure 3B and C) in the spinal cord. In

addition, at 24 h after SCI, thiobarbituric acid-

reactant substances levels and lipid peroxides (LPO)

were also measured in the spinal cord tissue as an

indicator of lipid peroxidation. A significant increase

of thiobarbituric acid-reactant substances (Figure

3D) and LPO levels (Figure 3E) were observed in

the spinal cord collected at 24 h from mice subjected

to SCI when compared with sham-operated mice.

Thiobarbituric acid-reactant substances (Figure 3D)

and LPO levels (Figure 3E) were significantly atte-

nuated in a dose-dependent fashion by the intraper-

itoneal injection of ww-85. Infiltration of leukocytes

into the white matter has been suggested to con-

tribute significantly to the SCI releasing free oxygen

and nitrogen radicals and favouring PARP activation

[34]. In our study, immunohistochemistry for PAR,

as an indicator of in vivo PARP activation, revealed

the occurrence of positive staining for PAR localized

in nuclei of Schwann cells in the white and gray

matter of the spinal cord tissues from mice subjected

to SCI (Figure 3F and H). ww-85 treatment (300 mg/

kg) reduced the degree of positive staining for PAR

(Figures G and H) in the spinal cord.

Effect of ww-85 on IkB-a degradation, phosphorylation

of Ser536 on p65, expression of NF-kB p65 and NF-kB

translocation

We evaluated IkB-a degradation, phosphorylation of

Ser536 on the NF-kB sub-unit p65, total NF-kB p65

by Western Blot analysis to investigate the cellular

mechanisms by which treatment with ww-85 may

attenuate the development of SCI.

A basal level of IkB-a was detected in the spinal

cord from sham-operated animals, whereas in SCI

mice IkB-a levels were substantially reduced. ww-85

treatment (300 mg/kg) prevented the SCI-induced

IkB-a degradation (Figure 4A and A1). In addition,

SCI caused a significant increase in the phosphoryla-

tion of Ser536 at 24 h (Figure 4B and B1). The

treatment with ww-85 (300 mg/kg) significantly

reduced the phosphorylation of p65 on Ser536

(Figure 4B and B1). Moreover, NF-kB p65 levels in

the nuclear fractions of the spinal cord tissue were

also significantly increased at 24 h after SCI com-

pared to the sham-operated mice (Figure 4C and

C1). ww-85 (300 mg/kg) treatment significantly re-

duced the levels of NF-kB p65 protein as shown in

Figure 4C and C1.

Figure 2. Effects of ww-85 on MPO activity. Following the injury,

MPO activity in spinal cord from SCI mice was significantly

increased at 24 h after the damage in comparison to sham mice.

Treatment with ww-85 attenuated neutrophil infiltration into the

spinal cord in a dose-dependent fashion. Data are means9SE

means of 10 mice for each group. *pB0.01 vs Sham. 8pB0.01 vs

SCI�vehicle.
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Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
N

ew
ca

st
le

 U
ni

ve
rs

ity
 o

n 
12

/0
4/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Effect of ww-85 modulate the expression of tnf-a and

IL-1b after SCI

To test whether ww-85 may modulate the inflamma-

tory process through the regulation of the secretion of

pro-inflammatory cytokines, we analysed the spinal

cord tissue levels of TNF-a and IL-1b. A substantial

increase in TNF-a and IL-1b production was found in

spinal cord tissues samples collected from SCI mice at

24 h after SCI (Figure 5A and D, respectively). Spinal

cord levels of TNF-a and IL-1b were significantly

attenuated in a dose-dependent fashion by the

intraperitoneal injection of ww-85 (Figure 5B and E,

respectively).

Figure 3. Effects of ww-85 on nitrotyrosine formation, lipid peroxidation and PARP activation. In tissue sections obtained from vehicle-

treated animals after SCI demonstrate positive staining for nitrotyrosine mainly localized in inflammatory, in nuclei of Schwann cells in the white

and gray matter (A). ww-85 treatment (300 mg/kg) reduced the degree of positive staining for nitrotyrosine (B) in the spinal cord. Densitometry

analysis of immunocytochemistry photographs (n�5 photos from each sample collected from all mice in each experimental group) for

nitrotyrosine (C) from spinal cord tissues was assessed. Data are expressed as percentage of total tissue area. In addition, a significant increase of

thiobarbituric acid-reactant substances (D) and lipid peroxides (LPO) (E) were observed in the spinal cord collected at 24 h from mice subjected

to SCI when compared with sham-operated mice. Thiobarbituric acid-reactant substances (D) and LPO levels (E) were significantly attenuated

in a dose-dependent fashion by the intraperitoneal injection of ww-85. In addition, immunohistochemistry for PAR, an indicator of in vivo

