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Aminoguanidine and N-acetyl-cysteine
supress oxidative and nitrosative stress
in EAE rat brains

Srdjan Ljubisavljevic?, Ivana Stojanovic2, Dusica Pavlovic2, Dusan Sokolovic2,
Ivana Stevanovic3

IClinic of Neurology, University Clinical Centre of Nis, Nis, Serbia, *Faculty of Medicine, Institute for
Biochemistry, University of Nis, Nis, Serbia, *Military Medical Academy, Belgrade, Serbia

Experimental autoimmune encephalomyelitis (EAE) is a well-established animal model of human multiple
sclerosis (MS). We have evaluated the role of oxidative and nitrosative stress, as the causal factors in the
development of EAE, responsible for the damage of cardinal cellular components, such as lipids, proteins
and nucleic acids, resulting in demyelination, axonal damage, and neuronal death. EAE was induced in
female Sprague-Dawley rats, 3 months old (300 + 20 g), by immunization with myelin basic protein in
combination with Complete Freund’s adjuvant (CFA). The animals were divided into seven groups: control,
EAE, CFA, EAE + aminoguanidine (AG), AG, EAE + N-acetyl-L-cysteine (NAC) and NAC. The animals were
sacrificed 15 days after EAE induction, and the levels of nitrosative and oxidative stress were determined
in 10% homogenate of the whole encephalitic mass. In EAE rats, brain NO production and MDA level
were significantly increased (P < 0.001) compared to the control values, whereas AG and NAC treatment
decreased both parameters in EAE rats compared to EAE group (P < 0.001). Glutathione (GSH) was
reduced (P < 0.001) in EAE rats in comparison with the control and CFA groups, but increased in EAE +
AG and EAE + NAC group compared to the EAE group (P < 0.01). Superoxide dismutase (SOD) activity
was significantly decreased (P < 0.001) in the EAE group compared to all other experimental groups. The
clinical expression of EAE was significantly decreased (P < 0.05) in the EAE groups treated with AG and
NAC compared to EAE rats, during disease development.

The obtained results prove an important role of oxidative and nitrosative stress in the pathogenesis of EAE,
whereas AG and NAC protective effects offer new possibilities for a modified combined approach in MS
therapy.
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Introduction

Experimental allergic encephalomyelitis (EAE) is an
inflammatory demyelinating disease of the central
nervous system (CNS) with clinic-pathological and
immunological similarities to multiple sclerosis." This
experimental disease can be induced in susceptible
animals by active immunization with myelin basic
protein in an adequate strong adjuvant. Multiple scler-
osis (MS) is a chronic inflammatory, demyelinating
disease of CNS which is characterized by neural
tissue damage. The recent data of MS suggest biphasic
MS pathomechanism based on demyelination (relap-
sing remitting (RR) phase) and neurodegeneration
(progressive phase). Inflammatory cascades, as
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microglial activation consequences, predominate in
the RR phase, whereas oxidative stress and excitotoxi-
city prevail during the progressive phase. In both
cases, inflammatory and degenerative cascades are
interactive.>

In physiological conditions, the basal levels of reac-
tive oxygen species (ROS) are generated due to normal
metabolism processes. Normal ROS concentrations
are preserved by antioxidant enzymes (superoxide dis-
mutase (SOD) catalase) and non-enzymatic low
molecular antioxidants (uric acid, ascorbic acid). The
elevated levels of ROS during pathological conditions,
produced by inflammatory processes and mitochon-
dria respiratory chain dysfunction, lead to oxidative
stress. The most important effector molecule in the
progress of oxidative stress and its damage is peroxyni-
trite (ONOQO™), formed by the reaction of nitric oxide
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(NO’) with superoxide (O3 ). Nitric oxide is an essen-
tial biological molecule produced by nitric oxide
synthase (nNOS) in neurons and endothelial cells
(eNOS) during physiological conditions, or in mito-
chondria and microglia by inducible nitric oxide
synthase (iNOS) during inflammatory processes. The
high NO" level leads to the rapid reaction with super-
oxide to form peroxynitrite, or with other biomole-
cules (proteins, DNA, lipids).>® Peroxynitrite,
playing an important role in neuronal tissue damage,
induces mitochondrial dysfunction, lipid peroxidation,
protein nitration, ion channel disability and electrolyte
dysbalance.””’

