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Neu2000 [2-hydroxy-5-(2,3,5,6-tetrafluoro-4 trifluoromethylbenzylamino) benzoic acid] is a dual-acting
neuroprotective agent that functions both as a noncompetitive N-methyl-D-aspartate (NMDA) receptor
antagonist and a free radical scavenger. In the present study, we investigated the scavenging activity
of Neu2000 on various classes of reactive oxygen species and reactive nitrogen species (ROS/RNS) as well
as its efficacy for reducing free radicals and oxidative stress/damage induced in spinal cord mitochondrial
preparations. Neu2000 exerted scavenging activity against superoxide, nitric oxide, and hydroxyl radi-
cals, and efficiently scavenged peroxynitrite. In the mitochondrial studies, Neu2000 markedly inhibited
ROS/RNS and hydrogen peroxide levels following antimycin treatment. In addition, Neu2000 effectively
scavenged hydroxyl radicals generated by iron(III)-ascorbate, reduced protein carbonyl formation medi-
ated by hydroxyl radicals and peroxynitrite, and prevented glutathione oxidation caused by tert-butyl
hydroperoxide in isolated mitochondria. Interestingly, incubation of isolated mitochondria with
Neu2000 followed by centrifugation and removal of the supernatant also resulted in a concentration-
dependent decrease in lipid peroxidation. This observation suggests that Neu2000 enters mitochondria
to target free radicals or indirectly affects mitochondrial function in a manner that promotes antioxidant
activity. The results of the present study demonstrate that Neu2000 possesses potent in vitro antioxidant
activity due, most likely, to its active phenoxy group.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Reactive oxygen species (ROS) and reactive nitrogen species
(RNS) play a major role in a variety of pathological events associ-
ated with mutation, carcinogenesis, inflammation, aging, neurode-
generation, and other diseases. Well known examples of ROS and
RNS include superoxide (O��2 ), nitric oxide (NO�), hydroxyl (NO�)
peroxynitrite (ONOO�), hydrogen peroxide (H2O2), peroxyl (ROO�),
and alkoxyl (RO�). Under physiological conditions, the damaging ef-
fects of these free radicals are counterbalanced by the activities of
the antioxidant defense pathways. In pathophysiological situations
when free radicals are in excess or antioxidant defenses are
compromised, ROS and RNS can react with fatty acids, proteins,
and nucleic acids and alter their function (Kohen and Nyska,
2002; Stowe and Camara, 2009).
ll rights reserved.
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Several studies have demonstrated that oxidative damage and
mitochondrial dysfunction are contributing factors to secondary
injury following experimental spinal cord injury (SCI) (Hall and
Springer, 2004; McEwen et al., 2007; Sullivan et al., 2007; Patel
et al., 2009). Recent studies indicate that traumatic SCI results in
impaired function of complexes I and II of the electron transport
chain (ETC) contributing to increased free radical production and
decreased ATP synthesis (McEwen et al., 2007, 2011; Sullivan
et al., 2007; Patel et al., 2009). In this context, strategies that limit
or counteract free radical-mediated oxidative damage and
mitochondrial dysfunction may prove beneficial as therapeutic
treatments for SCI.

Neu2000 [2-hydroxy-5-(2,3,5,6-tetrafluoro-4 trifluoromethyl
benzylamino)-benzoic acid] is a derivative of acetylsalicylic acid
and sulfasalazine, a conjugate of 5-aminosalicylic acid and
sulfapyridine (Gwag et al., 2007). Neu2000 has been shown to be
neuroprotective against N-methyl-D-aspartate (NMDA)- and iron-
mediated neurotoxicity in cortical neuron cultures (Gwag et al.,
2007; Cho et al., 2010). Neu2000 also limited the activation of
proapoptotic proteins in a mouse model of amyotrophic lateral
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sclerosis (Shin et al., 2007). Recently, we demonstrated that
Neu2000 reduced mitochondrial ROS levels, promoted tissue spar-
ing, and improved locomotor outcomes in an experimental model
of SCI (Springer et al., 2010). Furthermore, Neu2000 attenuated
the degeneration of hippocampal CA1 neurons in a rat model of
transient forebrain ischemia (Park et al., 2011; Won et al., 2011).
However, no studies to date have provided a detailed and compre-
hensive examination of the antioxidant activity of Neu2000, includ-
ing identification of scavenging activity on specific free radical
species. Further, given the central role of mitochondria in regulating
cell function and survival, strategies that limit or counteract free
radical-mediated mitochondrial dysfunction have potential clinical
significance in the treatment of acute SCI as well as other free
radical-mediated pathophysiological conditions. Therefore, the
present study was undertaken to elucidate the efficacy of
Neu2000 in limiting the actions of various free radical species and
suppression of lipid as well as protein oxidation in isolated spinal
cord mitochondria, using biochemical and biological in vitro model
systems.
2. Materials and methods