PARPactivation, revealed the occurrence of positive staining for PAR localized in nuclei of Schwann cells in wm and gm of the spinal cord tissues

from SCI mice (F). ww-85 treatment (300mg/kg) reduced the degree of positive staining for PAR (G) in the spinal cord. Densitometry analysis of

immunocytochemistry photographs (n�5 photos from each sample collected from all mice in each experimental group) for PAR (H) from

spinal cord tissues was assessed. Data are expressed as percetage of total tissue area. These figures are representative of at least three experiments

performed on different experimental days. Data are means9SE means of 10 mice for each group. *pB0.01 vs Sham. 8pB0.01 vs SCI�vehicle.
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Effects of ww-85 on modulates expression of FAS ligand

after SCI

Immunohistological staining for FAS ligand in the

spinal cord was also determined 24 h after injury.

Sections of spinal cord from sham-operated mice did

not stain for FAS ligand (data not shown), whereas

spinal cord sections obtained from SCI-treated mice

exhibited positive staining for FAS ligand (Figure 6A,

see densitometric analysis c). The positive staining

was localized in various cells in the gray matter. ww-

85 treatment (300 mg/kg) reduced the degree of

positive staining for FAS-ligand (Figure 6B and C)

in the spinal cord.

Effects of ww-85 on apoptosis in spinal cord after injury

To test whether spinal cord damage was associated to

cell death by apoptosis, we measured TUNEL-like

staining in the perilesional spinal cord tissue. Almost

no apoptotic cells were detected in the spinal cord

from sham-operated mice (Figure 7A, see apoptotic

cell count d). At 24 h after the trauma, tissues from

SCI control mice demonstrated a marked appearance

of dark brown apoptotic cells and intercellular

apoptotic fragments (Figure 7B, see apoptotic cell

count d). In contrast, tissues obtained from mice

treated with ww-85 (300 mg/kg) (Figure 7C, see

apoptotic cell count c) demonstrated no apoptotic

cells or fragments.

Western blot analysis and immunohistochemistry for Bax

and Bcl-2

At 24 h after SCI, the appearance of Bax in spinal cord

homogenates was investigated by Western blot. Bax

levels were appreciably increased in the spinal cord

from mice subjected to SCI (Figure 8A and A1). On

the contrary, ww-85 treatment (300 mg/kg) prevented

the SCI-induced Bax expression (Figure 8A and A1).

By Western blot analysis was also analysed Bcl-2

expression in homogenates from spinal cord of each

mice. A basal level of Bcl-2 expression was detected

in spinal cord from sham-operated mice (Figure 8B

and B1). Twenty-four hours after SCI, the Bcl-2

expression was significantly reduced in spinal cord

from SCI mice (Figure 8B and B1). Treatment of

mice with ww-85 (300 mg/kg) significantly reduced

the SCI-induced inhibition of Bcl-2 expression (Fig-

ure 8B and B1).

Moreover, samples of spinal cord tissue were

taken at 24 h after SCI in order to determine the

immunohistological staining for Bax and Bcl-2. Sec-

tions of spinal cord from sham-operated mice did not

stain for Bax (data not shown), whereas spinal cord

sections obtained from SCI mice exhibited a positive

staining for Bax (Figure 8C and E). ww-85 (300 mg/kg)

Figure 4. Effects of ww-85 treatment on IkB-a degradation,

phosphorylation of Ser536 on the NF-kB sub-unit p65, total NF-

kB p65. By Western Blot analysis, a basal level of IkB-awas detected

in the spinal cord from sham-operated animals, whereas in SCI mice

IkB-a levels were substantially reduced. ww-85 treatment (300 mg/

kg) prevented the SCI-induced IkB-a degradation (A, A1). In

addition, SCI caused a significant increase in the phosphorylation

of Ser536 at 24 h (B, B1) and in nuclear NF-kB p65 compared to the

sham-operated mice (C, C1). ww-85 treatment (300 mg/kg) sig-

nificantly reduced the phosphorylation of p65 on Ser536 (B, B1) and

NF-kB p65 levels as shown in (C) and (C1). Immunoblotting in (A�
C) is representative of one spinal cord tissues out of 5�6 analysed.