In an attempt to elucidate the role of NO in the devel-
opment of EAE, several studies have employed iNOS
inhibitors to treat EAE. One of these substances is
aminoguanidine (AG), an analog of r-arginine. AG is
equipotent to N®-monomethyl-L-arginine (L-NMA),
an inhibitor inducible isoform of NO synthase, but
10-100-fold less potent as an inhibitor of the constitu-
tive isoforms,'® which makes this drug a useful selective
inhibitor of iINOS. While several investigators have
reported that AG inhibits the clinical signs of EAE,
the others have found the aggravation and prolongation
of the disease upon AG treatment.'!*

Considering the associated oxidative stress in EAE,
the literature data point out the possible protective role
of an oxidant-scavenger, N-acetyl-L-cysteine (NAC),
which has been shown to be beneficial against ROS gen-
eration, decrease mitochondria-related oxidative stress
and protect mitochondria from damage in CNS."?

On the other hand, an imbalance between excitatory
and inhibitory neurotransmission, due to glutamate
overload, leading to an excessive generation of excit-
atory amino acids, could also induce neuronal
damage.'* Normally, astrocytes take up glutamate
from extracellular spaces and convert it to glutamine.
It is released to extracellular space by astrocytes,
taken up by neurons and converted back to glutamate.
The mechanisms of excitotoxicity are caused by chan-
nellopathy, calcium overload, mitochondriopathy,
proteolytic enzyme production and the activation of
the pathways leading to cell damage.'>!®

In this work we investigate potential nitrosative and
oxidative stress modulators and estimate their protec-
tive effects and new possibilities for a modified com-
bined approach in MS therapy.

Materials and methods

Animals

Female Sprague-Dawley rats, 3 months old, weighing
300 + 20 g, were housed in the Biomedical Research
Centre animal care facility of the Medical Faculty of
Nis throughout the experiment under a 12:12 hours
light—-dark cycle. The rats were kept in plastic cages
and fed on a standard diet and water ad /libitum. All
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animals received human care in the strict accordance
with the National Institute of Health Guide for the
Care and Use of Laboratory Animals (NIH publication
80-23, revised 1985). The experimental protocol was
reviewed and approved by the Faculty Ethical
Committee.

Induction of EAE

EAE was induced by the subcutaneous injection of
myelin basic protein, bovine type (50 ug), dissolved
in phosphate buffered saline (PBS) emulsified in
equal volume of the complete Freund’s adjuvant
(CFA), on days 0 and 7 in the hind foot pad of the
animals under anesthesia. Two intraperitoneal injec-
tions of 200 ng Pertussis toxin were given on days 0
and 1. Each of 49 animals, randomly, was assigned
to seven groups: control (PBS 0.3 ml/i.p/daily),
EAE (PBS 0.3 ml/i.p/daily after EAE induction),
CFA (0.3 ml/i.p/daily), EAE and AG (AG 100 mg/
kg body weight/daily after EAE induction), AG
(100 mg/kg body weight/daily), EAE and NAC
(150 mg/kg body weight/daily after EAE induction),
and NAC (100 mg/kg body weight/daily).

All animals were scored daily, for the clinical signs
of EAE (healthy = 1; loss of tail tone = 2; hindlimb
weakness = 3; hindlimb  paralysis =4; hindlimb
paralysis plus forelimb weakness = 5; moribund or
dead = 6). The animals were sacrificed 15 days after
EAE induction and the brains were dissected,
washed in PBS, placed on ice, and 10% homogenates
of the whole encephalitic mass (WEM) were stored
at —20°C for later biochemical analysis. Nitrite and
nitrate concentration, malonyl dialdehide (MDA)
and glutathione (GSH) levels and SOD activity were
determined.