2.1. Materials and reagents

Ferrozine [3-(2-Pyridyl)-5,6-bis(4-phenyl-sulfonic acid)-1,2,4-
triazine], FeCl2, phenazine methosulfate (PMS), b-nicotinamide
adenine dinucleotide reduced dipotassium salt (NADH), nitrotet-
razolium blue chloride (NBT), sodium nitroprusside dehydrate
(SNP), sulphanilamide, naphthyl ethelene diamine dihydrochloride,
2-deoxy-D-ribose, thiobarbituric acid (TBA), diethylenetriamine-
pentaacetic acid (DTPA), dihydrorhodamine-123 (DHR-123),
3-morpholinosydnonimine (SIN-1), mannitol, sucrose, bovine
serum albumin (BSA), ethylene glycol tetraacetate (EGTA), ethylene-
diaminetetraacetic acid (EDTA), 4-(2-hydroxyethyl)piperazine-
1-ethanesulfonic acid (HEPES), potassium phosphate monobasic
anhydrous (KH2PO4), magnesium chloride (MgCl2), malate, pyru-
vate, Ficoll, 2,7-dichlorodihydrofluorescin diacetate (DCFH2-DA),
Type VI-A horseradish peroxidase (HRP), tert-butyl hydroperoxide
(tBHP) and antimycin A from Streptomyces sp. were purchased from
Sigma–Aldrich (St. Louis, MO). Amplex Red and monochlorobimane
(MCB) were purchased from Molecular Probes (Eugene, OR). BCA
protein assay kit was purchased from Pierce (Rockford, IL). All solu-
tions and reagents are listed as final concentrations.

2.2. Anti-oxidant compounds

In the biochemical free radical assays, Neu2000, ascorbic acid,
mannitol, and Trolox were used at a concentration range of
0–300 lM. In the biological studies examining spinal cord mito-
chondria and spinal cord homogenates, Neu2000 was used at a
concentration range of 0–125 lM.

2.3. Biochemical model system measurements

2.3.1. Superoxide anion scavenging activity
Superoxide radicals were generated using a PMS-NADH assay,

according to previously published methods (Ewing and Janero,
1995) with minor modifications. Neu2000 and ascorbic acid were
dissolved in phosphate-buffered saline (PBS), pH = 7.4. The reac-
tion mixture was composed of freshly prepared 20 lM NBT and
98 lM NADH, which was added to the wells of a 96-well plate
(Corning, NY). Neu2000, ascorbic acid, or vehicle alone (control)
were then added to the wells, and the reaction was initiated by
adding 33 lM PMS. After a 10-min incubation at 25 �C, absorbance
was measured at 560 nm.
2.3.2. Nitric oxide scavenging activity
Nitric oxide free radical was generated by the SNP reaction,

using previously published methods (Ullrich et al., 1997). The reac-
tion mixture was composed of SNP (10 mM) and either Trolox or
Neu2000 in PBS, or PBS alone as control. After 2 h at 25 �C under
light irradiation, the reaction mixture was reacted with Griess re-
agent consisting of 1% sulphanilamide, 2% phosphoric acid, and
0.1% naphthyl ethelene diamine dihydrochloride. The absorbance
of the chromophore produced after diazotization of the nitrite with
sulphanilamide and subsequent coupling with naphthylethelene
diamine was measured at 540 nm.

2.3.3. Hydroxyl radical scavenging activity
Hydroxyl radicals were generated using the Fenton reaction to

form products that, when coupled with TBA, yield a visible pink
chromogen (Halliwell et al., 1987). The final assay reaction was
composed of 2.8 mM 2-deoxy-2-ribose, 100 lM FeCl3, 100 lM
EDTA, and 1 mM H2O2, in the absence (control) or presence of a
standard antioxidant (mannitol) or Neu2000 in PBS, or PBS alone
as a control. The reaction was initiated by adding 100 lM ascor-
bate to each of the wells. After 1 h at 37 �C, the samples were re-
acted with 0.67% TBA followed by heating to 95 �C for 20 min.
After cooling to room temperature, the malondialdehyde (MDA)-
TBA complex adduct was measured at 532 nm.

2.3.4. Peroxynitrite scavenging activity
Authentic peroxynitrite stock solution was synthesized from so-

dium nitrite (0.6 M) and acidified hydrogen peroxide (0.6 M H2O2

in 0.7 M HCl) and then quenched with NaOH (1.2 M), as previously
described (Beckman et al., 1994). The stock solution was kept fro-
zen (�80 �C) until the day of the experiment. The concentration of
the stock solution was evaluated immediately before use by mea-
suring the absorbance at 302 nm using the molar extinction coeffi-
cient of e = 1670 M�1 cm1. The assay solution contained 100 lM
DTPA; increasing concentrations of Neu2000, ascorbic acid, or Trol-
ox; and 5 lM DHR-123 in PBS. PBS alone served as control. Perox-
ynitrite scavenging activity was determined by the oxidation of
DHR-123, as described previously (Kooy et al., 1994), and was ini-
tiated by adding either authentic peroxynitrite or SIN-1 to achieve
final concentrations of 10 lM or 80 lM, respectively, in the pres-
ence or absence of 25 mM NaHCO3. This set of experiments was
carried out in the absence or presence of bicarbonate anion, which
was included in order to simulate physiological concentrations of
carbon dioxide (Whiteman et al., 2002). After 5 min at 37 �C, rho-
damine-123 formation (fluorescence) was measured at wave-
lengths of 485 nm (excitation) and 535 nm (emission) with a
Biotek Synergy HT plate reader (Winooski, VT).

2.3.5. Ferrous ion-chelating activity
The ferrous ion-chelating potential of Neu2000 was determined

according to a previously published method (Dinis et al., 1994),
with minor modifications. Graded concentrations of Neu2000 were
mixed with 2 mM FeCl2 in a 96-well microplate, and ion chelation
was initiated by adding 5 mM ferrozine to each well. After a 10-
min incubation at room temperature, absorbance was measured
at 562 nm.