The results in (A1, B1 and C1) are expressed as mean9SEM from

5�6 spinal cord tissues. *pB0.01 vs Sham; 8pB0.01 vs SCI.
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treatment reduced the degree of positive staining for

Bax in the spinal cord of mice subjected to SCI

(Figure 8D and E). In addition, spinal cord sections

from sham-operated mice demonstrated Bcl-2 posi-

tive staining (data not shown) while in SCI control

mice the staining significantly reduced (Figure 8F

and H). ww-85 (300 mg/kg) treatment attenuated the

loss of positive staining for Bcl-2 in the spinal cord

from SCI- subjected mice (Figure 8G and H).

Discussion

Primary injury to the adult spinal cord is irreversible,

whereas secondary degeneration is delayed and there-

fore amenable to intervention. Accordingly, several

studies have shown that therapies targeting various

factors involved in the secondary degeneration cas-

cade lead to tissue sparing and improved behavioural

outcomes in spinal cord-injured animals [3,34�36].

Figure 6. Effects of ww-85 treatment on immunohistochemical localization and expression of Fas-ligand. Spinal cord sections were

processed at 24 h after SCI to determine the immunohistological staining for Fas-ligand. No positive staining for FAS ligand was present in

tissue sections obtained from sham groups (data not shown). A substantial increase in Fas-ligand expression was found in inflammatory cells

(A) in wm and gm of the spinal cord tissues from SCI-operated mice. Spinal cord levels of Fas-ligand (B) were significantly reduced in ww-

85 (300 mg/kg)-SCI treated mice in comparison to SCI-operated mice. Densitometry analysis of immunocytochemistry photographs (n�5

photos from each sample collected from all mice in each experimental group) for Fas-ligand (C) from spinal cord tissues was assessed. Data

are expressed as percentage of total tissue area. This figure is representative of at least three experiments performed on different

experimental days. *pB0.01 vs Sham. 8pB0.01 vs SCI-IL WT mice; wm: white matter; gm: gray matter.

Figure 5. Effects of ww-85 treatment on immunohistochemical localization of TNF-a and IL-2. Spinal cord sections were processed at 24

h after SCI to determine the immunohistological staining for tnf-a and IL-1b expression. A substantial increase in TNF-a (A) and IL-1b

(D) expression was found in inflammatory cells, in nuclei of Schwann cells in wm and gm of the spinal cord tissues from SCI mice at 24 h

after SCI. Spinal cord levels of TNF-a (B) and IL-1b (E) were significantly attenuated in ww-85 (300 mg/kg)-SCI treated mice in

comparison to SCI animals. Densitometry analysis of immunocytochemistry photographs (n�5 photos from each sample collected from all

mice in each experimental group) for IL-2 (C) and for TNF-a (F) from spinal cord tissues was assessed. Data are expressed as percentage of

total tissue area. This figure is representative of at least three experiments performed on different experimental days. *pB0.01 vs Sham. 8pB
0.01 vs SCI�vehicle.
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Much of the damage that occurs in the spinal cord

following traumatic injury is due to the secondary

effects of glutamate excitotoxicity, Ca2� overload and

oxidative stress, three mechanisms that take part in a

spiralling interactive cascade ending in neuronal

dysfunction and death [10,37,38]. The role of

reactive oxygen-induced oxidative damage to spinal

cord lipids (i.e. lipid peroxidation) and proteins

has been strongly supported in various studies

[3,6,15,35]. Among the reactive oxygen species

(ROS), ONOO� is known to play an important

role in local and systemic inflammatory response as

well as neurodegenerative disease [3,8,11,19].

The chemistry and biology of peroxynitrite have

been significantly studied since its cytotoxic activity

was first recognized [17,39�42]. This molecule has

been implicated in local and systemic inflammatory

response as well as neurodegenerative disease

[3,8,11,19] and it has been shown that the body’s

own systems are ill-equipped to eliminate it [43].

A greater understanding of the role played by

ONOO� in the pathogenesis of human disease will

aid in the design of rational therapies for pharmaco-

logical intervention.

Metalloporphyrins are of particular interest for this

reason; peroxynitrite reacts very efficiently with

biological metal centres [44,45]. If a metallopor-

phyrin could be introduced into a living system as

treatment for peroxynitrite injury, it would be of

therapeutic potential. It has recently been shown that

certain water-soluble manganese and iron porphyrins

show high rates of reaction with peroxynitrite [42].