Determination of nitrate and nitrate
concentration

After deproteinization, the production of NO® was
evaluated by measuring nitrite and nitrate concen-
trations. Nitrites were assayed directly spectrophoto-
metrically at 543 nm, using the colorimetric method
of Griess (Griess reagent: 1.5% sulfanilamide in 1 M
HCI plus 0.15% N-(1-naphthyl)ethylendiamine dihy-
drochloride in distilled water). However, nitrates were
previously transformed into nitrites by cadmium
reduction.'’

Determination of malondialdehyde
The lipid peroxidation level was measured spectropho-
tometrically by the estimation of malondialdehyde
concentration (nmol/mg of tissue weight) based on
the reaction with thiobarbituric acid.'®

Reduced GSH concentration
Reduced GSH concentration (nmol/mg of tissue
weight) was measured using Elman’s reagent.'”
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SOD activity

SOD activity was measured by the method of Minami
and Yoshikawa, based on the inhibition of pyrogallol
autooxidation by plasma SOD.?* Superoxide anion,
formed by pyrogallol autooxidation, forms a colored
product in the reaction with NBT. As O, scavenger,
SOD inhibits this reaction, while one unit of the
ezyme activity represents 50% inhibition.

Protein content
Protein content was measured according to the Lowry
procedure using bovine serum albumin as standard.?

Chemicals
Chemicals were purchased from Sigma (St Louis, MO,
USA). All used chemicals were of analytical grade. All
drug solutions were prepared on the day of the
experiment.

Statistical analysis

All the data presented were mean = SD. Normal dis-
tribution was verified using Kolmogorov—Smirnov
test. The data were analyzed statistically by one-way
ANOVA and Chi-square test, using the statistical
program SPSS version 13. Statistical significance was
defined as P < 0.05.

Results
The clinical expression of EAE was significantly
decreased in the EAE groups treated with AG and
NAC during disease development compared to EAE
group (P <0.025, after 7 days, P <0.05 after 15
days; Fig. 1).

The obtained results showed that the level of nitrate
and nitrite, as a measure of NO production, was
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Figure 1 The clinical score of neurological disorder (1-6) of
rats after 7 and 15 days. CG - control group; EAE - rats with
experimental autoimmune encephalomyelitis; CFA - rats
treated with complete Freund’s adjuvant; EAE + AG - EAE
rats treated with aminoguanidine; AG - rats treated with
aminoguanidine; EAE + NAC - EAE rats treated with N-acetyl-
L-cysteine; NAC - rats treated with N-acetyl-L-cysteine.

1 - healthy rats; 2 - loss of tail tone; 3 - hindlimb weakness;
4 - hindlimb paralysis; 5 — hindlimb paralysis plus forelimb
weakness; 6 — moribund or dead.
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significantly increased in EAE rats compared to the
control and CFA groups (P < 0.001; Fig. 2), Also,
the brain concentration of MDA, as a final lipid per-
oxidation product, was significantly increased com-
pared to control values (P < 0.001; Fig. 3), whereas
AG and NAC treatment decreased both parameters
in EAE rats compared to the EAE group (P < 0.001;
Figs 2 and 3).

The GSH level and SOD activity were significantly
reduced (P < 0.001; Figs 4 and 5, respectively) in EAE
rats in comparison with the control and CFA group.
The treatment of EAE rats with AG and NAC signifi-
cantly increased both parameters compared to EAE
(P <0.01; Figs 4 and 5).

Discussion

MS has long been considered as an immune-mediated
inflammatory disease. It was generally believed that
demyelination caused by the inflammatory process
was responsible for both neurological deficits and dis-
ability progression. An accumulating body of evidence
has challenged this earlier concept, demonstrating that
disability results from neuronal axonal loss rather than
demyelination. The pathomechanisms of neurodegen-
eration are basically mediated by oxidative stress and
excitotoxicity. Inflammation, which is the base of the
early EAE stage, might raise ROS levels leading to oxi-
dative stress.”? Oxygen and nitrogen free radicals gen-
erated by macrophages have been implicated as
mediators of demyelination and axonal injury in
both EAE and MS.**** Free radicals can activate
certain transcription factors, such as nuclear transcrip-
tion factor-kappa B (NF-kB), which upregulates the
expression of many genes involved in EAE, such as
tumor necrosis factor-a (TNF-a), iNOS, and other
biomolecules.** Clinical trials of patients with MS
have shown increased free radical activity, with contra-
dictory reports on important antioxidant enzyme
activities compared with healthy controls.*’