2.4. Biological model system measurements

2.4.1. Mitochondrial preparations and total spinal cord homogenates
A total of 25 adult female Long-Evans rats (Harlan Laboratories,

Inc., Indianapolis, IN), weighing 225–250 g, were used for these
studies. The rats were allowed ad libitum access to water and food.
All animal housing conditions and protocols for spinal cord re-
moval and mitochondrial harvesting were conducted according
to the University of Kentucky Institutional Animal Care and Use
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Committee and the NIH animal care guidelines. Spinal cord mito-
chondria were isolated from healthy rats according to previously
published methods (Patel et al., 2009). Briefly, the entire spinal
cord was homogenized in 10 ml of isolation buffer (215 mM man-
nitol, 75 mM sucrose, 0.1% BSA, 20 mM HEPES, 1 mM EGTA; pH ad-
justed to 7.2 with KOH) and then centrifuged twice at 1300g for
3 min at 4 �C. The supernatant was then centrifuged at 13,000g
at 4 �C for 10 min to obtain a crude mitochondrial fraction. The
crude mitochondrial fraction was subsequently placed into a nitro-
gen cell disruption chamber (1200 psi, 10 min) to release synapto-
somal mitochondria, which were further purified using a
discontinuous Ficoll gradient (7.5%, 10%) and centrifugation at
100,000g at 4 �C for 30 min. The resulting mitochondrial pellet
was washed in isolation buffer without EGTA and centrifuged for
10 min at 10,000g at 4 �C. The final mitochondrial pellet was resus-
pended in 50 ll EGTA-free isolation buffer and the protein concen-
tration measured using the BCA protein assay kit. In one set of
experiments, total spinal cord homogenates were prepared using
a Potter–Elvehjem homogenizer containing ice-cold 0.1 M PBS,
pH = 7.4 (100 mg tissue/ml).

2.4.2. Total ROS/RNS measurement
Formation of mitochondrial ROS/RNS induced by antimycin A

was measured using the DCFH2-DA fluorescent probe. The DCFH2

dye is converted to highly fluorescent DCF by interaction with sev-
eral free radical species including hydroxyl, superoxide, hydroxyl
radical, peroxynitrite, carbonate, and nitrogen dioxide radicals
(Crow, 1997; Chen et al., 2010; Wrona et al., 2005). Neu2000 was
dissolved in 50 mM potassium phosphate buffer (KPB, pH = 7.2).
Rat spinal cord mitochondria (0.2 mg/ml) were incubated in
KCl-based respiration buffer (125 mM KCl, 2 mM MgCl2, 2.5 mM
KH2PO4, 20 mM HEPES, and 0.1% BSA, pH = 7.2) containing the oxi-
dative substrates pyruvate (5 mM) and malate (2.5 mM) (P/M) and
various concentrations of Neu2000. The superoxide-producing
reaction was initiated by adding antimycin A (10 lM). Subse-
quently, 10 lM DCFH2-DA and 5 U/ml horseradish peroxidase
(HRP) were added, and the changes in DCFH2-DA fluorescence
were monitored every minute for 30 min at 37 �C with the Biotek
Synergy plate reader, using 485-nm excitation and 520-nm emis-
sion filters. Fluorescence of the buffer without mitochondria (back-
ground) was subtracted from the results.

2.4.3. Hydrogen peroxide measurement
Production of H2O2 by spinal cord mitochondria was assayed

using the Amplex Red fluorescent probe, which reacts in a 1:1
stoichiometry with H2O2 in the presence of peroxidase to produce
resorufin, a red fluorescent oxidation product (Castello et al., 2008;
Murphy, 2009). Mitochondria (0.1 mg/ml) were incubated in
standard KCl-based respiration buffer containing P/M as oxidative
substrates. Subsequently, antimycin A (10 lM) was added in the
presence or absence of Neu2000, followed by the addition of
1 lM Amplex Red and 0.25 U/ml HRP at 30 �C. Fluorescence of
the oxidized probe was measured every minute over a 10 min per-
iod using 530-nm excitation and 590-nm emission filters. Standard
curves were obtained by adding known amounts of H2O2 to the
standard assay in the presence of the reactants (Amplex Red and
HRP). Background values (without mitochondria) were subtracted
from the results, and the slope for each experiment was calculated.

2.4.4. Lipid peroxidation measurement
Lipid peroxidation was measured using a previously published

method with some modifications (Buege and Aust, 1978). Mito-
chondria (1 mg/ml) were incubated in KCl-based respiration buffer
containing P/M and a hydroxyl radical-generating system (50 lM
FeCl3 and 100 lM ascorbate), in the presence or absence of
Neu2000. The reaction mixture was incubated at 37 �C for 1 h
and was stopped by adding 10% trichloroacetic acid. Subsequently,
0.67% TBA was added, and tubes were placed in boiling water for
20 min and then centrifuged at 3000g for 10 min. The malondialde-
hyde (MDA)-TBA complex that formed in the supernatant was
measured at 532 nm using the molar extinction coefficient of
1.56 � 105 M�1 cm�1 (Buege and Aust, 1978). In a second set of
experiments, the lipid peroxidation reaction was also performed
with total spinal cord homogenates, which have higher levels of
lipids relative to isolated mitochondria, to evaluate the hydroxyl
radical scavenging potency of Neu2000 treatment. Briefly, the reac-
tion mixture contained 50 ll total spinal cord homogenate
(100 mg/ml), 50 ll of PBS, Trolox (0–125 lM) or Neu2000 (0–
125 lM), and 50 ll of 50 lM FeCl3 and 100 lM ascorbic acid. The
reaction mixture was incubated at 37 �C for 1 h and the extent of
MDA-TBA formation was measured as described above. In a third
set of experiments, isolated mitochondria (1 mg/ml) were first
incubated with varying concentrations of Neu2000 (0–25 lM) or
Trolox (0–25 lM) for 15 min in 50 ll respiration buffer. The sam-
ples were then centrifuged for 8 min at 8000g to remove the
anti-oxidant mixture. Mitochondrial pellets were resuspended in
50 ll respiration buffer, exposed to the hydroxyl radical-generat-
ing reaction (50 lM FeCl3 and 100 lM ascorbate), and the lipid
peroxidation assay was performed as described above.
2.4.5. Reduced glutathione (GSH) measurement
Reduced GSH content was measured in isolated mitochondria