One such porphyrin, iron(III) meso-tetrakis(2,4,

6-trimethyl-3,5-disulphonato) porphine chloride

(FeTMPS) has already shown activity at micromolar

levels and was shown to attenuate local inflammation

[16] as well as SCI [25]. This result, combined with

the attractive peroxynitrite turnover rates obtained for

the family of pyridyl porphyrins, prompted us to

consider a new catalyst based on the pyridyl por-

phyrin systems. The novel catalyst FP15, also called

as 5,10,15,20-tetrakis[N-(benzyl-4?-carboxylate)pyri-

dinium-2-yl]porphyrin iron(III) pentachloride, repre-

sents an effort to apply results obtained in vitro to

biological systems [46]. This catalyst has been

designed specifically for pharmacologic use, building

on previous knowledge in the field for maximum

efficacy [46]. The polyethylene glycol chains attached

to the porphyrin provide a hydrophilic environment

for peroxynitrite while providing sufficient bulk to

hinder deleterious associations between the porphyrin

and DNA [46]. It retains the high rate constant for

peroxynitrite turnover observed for other iron por-

phyrin catalysts [47,48], showing that diverse groups

may be introduced at the N-pyridyl position and the

porphyrin will still retain activity [46]. The shape of

the rate constant dependence on the catalyst con-

centration is non-linear and upward sloping and has

been observed before for other FeTMPyP-based

porphyrins [46,48].

Figure 7. Effects of ww-85 treatment on TUNEL-like staining in the perilesional spinal cord tissue. Almost no apoptotic cells were

detected in the spinal cord from sham mice (A). At 24 h after the trauma, SCI mice demonstrated a marked appearance of dark brown

apoptotic cells and intercellular apoptotic fragments (B). In contrast, tissues obtained from mice treated with ww-85 (300 mg/kg)

demonstrated no apoptotic cells or fragments (C). The number of TUNEL positive cells/high-power field was counted in 5�10 fields for

each coded slide (D). This figure is representative of at least three experiments performed on different experimental days. *p B0.01 vs

Sham. 8pB0.01 vs SCI-IL WT mice; wm: white matter; gm: gray matter.
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This investigation was designed to test whether the

novel peroxynitrite decomposition catalyst WW-85 is

useful to attenuate SCI, since it is known that

ONOO� modulate the inflammatory response asso-

ciated with SCI [25]. The present study showed that

treatment with WW-85 significantly reduced spinal

cord damage, (2) motor recovery, (3) neutrophil

infiltration, (4) NF-kB expression, (5) nitrotyrosine

formation and PARP activation, (6) apoptosis as

TUNEL staining and (7) Bax and Bcl-2 expression.

These findings confirm that ONOO� plays a crucial

role in the pathology of SCI. Peroxynitrite is a potent

nitrating species and initiator of lipid peroxidation

and [49] apoptosis. Traditionally, immunodetection

of nitrotyrosine has been used as evidence of perox-

ynitrite formation in biological tissue [50].

More recently, it has been shown that protein

nitration may, under some conditions, arise indepen-

dently of peroxynitrite via the action of MPO and

nitrite [51].

In the present study we demonstrate that ww-85

attenuates the nitrotyrosine formation in the tissue

Figure 8. Effects of ww-85 treatment on expression of Bax and Bcl-2. By Western blot analysis, Bax levels were appreciably increased in the

spinal cord from SCI mice (A and A1). On the contrary, ww-85 (300 mg/kg) prevented the SCI-induced Bax expression (A and A1).

Moreover, a basal level of Bcl-2 expression was detected in spinal cord from sham-operated mice (B and B1). Twenty-four hours after SCI,

Bcl-2 expression was significantly reduced in spinal cord from SCI mice (B and B1). ww-85 treatment (300 mg/kg) significantly reduced the

SCI-induced inhibition of Bcl-2 expression (B and B1). The results in (A1) and (B1) are expressed as mean9SEM from n�5/6 spinal cord

for each group. *pB0.01 vs sham, 8pB0.01 vs SCI�vehicle. By immunohistochemistry, SCI caused, at 24 h, an increase in the release of

Bax expression (C). ww-85 (300 mg/kg) treatment reduced the degree of positive staining for Bax in the spinal cord (D). On the contrary,

positive staining for Bcl-2 was observed in the spinal cord tissues from sham-operated mice (data not shown) while the staining was

significantly reduced in SCI mice (F). ww-85 (300 mg/kg) attenuated the loss of positive staining for Bcl-2 in the spinal cord from SCI-

subjected mice (G). Densitometry analysis of immunocytochemistry photographs (n�5 photos from each sample collected from all mice in

each experimental group) for Bax (E) and for Bcl-2 (H) from spinal cord tissues was assessed. Data are expressed as percentage of total

tissue area. This figure is representative of at least three experiments performed on different experimental days. *pB0.01 vs Sham. 8pB0.01

vs SCI�vehicle.
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from SCI treated mice when compared with SCI�
vehicle mice. On the other hand, one cannot exclude

the possible nitration of proteins via peroxynitrite-

independent pathways. Indeed, myeloperoxidase in

the presence of nitrite and H2O2 can cause nitration

of proteins [52], whibh may be excluded in this study,

since MPO was significantly reduced by WW-85.