The reactions, initiated by the reactive species,
include peroxidation of lipids, nitrosylation of thiol
groups, nitration of tyrosine, and the oxidation and
deamination of nucleic acids. Several investigators
have shown that the inhibition of the inducible/
inflammatory form of NOS as well as the use of the
anti-sense knockdown of iNOS suppress EAE in
mice and rats.>® Also, Hooper er al.?® demonstrated
that the inhibition of iNOS, or the scavenging of
NO’ or peroxynitrite by antioxidants, inhibited neuro-
logical deficits in mice with EAE. Mecanwhile, the
therapeutic modulation of NO® precursors, such as
inducible NOS, nitric oxide or superoxide, appeared
delicate and yielded only modest and contradictory
results in EAE.?"?® Our results show that the
maximum clinical severity of EAE and the duration
of illness were significantly reduced by the application
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Figure 2 NO, and NO; concentration (nmol/mg prot.) in the rat WEM. CG - control group; EAE - rats with experimental
autoimmune encephalomyelitis; CFA - rats treated with complete Freund’s adjuvant; EAE + AG - EAE rats treated with
aminoguanidine; AG - rats treated with aminoguanidine; EAE + NAC - EAE rats treated with N-acetyl-L-cysteine; NAC - rats

treated with N-acetyl-L-cysteine.

of AG (Fig. 1). There are two possible mechanisms to
explain this protective effect of AG. As a highly reac-
tive nucleophilic reagent that reacts with many biologi-
cal molecules (pyridoxal phosphate, pyruvate,
glucose, malonyl dialdehyde, and others), AG, NOS
inhibitor, preferentially inhibits the cytokine and
endotoxin inducible isoform of NOS versus the consti-
tutive isoforms. Since iNOS-positive cells and/or
nitrotyrosine-positive cells are found in close proxi-
mity to blood vessels, especially during the early
phase of EAE,'"* NO" from these cells may contrib-
ute to destruction of the blood—brain barrier. The inhi-
bition of NO® production might block infiltration of
inflammatory cells into the CNS. Second, since NO’
is cytotoxic and is considered to cause tissue injury
in the CNS,* the overproduction of NO" can expand
inflammation. The inhibition of NO" release might
prevent such tissue injury and, as a result, might

30

suppress inflammation in the CNS, during the early
phase of EAE.

In EAE, peroxynitrite is formed very early, corre-
lates with disease activity and cannot be detected
during remissions and chronic, silent stages.>! Some
studies have also shown that nitrite and nitrate (metab-
olites of NO") are significantly elevated in MS patients,
and that the levels are directly related to the disease
state.*> Early reports focused on the possibility that
increased NO™ production, induced by proinflamma-
tory cytokines interleukin (IL-1) and interferon-
gamma (INF-gamma), was responsible for tissue
injury.®! This possibility is based on the observations
that reactive nitrogen species (RNS) are toxic to oligo-
dendrocytes, they stimulate axon demyelization, and
also that NO’ inhibitors are protective against EAE
development.*® But, the recent findings have ques-
tioned the purely destructive role of NO'. In particular,
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Figure 3 MDA concentration (nmol/mg prot.) in the rat WEM. CG - control group; EAE - rats with experimental autoimmune
encephalomyelitis; CFA - rats treated with complete Freund’s adjuvant; EAE + AG - EAE rats treated with aminoguanidine;
AG - rats treated with aminoguanidine; EAE + NAC - EAE rats treated with N-acetyl-L-cysteine; NAC - rats treated with

N-acetyl-L-cysteine.
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Figure 4 GSH concentration (nmol/mg prot.) in the rat WEM. CG - control group; EAE - rats with experimental autoimmune
encephalomyelitis; CFA - rats treated with complete Freund’s adjuvant; EAE + AG - EAE rats treated with aminoguanidine;
AG - rats treated with aminoguanidine; EAE + NAC - EAE rats treated with N-acetyl-L-cysteine; NAC - rats treated with