using the fluorescent probe MCB method described previously
(Fernandez-Checa and Kaplowitz, 1990). Mitochondria (2 mg/ml)
were incubated for 5 min in 50 mM KPB (pH = 7.2) containing var-
ious concentrations of Neu2000 followed by oxidation of GSH by
addition of tBHP (125 lM) and incubation at 37 �C for 45 min.
The mitochondrial samples were then resuspended in 50 mM
KPB (pH = 7.2) containing 100 lM MCB and incubated for 30 min
at 37 �C in the dark. The samples were then centrifuged at
10,000g for 10 min and MCB fluorescence in the supernatant of
each sample measured (excitation: 380 nm, emission: 470 nm)
using a fluorescence microplate reader. Background fluorescence
(buffer without mitochondria) was subtracted from each
reading.
2.5. Western blot for protein carbonyls

Energized (P/M treated) mitochondria (1 mg/ml) were pre-
treated for 5 min with different concentrations of Neu2000 in
BSA-depleted respiration media. The hydroxyl radical-generating
solution [50 lM FeCl3, 1 mM H2O2, and 100 lM ascorbate] or
authentic peroxynitrite (400 lM) was subsequently added to mito-
chondria, and the mixture was incubated for 1 h at 37 �C. The for-
mation of protein carbonyls was then assessed with an OxyBlot
protein oxidation detection kit (Millipore, Billerica, MA). Briefly,
mitochondrial samples (1 mg/ml) were mixed with 12% SDS and
incubated with 2,4-dinitrophenylhydrazine (DNPH) to derivatize
the carbonyl groups in the protein side chains to 2,4-dini-
trophenylhydrazone (DNP-hydrazone) according to the manufac-
turer’s instructions. After 20 min, the reaction was stopped by
adding neutralization solution (2 M Tris in 30% glycerol) and the
proteins separated by molecular weight by SDS–PAGE using Crite-
rion 4–20% Tris–HCl gels (Bio-Rad, Hercules, CA). The gels were
transblotted onto PVDF membranes and DNP-containing proteins
were immunostained using rabbit anti-DNP antibody (1:800) fol-
lowed by goat anti-rabbit IgG conjugated to HRP (1:1600). The
blots were incubated in Enhanced Chemiluminescence-Plus™
solution (GE Healthcare, Piscataway, NJ) and exposed to autoradi-
ography film (Denville Scientific, Metuchen, NJ).
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2.6. Statistics

In all assays, a total of three independent and separate experi-
ments were performed to study the different anti-oxidant com-
pounds and the results expressed as the mean ± SEM. Free radical
scavenging potency was calculated using the following equation:
inhibition (%) = [(ODcontrol�ODsample)/ODcontrol) � 100]. The IC50

was expressed as the concentration that produced 50% inhibition
of free radical levels as calculated from the concentration–response
curves using logarithmic regression analysis. The effects of
Neu2000 in the mitochondrial studies were evaluated using ANO-
VAs and Student–Newman–Keuls (S–N–K) post hoc analyses.
p < 0.05 was regarded as statistically significant.
3. Results

3.1. Potency of Neu2000 on biochemical model systems

The first set of experiments was conducted to test the ability of
Neu2000 to scavenge various ROS/RNS in a biochemical model sys-
tem. Our results demonstrate that Neu2000 inhibited the forma-
tion of the NBT formazan product, a measure of superoxide
radical (Ewing and Janero, 1995), in a concentration-dependent
manner (Fig. 1). Neu2000 (IC50 = 63.07 ± 1.44 lM) was twice as po-
tent as ascorbic acid in scavenging superoxide radicals
(IC50 = 149.87 ± 7.88 lM; data not shown). Neu2000 also scav-
enged SNP-generated nitric oxide radicals, as measured using the
Greiss reagent (Tarpey et al., 2004), in a concentration-dependent
manner (Fig. 1). The IC50 value for Neu2000 in this assay was cal-
culated as 155.8 ± 4.88 lM compared to an IC50 value of
307.65 ± 5.72 lM for Trolox (data not shown).

In the deoxyribose degradation assay, Neu2000 sequestered hy-
droxyl radicals in a concentration-dependent manner (Fig. 1). The
calculated IC50 value of 58.45 ± 1.74 lM revealed that Neu2000
was approximately five times more potent than mannitol
(IC50 = 312.61 ± 14.96 lM; data not shown), a well-known hydro-
xyl radical scavenger (Goldstein and Czapski, 1984).