Based upon our current knowledge, it cannot be

excluded that WW-85 may also contribute to perox-

ynitrite-independent pathways of protein nitration.

Our results, however, are in line with previous

findings using iron-based metalloporphyrinic agents

as peroxynitrite decomposition catalysts which

resulted in decreased myocardial myeloperoxidase

activity in septic rats [24], decreased myeloperoxidase

activity in lung reperfusion injury [53], decreased

myeloperoxidase activity in model of IL-2 induced

pulmonary toxicity [49] and decreased myeloperox-

idase activity in the spinal cord tissues after SCI [25].

Nevertheless, our findings using the peroxynitrite

decomposition catalyst WW-85 are significant in

providing evidence that myeloperoxidase-derived ni-

tration is probably not a major source of nitrotyrosine

formation in this model of SCI.

One consequence of increased oxidative stress is

the activation and inactivation of redox-sensitive

proteins [54]. Recent evidence suggests that the

activation of NF-kB may also be under the control

of oxidant/antioxidant balance [55]. NF-kB is nor-

mally sequestered in the cytoplasm, bound to reg-

ulatory proteins IkBs. In response to a wide range of

stimuli including oxidative stress, infection, hypoxia,

extracellular signals and inflammation, IkB is phos-

phorylated by the enzyme IkB kinase [54]. The net

result is the release of the NF-kB dimer, which is then

free to translocate into the nucleus. The exact

mechanisms by which ww-85 suppress NF-kB acti-

vation in inflammation are not known. We confirm

here that SCI caused a significant increase in the

phosphorylation of Ser536 on p65 in the spinal cord

tissues at 24 h, whereas ww-85 treatment significantly

reduced this phosphorylation. Moreover, we also

demonstrate that the proxynitrite decomposition

catalyst ww-85 inhibited the IkB-a degradation as

well as the NF-kB translocation. Taken together, the

balance between pro-inflammatory and pro-survival

roles of NF-kB may depend on the phosphorylation

status of p65 and ONOO� may play a central role in

this process. NF-kB plays a central role in the

regulation of many genes responsible for the genera-

tion of mediators or proteins in inflammation. These

include the genes for TNF-a, IL-1b, iNOS and

COX-2, to name but a few [56]. In this regard, it

has been well demonstrated that in SCI the expres-

sion of proinflammatory cytokines (TNF-a and IL-

1b) at the site of injury regulates the precise cellular

events after SCI [57,58]. In the present study,

we have clearly confirmed a significant increase in

TNF-a and IL-1b in SCI. On the contrary, no

significant expression of TNF-a and IL-1b was

observed in the spinal cord sections obtained from

SCI-operated mice which received ww-85 treatment

confirming that ONOO� play an important role in

the regulation of proinflammatory cytokines. This

observation is in agreement with a previous study in

which we have demonstrated ww-85 significantly

reduced the expression of TNF-a and IL-1b in a

model of rat cardiac transplant [26].

Large evidences indicate that TNF-a and IL-1b

IL-2 also play an important role in the recruitment of

inflammatory and immune cells in the injury site

[1,59�62]. Moreover, immune and inflammatory cell

infiltration to SCI sites is a major contributor to

secondary degeneration [36,60,63�65]. In agreement

with previous studies [60,65], we have observed in

this experimental setting that the infiltration of

neutrophils at the injury site 24 h following SCI is

significantly increased in all animals. The neutrophils

infiltration is reduced by the treatment with ww-85

confirming that ONOO� also play an important role

in the regulation of neutrophils infiltration. There-

fore, the inhibition of neutrophils infiltration by ww-

85 described in the present study is likely to be

due to the inhibition of proinflammatory cytokines

expression.

Furthermore, various studies have demonstrated

that, after SCI, apoptosis of neurons, oligodendro-

cytes and microglia occurs at the injury site as well as

in distant areas of the spinal cord and brain [66�68].