N-acetyl-L-cysteine.

the targeted deletion of the iNOS gene in mice
enhanced their susceptibility to EAE and also specific
iNOS inhibition was found to prolong the disease, sup-
porting a putative role of NO™ as an immunosuppres-
sive and anti-inflammatory molecule.**

An additional study showed that the administration
of NAC, which can effectively raise intracellular GSH
levels, reduced the intensity of acute EAE clinical
signs, which was proved in our study (Figs 1 and 4).
The protection was associated with the enhancement
of the specific lymphocyte proliferative response to
the immunizing antigens at early stages, post-encepha-
litogenic injection.>>° Antioxidant NAC is able to
protect cultured oligodendrocytes from toxicity
mediated by the proinflammatory cytokine TNF-a.¢
The oral administration of NAC substantially inhib-
ited the development of EAE in mice, and a recent
publication demonstrates a reduction in the cellular
infiltrate in the CNS.*® Cell culture studies showed

that NAC also inhibited induction of iNOS and NO’
production in peritoneal macrophages, C6 glial cells
and primary astrocytes, and blocked the activation
of NF-kB in peritoneal macrophages. Accordingly,
the oral administration of this oxidant scavenger was
found to attenuate EAE clinical signs.’”-*® These
NAC effects are based on the following observations:
the NAC treatment of EAE rats (1) reduced the sever-
ity of EAE clinical symptoms, (2) attenuated the infil-
tration of mononuclear cells into the CNS of EAE
rats, (3) blocked the induction of proinflammatory
cytokines, iNOS, and nitrotyrosine in the CNS, and
(4) decreased proinflammatory Thl cytokine
responses (IFN-gamma) from ex vivo splenocytes,
while increasing anti-inflammatory cytokine pro-
duction (IL-10), and decreasing NO® production in
lipopolysaccharide (LPS)-stimulated splenocytes.*®

The increased levels of the secondary products of
oxidative stress and/or the decreased levels of
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Figure 5 SOD activity (U/mg prot.) in the rat WEM. CG - control group; EAE - rats with experimental autoimmune
encephalomyelitis; CFA - rats treated with complete Freund’s adjuvant; EAE + AG - EAE rats treated with aminoguanidine;
AG - rats treated with aminoguanidine; EAE + NAC - EAE rats treated with N-acetyl-L-cysteine; NAC - rats treated with

N-acetyl-L-cysteine.
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antioxidant enzymes and small molecule antioxidants
are seen in blood and CSF during the active phases of
MS.* Independent of inflammation, evidence for
mechanisms leading to neuronal degeneration in MS
include mitochondrial dysfunction and an excitotoxic
component. In EAE, the nitration of mitochondrial
proteins, which preceded the infiltration of inflamma-
tory cells, resulted in the loss of mitochondrial mem-
brane potential and apoptotic cell death.***!

NO® can decrease the activity of some of the
enzymes involved in antioxidant defense in cultured
oligodendrocyte like cells. Thus, it was found to
decrease the activities of the antioxidant enzymes
GSH peroxidase, catalase, and Mn-SOD, probably
through the down-regulation of the expression of
their mRNAs. Such observations indicate that NO'
production may affect the level of oxidative stress
and the effects of ROS production.*? There are three
forms of SOD: Mn-SOD, located in mitochondria;
Cu/Zn-SOD, located within the cytosol; and SOD;
is the only enzyme that scavenges superoxide in extra-
cellular compartment and limits the formation of
strong neurotoxic oxidants including hydroxyl
radical and peroxynitrite.*’ It has been demonstrated
that SODj3 can attenuate tissue damage and inflam-
mation.** Together with the reduced GSH content,
decreased SOD activity in our experiment proves
reduced antioxidant defense and offers a possibility
of increased peroxynitrite formation in these con-
ditions. Attempts to increase SOD activity could be
a potentially valuable tool and of relevance to treat-
ment strategies for the inflammatory diseases of CNS.

These results prove an important role of oxidative and
nitrosative stress in the pathogenesis of EAE, whereas
AG and NAC protective effects offer new possibilities
for a modified combined approach in MS therapy.
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