The peroxynitrite-scavenging potency of Neu2000 was
evaluated using authentic peroxynitrite and SIN-1, a peroxynitrite
Fig. 1. Concentration-dependent scavenging activity of Neu2000 for superoxide
radicals, nitric oxide, and hydroxyl radicals. The results of all three assays are
expressed as mean percent (%) inhibition ± SEM (n = 3 independent experiments).
The results of these experiments revealed that Neu2000 effectively scavenged
superoxide radicals (IC50 = 63.07 ± 1.44 lM), nitric oxide (IC50 = 155.8 ± 4.88 lM),
and hydroxyl radicals (IC50 = 58.45 ± 1.74 lM).
donor. Both compounds lead to the oxidation of DHR-123 to form
fluorescent rhodamine-123. The results revealed that Neu2000
was effective in scavenging authentic peroxynitrite (Fig. 2A) as
well as SIN-1-derived peroxynitrite (Fig. 2B) in a concentration-
dependent manner. However, the concentration–response curve
was different between these two conditions and the potency was
influenced by the addition of bicarbonate anion. Specifically,
Neu2000 more potently scavenged authentic peroxynitrite and
SIN-1-derived peroxynitrite when bicarbonate was absent
(IC50 = 1.59 ± 0.05 and 0.47 ± 0.04 lM, respectively) compared to
the presence of bicarbonate and, therefore, physiological concen-
trations of carbon dioxide (IC50 = 4.43 ± 0.39 and 0.94 ± 0.06 lM,
respectively). The effectiveness of Neu2000 as a peroxynitrite scav-
enger was similar to ascorbic acid and Trolox (see Table 1).

A separate set of experiments demonstrated that Neu2000 does
not possess any remarkable metal-chelating or pro-oxidant prop-
erties, as assessed when the deoxyribose assay was conducted in
the absence of EDTA or ascorbic acid, respectively (data not
shown). To further confirm the absence of any significant metal-
chelating activity, we measured Fe2+-ferrozine complex formation
in the presence or absence of Neu2000 or EDTA. Neu2000 showed
very weak metal-chelating activity with an IC50 value of
14.95 ± 1.11 mM compared to EDTA, which had an IC50 value of
194 ± 6 lM (data not shown).

3.2. Antioxidant potency of Neu2000 in isolated spinal cord
mitochondria

Following the biochemical experiments, we examined the po-
tential antioxidant actions of Neu2000 on various ROS/RNS gener-
ated in healthy mitochondria isolated from rat spinal cord. In the
first study, antimycin A, an ETC. complex III inhibitor, significantly
increased mitochondrial ROS/RNS production over a 30-min incu-
bation period (Fig. 3A). In contrast, Neu2000 decreased, in a
dose-dependent manner, the amount of antimycin A-induced
ROS/RNS formation with an IC50 = 2.21 ± 0.11 lM (Fig. 3A, B).

In addition, we examined the effect of Neu2000 on antimycin A-
induced H2O2 production in isolated mitochondria. Mitochondrial
baseline H2O2 levels (control) were significantly increased
(p < 0.05) from 580.0 ± 28.0 to 1276.0 ± 31.0 pM/min/mg in the
presence of antimycin A (Fig. 4A). Neu2000, in a dose-dependent
fashion, decreased (p < 0.05) the levels of antimycin A-induced
H2O2 production (Fig. 4A, B). Analysis of the concentration–re-
sponse curve revealed that Neu2000 inhibited H2O2 production
with an IC50 = 6.04 ± 0.55 lM.

Lipid peroxidation of mitochondrial membranes was induced
by the application of FeCl3 and ascorbate and then quantified by
measuring MDA formation. As shown in Fig. 5A, treatment
with iron and ascorbate produced a fourfold increase (1.62 ±
0.008 nM/mg) in MDA formation (p < 0.05) compared to basal lev-
els (0.39 ± 0.019 nM/mg). When mitochondria were pre-incubated
with Neu2000, MDA levels significantly (p < 0.05) decreased in a
concentration-dependent manner (Fig. 5A, B). The calculated IC50

for Neu2000 to inhibit MDA formation was 2.72 ± 0.26 lM. We
also examined the efficacy of Neu2000 for reducing lipid peroxida-
tion in crude spinal cord homogenates, which contain very high
levels of lipids. Fig. 6 shows that Neu2000 effectively reduced
iron-ascorbate-induced lipid peroxidation (IC50 = 24.56 ± 0.07 lM)
and was twice as potent as Trolox (IC50 = 57.21 ± 1.13 lM; data
not shown), a well-known inhibitor of lipid peroxidation.
Additional samples of isolated mitochondria were briefly
(15 min) exposed to Neu2000 or Trolox and then washed to re-
move any excess anti-oxidant prior to application of the Fenton
reaction mixture, also showed a concentration-dependent decrease
in MDA formation (Fig. 7). Neu2000 significantly reduced MDA for-
mation at concentrations of 3.12 lM and above (p < 0.05), whereas



Fig. 2. Neu2000 exhibits potent peroxynitrite scavenging activity. Results are mean percent (%) inhibition ± SEM (n = 3 independent experiments). The data show that
Neu2000 efficiently scavenged authentic peroxynitrite (A) and SIN-1-derived peroxynitrite (B), both in the presence (IC50 = 4.43 ± 0.39 and 0.94 ± 0.06 lM, respectively) and
absence (IC50 = 1.59 ± 0.05 and 0.47 ± 0.04 lM, respectively) of bicarbonate.

Table 1
The IC50 values of Neu2000, ascorbic acid and Trolox for peroxynitrite.