Generation of free radicals and ONOO� by activated

macrophages has also been implicated in causing

oligodendrocyte apoptosis [69] and there is evidence

that direct ONOO� formation is known to induce

apoptosis in neuronal cells in culture [70]. We have

demonstrated that the treatment with INOS-4885

attenuates the degree of apoptosis, measured by

TUNEL detection kit in the spinal cord after the

damage. Moreover, the observed attenuation of

apoptosis by the ww-85 is also due to the prevention

of lost of the anti-apoptotic pathway and reduction of

pro-apoptotic pathway activation with a mechanism

still to discover. Several studies [71] show that Bax

gene plays an important role in cell death and CNS

injury; moreover, other studies suggest that SCI-

induced changes in Bcl-xL contribute considerably to

neuronal death. We identified in the spinal cord

injury pro-apoptotic transcriptional changes, includ-

ing upregulation of pro-apoptotic Bax and down-

regulation of anti-apoptotic Bcl-2, using western blot

assay and by immunohystochemical staining. We

report for the first time that ww-85 treatment

reduced the signal for Bax in the treated group

when compared with SCI�vehicle operated mice,

while on the contrary, the signal is much more

express for Bcl-2 in ww-85 treated mice than in

SCI�vehicle operated mice.
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Based on this evidence we clearly have shown that

ONOO� interferes in the apoptotic process induced

by SCI. However is not possible to exclude that anti-

apoptotic effect observed after ww-85 treatment may

be partially dependent on the attenuation of the

inflammatory-induced damage. Further studies are

needed in order to clarify these mechanisms.

However, recent data have demonstrated the

induction of apoptosis in oligodendrocyte cells in

response to ONOO� is PARP independent [72]. The

role of PARP in apoptosis remains to be determined

since conflicting data have been reported. It has been

proposed that preventing PARP activation increased

the sensitivity of cells to apoptosis-inducing agents

[8]. Therefore, PARP undergoes site-specific proteo-

lysis during apoptosis. In this regard, recently it has

been demonstrated that PARP mediated-DNA repair

is initiated in the cortex following experimental brain

injury in rat acute post-traumatic period, but that

subsequent PARP activation does not occur, possibly

owing to delayed apoptosis-associated proteolysis,

which may impair the repair of damaged DNA

[73]. In addition, we have recently demonstrated

that the two PARP inhibitors significantly prevent

apoptosis in spinal cord injury [74]. In this study ww-

85 significantly reduced the PAR formation, index of

PARP activation, as well as the DNA damage in

spinal cord tissue from mice subjected to trauma.

Thus, our in vivo findings support the view that ww-

85 by reduction of PARP activation induced by

ONOO� prevent the activation of the apoptosis

pathway.

Thus, we can hypothesize that the mechanism of

this ONOO� decomposition catalyst may be related

to a prevention of ONOO�-induced endothelial

injury as well as to the inhibition of reactive nitrogen

and oxygen intermediates pro-inflammatory proper-

ties. In other words, we propose a positive feedback

cycle in SCI. ONOO� decomposition catalyst would

intercept this cycle at the level of NF-kB activation

and cytokines release. This model would explain the

reduction of cytokines formation and the inflamma-

tory and immune cells infiltration during SCI in the

ww-85-treated mice. In conclusion we have directly

demonstrated that ONOO� is associated with the

spinal cord damage evoked by trauma. The ww-85

may offer a novel approach for manipulating the

pathological events that are associated with SCI. Just

like with other porphyrins and antioxidants, addi-

tional redox properties of the ww-85 on other oxidant

species (superoxide, hydrogen peroxide, nitroxyl

anion, etc.) are possible. These additional actions

may limit the specificity of the compound and may

reduce its utility as a tool to dissect peroxynitrite-

mediated pathogenetic processes from processes

triggered by these above-mentioned oxidants. On

the other hand, such additional actions may extend

the therapeutic utility of these agents.

Further use of these catalysts as pharmacological

tools in animal’s models of human disease may lead

us to a better understanding of when and where

ONOO� plays a key role(s) in the development of

inflammatory diseases such as SCI. This in turn

should provide more effective treatment strategies

for diseases in the clinic. In conclusion, ONOO�

decomposition catalysts are not only useful tools

for the pharmacological dissection of free radical-

mediated pathology, but also offer promise as disease-

modifying therapeutic agents capable of preserving

the positive aspect of the double-edge sword of nitric

oxide action.
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