Antioxidants Authentic peroxynitrite SIN-1-derived peroxynitrite

Absence of NaHCO3 Presence of NaHCO3 Absence of NaHCO3 Presence of NaHCO3

Neu2000 (lM) 1.59 ± 0.05 4.43 ± 0.39 0.47 ± 0.04 0.94 ± 0.06
Ascorbic Acid (lM) 1.97 ± 0.05 6.58 ± 0.51 0.56 ± 0.02 1.06 ± 0.09
Trolox (lM) 1.76 ± 0.07 4.64 ± 0.49 0.62 ± 0.009 0.70 ± 0.02

Fig. 3. Effect of Neu2000 on mitochondrial levels of ROS/RNS. (A) Results represent the percent (%) inhibition of DCF formation (means ± SEM, n = 3 independent
experiments), showing that Neu2000 dose-dependently decreased antimycin A-induced ROS/RNS formation. (B) The IC50 value for Neu2000, calculated from the
concentration–response curves, was 2.21 ± 0.11 lM.

792 N.P. Visavadiya et al. / Toxicology in Vitro 27 (2013) 788–797
Trolox was ineffective at all concentrations examined. The calcu-
lated IC50 for Neu2000 to inhibit MDA formation under these incu-
bation conditions was 14.89 ± 0.23 lM.

We also evaluated Neu2000 antioxidant potential by measuring
mitochondrial GSH oxidation. Exposure of intact mitochondria
to 125 lM tBHP at 37 �C for 45 min resulted in a 44% depletion
of mitochondrial GSH content compared to the control (untreated)
mitochondria. However, pre-incubation of mitochondria with
Neu2000 (0–50 lM) significantly prevented (p < 0.05) mitochon-
drial GSH oxidation compared to tBHP alone in a concentration-
dependent manner (Fig. 8). Specifically, GSH oxidation was
significantly reduced at concentrations of Neu2000 at and above



Fig. 4. Effect of Neu2000 on mitochondrial H2O2 production. (A) The H2O2 production rates are presented as pM H2O2/min/mg protein (means ± SEM, n = 3 independent
experiments). Values with different superscripts (a–f) are significantly different from each other (p < 0.05). H2O2 levels decreased, compared to antimycin A alone treatment,
when mitochondria were also treated with increasing concentrations of Neu2000. The levels of H2O2 were similar to control levels (mitochondria alone) after application of
6.25 lM and 12.5 lM Neu2000 and were below control levels after application of the highest concentration of Neu2000. (B) Data are expressed as the percent (%) inhibition of
H2O2 net production (means ± SEM, n = 3 independent experiments). The IC50 value calculated from the concentration–response curves was 6.04 ± 0.55 lM.

Fig. 5. Effect of Neu2000 on mitochondrial lipid peroxidation. (A) Iron plus ascorbate treatment increased malondialdehyde (MDA) formation over control condition
(mitochondria alone) (means ± SEM, n = 3 independent experiments). Values with different superscripts (a–f) are significantly different from each other (p < 0.05). MDA
formation decreased, compared to iron-ascorbate treatment alone, when mitochondria were also treated with increasing concentrations of Neu2000. The levels of MDA
formation were similar to control levels (mitochondria alone) after application of the highest concentration of Neu2000 tested (12.5 lM). (B) Results represent the percent (%)
inhibition of MDA formation (means ± SEM, n = 3 independent experiments). The Neu2000 IC50 value was calculated to be 2.72 ± 0.26 lM.
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12.5 lM when compared to tBHP treatment alone. In addition,
50 lM Neu2000 was no different than control (untreated)
mitochondria.

Protein carbonyl formation is a marker of oxidative damage to
proteins, and isolated mitochondria were examined for the pres-
ence of protein carbonyls after various treatments using the Oxy-
Blot system. Protein carbonyl formation was increased several
fold in mitochondria incubated with the Fenton reaction or
400 lM authentic peroxynitrite, which was reduced by Neu2000
treatment in a concentration-dependent manner (Fig. 9).
4. Discussion

Neu2000 functions as an NR2B-selective NMDA receptor antag-
onist with potent cell permeability and spin trapping antioxidant
activity. Given its small molecular weight, safety, stability, and
amphiphilic properties, Neu2000 has potential as a pharmacologi-
cal agent for the treatment of nervous system disorders, including
stroke, traumatic brain injury (TBI), and SCI. We recently reported
that Neu2000 reduced measures of secondary injury following SCI,
including a decrease in free radical production by mitochondria



Fig. 6. Effect of Neu2000 on lipid peroxidation in spinal cord homogenates. Results
represent the percent (%) inhibition of malondialdehyde (MDA) formation (mean-
s ± SEM, n = 3 independent experiments). The concentration–response curves
revealed that Neu2000 effectively reduced FeCl3-ascorbate-induced lipid peroxi-
dation with an IC50 of 24.56 ± 0.07 lM.

Fig. 7. Effect of short term pre-exposure of mitochondria to Neu2000 or Trolox on
lipid peroxidation. Mitochondria were incubated in buffer containing various
concentrations of Neu2000 or Trolox, which was then removed prior to application
of the Fenton reaction mixture. Results demonstrate that Neu2000 decreased
malondialdehyde (MDA) formation in a concentration-dependent fashion. In
contrast, there was no effect of Trolox at any concentration tested. Asterisks (⁄)
represent treatment groups that are significantly different from iron-ascorbate
treatment alone (p < 0.05).

Fig. 8. Effect of Neu2000 on tBHP-induced GSH oxidation in isolated mitochondria.
Results demonstrate that Neu2000 decreased the levels of oxidized GSH in a
concentration-dependent manner (means ± SEM, n = 3 independent experiments).
⁄p < 0.05 compared to control, ⁄⁄p < 0.05 compared to tBHP alone.

Fig. 9. Effect of Neu2000 on mitochondrial protein carbonyl formation. Neu2000
concentration-dependently reduced protein carbonyl formation in mitochondria
treated with the Fenton reaction or 400 lM authentic peroxynitrite compared to
iron-ascorbate (Fe) or peroxynitrite (PON) alone. The control (CON) condition refers
to mitochondria that were not treated with Fe or PON. The blots are representative
of the results obtained from three independent experiments.
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isolated from the injured spinal cord (Springer et al., 2010). How-
ever, the specific free radical species targeted by Neu2000 treat-
ment were not examined in this or any previous study.
Therefore, the present study was designed to more thoroughly
investigate the antioxidant actions of Neu2000 in several ROS/
RNS pathways using two types of in vitro free radical-generating
systems: a biochemical model and a mitochondrial model.

The results of the biochemical assays demonstrate that
Neu2000 was a more efficient scavenger of superoxide and nitric
oxide radicals relative to several reference antioxidant compounds
including ascorbic acid and Trolox. The activation of various
inflammatory cell types following CNS injury can generate super-
oxide radicals, with NADPH oxidase playing an important role
(McEwen et al., 2011; Rabchevsky et al., 2011). In addition, nitric
oxide can react with superoxide radicals to produce the highly
toxic peroxynitrite anion. Nitric oxide is also a mediator of inflam-
matory processes, such as augmentation of vascular permeability
of inflamed tissues, induction of cyclooxygenase, angiogenic, and
inflammatory cytokines, activation of matrix metalloprotease,
and induction of chondrocyte apoptosis (Miyasaka and Hirata,
1997; Droge, 2002; Kohen and Nyska, 2002). Thus, the scavenging
activity of Neu2000 for both superoxide radicals and nitric oxide
suggests that it may provide efficacy as an anti-inflammatory agent
following CNS injury.



N.P. Visavadiya et al. / Toxicology in Vitro 27 (2013) 788–797 795
In the Fenton reaction, Neu2000 demonstrated excellent scav-
enging potency for hydroxyl radicals compared to mannitol, sug-
gesting that Neu2000 may reduce oxidative stress by reducing
hydroxyl radical-mediated damage to biomolecules such as nucleic
acids, lipids, and proteins. This study also demonstrated that submi-
cromolar concentrations of Neu2000 are capable of scavenging
authentic peroxynitrite or SIN-1-derived peroxynitrite. The potency
of Neu2000 (in terms of IC50 values) was only slightly diminished in
the presence of 25 mM bicarbonate. The presence of bicarbonate an-
ions can lead to the generation of peroxynitrite-carbon dioxide
intermediate radicals, such as highly the reactive carbonate radical
(CO��3 ), nitrogen dioxide (�NO2), and hydroxyl radical, all of which
have been attributed to lipid oxidation (Radi et al., 2002; Whiteman
et al., 2002). Thus, based on the biochemical assays used in the pres-
ent study, Neu2000 is a potent scavenger of both ROS and RNS.

The results of the biochemical experiments led us to examine the
efficacy of Neu2000 as a neuroprotective agent against mitochon-
dria-generated free radicals. Under normal physiological conditions,
single electrons leak into the mitochondrial matrix during their
transfer along the mitochondrial ETC., resulting in the reduction of
molecular oxygen and formation of superoxide anions. Superoxide
radicals interact with superoxide dismutase to form H2O2, which is
membrane permeable and therefore able to leave the mitochondrial
matrix and is considered the main precursor for the formation of hy-
droxyl radicals via the Fenton reaction. Hydroxyl radicals, along with
peroxynitrite, can cause oxidative damage to mitochondrial DNA,
proteins, and lipids (Turrens, 2003; Murphy, 2009; Stowe and Ca-
mara, 2009). Under pathophysiological conditions, such as those ob-
served at acute times following SCI, mitochondrial free radical
production is significantly elevated (McEwen et al., 2007; Sullivan
et al., 2007; Patel et al., 2009; Springer et al., 2010; McEwen et al.,
2011; Rabchevsky et al., 2011). This deleterious condition can be
mimicked in vitro by treating healthy isolated mitochondria with
inhibitors that target selective sites in the mitochondrial ETC. sys-
tem, including antimycin A, a potent ETC. complex III inhibitor (Degli
Esposti, 2002; Turrens, 2003; Murphy, 2009).

In the present study, Neu2000 decreased both the levels of total
ROS/RNS and H2O2 induced by antimycin A. Concentrations as low
as 1.56 lM Neu2000 normalized the level of mitochondrial ROS/
RNS to control values observed in untreated mitochondria, while
concentrations as low as 6.25 lM Neu2000 normalized the levels
of mitochondrial H2O2. These results are in agreement with those
of our biochemical assays demonstrating that Neu2000 effectively
scavenged various types of ROS/RNS, including superoxide, nitric
oxide, and hydroxyl radicals, as well as peroxynitrite.

Iron-ascorbate-catalyzed reactions generate highly reactive hy-
droxyl radicals, which mediate the degradation of unsaturated
fatty acyl side chains leading to alterations of membrane fluidity
and lipid composition (Kohen and Nyska, 2002; Repetto et al.,
2010). In the present study, mitochondrial samples treated with
iron-ascorbate had nearly a fourfold increase in MDA formation
compared to control mitochondria. However, MDA levels were sig-
nificantly reduced when mitochondria were pre-treated with low
micromolar concentrations of Neu2000. Neu2000 also reduced
MDA formation in total spinal cord homogenates exposed to the
same iron-ascorbate-catalyzed hydroxyl radical reaction and was
more effective than Trolox. The observed efficacy (IC50 value) of
Neu2000 on MDA formation was about 10 times more potent in
the isolated mitochondria samples (2.72 lM) than the spinal cord
homogenates (24.56 lM). The difference is most likely related to
fact that the spinal cord homogenates contained a higher propor-
tion of polyunsaturated fatty acid chains associated with myelin
compared to the isolated mitochondrial preparations.

Tert-butylhydroperoxide (tHBP) generates ROS that contribute
to lipid peroxidation, DNA adduct formation, induction of apopto-
sis and cause GSH oxidation. (Martin et al., 2001; Haidara et al.,
2002). Depletion and/or oxidation of the mitochondrial GSH pool
has been shown to contribute to a numbers of toxic or pathological
events associated with neurodegenerative disorders (Dringen,
2000; Lash, 2006). In present study, incubation of intact mitochon-
drial samples with tBHP resulted in significant GSH oxidation that
was reduced by pretreatment with Neu2000. Further, pretreat-
ment with 50 lm Neu2000 normalized GSH level to near control
values indicating that direct radical scavenging of tBHP, thereby
preserving the mitochondrial GSH pool. These findings suggest that
the presence of Neu2000 results in a highly reduced intra-mito-
chondrial environment that preserves the GSH pool and thus de-
creases the overall susceptibility of the mitochondria against
oxidative challenge.

Much focus has been placed on developing compounds that not
only exhibit potent antioxidant activity but also target the mito-
chondrial matrix, which is a major source of free radical production
in cells (Murphy and Smith, 2007; Frantz and Wipf, 2010; McEwen
et al., 2011). At the present time, it is not known if Neu2000 exhib-
its any mitochondrial-targeting activity. However, because
Neu2000 significantly reduced overall ROS/RNS levels in mito-
chondria exposed to antimycin A, Neu2000 may be able to enter
mitochondria. To test this hypothesis, we temporarily exposed
mitochondria to different concentrations of Neu2000 prior to incu-
bation with the Fenton reaction mixture and then measured MDA
formation. Even though any excess Neu2000 in solution was re-
moved from the mitochondrial preparation before the Fenton reac-
tion mixture was added, it was still effective in reducing MDA
formation, suggesting that Neu2000 entered the mitochondria
and inhibited lipid peroxidation in a concentration-dependent
manner. In support of this, we did not observe any decreases in
MDA formation when mitochondria were temporarily exposed to
Trolox prior to addition of the Fenton reaction mixture. Although
it is possible that Neu2000 may indirectly increase the mitochon-
drial antioxidant capacity, the spin trap properties of Neu2000
and the results of the experiments described here raise the possi-
bility that Neu2000 may be able to target intramitochondrial
compartments.

In recent years, attention has been directed toward understand-
ing the pathophysiological consequences of protein oxidation,
especially with regard to neurodegenerative events associated
with aging, chronic inflammation, stroke, TBI, and SCI. The protein
backbone and side chains of most amino acids are susceptible to
oxidation, the nonenzymatic introduction of aldehyde or ketone
functional groups to specific amino acid residues (i.e., carbonyl-
ation) (Adams et al., 2001; Bizzozero, 2009; Hall, 2009, 2011;
Manolescu et al., 2011). In the present study, metal-catalyzed oxi-
dation (Fenton mediated) and authentic peroxynitrite induced ro-
bust protein carbonyl formation in spinal cord mitochondria.
Peroxynitrite is a powerful oxidant and reacts with target proteins
resulting in nitrotyrosine or carbonyl formation. On the other hand,
protein carbonylation by a metal ion-catalyzed process is likely to
involve the formation of hydroxyl radicals, which can lead to oxi-
dative modification of threonine, lysine, arginine, and proline res-
idues (Adams et al., 2001; Bizzozero, 2009; Hall, 2009, 2011). In
the present study, Neu2000 inhibited the formation of protein car-
bonyl byproducts caused by Fenton-mediated and authentic per-
oxynitrite reactions. Based on the results of our biochemical
assays, it can be suggested that Neu2000 inhibited mitochondrial
protein carbonyl formation by scavenging hydroxyl radicals as well
as peroxynitrite and peroxynitrite-carbon dioxide intermediate
radicals.

In conclusion, the results of the current study suggest that
Neu2000 acts as a potent antioxidant agent by scavenging various
ROS/RNS, including superoxide, hydroxyl, nitric oxide, and perox-
ynitrite radicals. In contrast, Neu2000 demonstrated very weak
metal-chelating activity. Neu2000 also inhibited ROS/RNS, H2O2,
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GSH oxidation and lipid peroxidation as well as Fenton- and perox-
ynitrite-mediated protein carbonyl formation in isolated spinal
cord mitochondria. It could be argued that Neu2000 may reduce
mitochondrial free radical production through some unspecified
toxic effect. However, mitochondrial respiration studies demon-
strated that concentrations of Neu2000 as high as 25 lM have no
deleterious effect on state III-dependent ATP production (unpub-
lished observations). Neu2000 is an amphiphilic compound that
contains both lipophilic (benzyl and phenol groups) and hydro-
philic (ACOOH and AOH groups) moieties (Gwag et al., 2007;
Cho et al., 2010). As a result, the antioxidant activity of Neu2000
can be attributed to (1) the lipophilic moieties, which may increase
its bioavailability through biological membranes, including the
mitochondrial phospholipid bilayers and (2) the hydrophilic phen-
oxy groups, which have been shown to quench the free-radical
reactions through proton-donating mechanisms (Mason et al.,
2006). Taken together, these studies suggest that Neu2000 has
therapeutic potential in the treatment of free radical-mediated
disorders.
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