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Abstract

Objective: Here we report the influence of malondialdehyde (MDA) as a measure of the lipid peroxidation process (LP),
on multiple sclerosis (MS) pathogenesis and its neurological signs, during the treatment with aminoguanidine (AG) -
a selective inducible nitric oxide synthase inhibitor and N-Acety! cysteine (NAC) — an oxidative scavenger, in the experi-
mental autoimmune encephalomyelitis (EAE), an animal model for studying MS.

Material and methods: Encephalomyelitis induction by the subcutaneous injection of myelin basic protein of bovine
type, dissolved in phosphate buffered saline (PBS) emulsified in equal volume of the complete Freund’s adjuvant (CFA),
was described in detail in our earlier published papers. Each of animals was randomly assigned to seven groups — con-
trol (PBS), EAE, CFA, EAE + AG, AG, EAE + NAC and NAC group. In each animal, the development of neurological signs
of EAE was scored, these results were published earlier. MDA was evaluated in the central nervous system (CNS) struc-
ture — cerebellums and spinal cords.

Results: The obtained results show that the AG and NAC treatment significantly reduces the MDA level in both exami-
ned tissues (p < 0.05) ameliorating at the same time EAE clinical signs (p < 0.05).

Conclusions: Taking together our present and earlier findings we conclude that LP may provoke and promote MS, while
blocking of this process results in amelioration of the clinical onset and disease activity. These results may be useful
as a new insight into mechanisms and potential targets for therapeutic strategies in MS.
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ease with pathologically miscellaneous ground, which
include demyelinating and neurodegenerative resour-

Multiple sclerosis (MS) is an inflammatory demye-  ces [10,23]. At a molecular level, the pathogenesis of MS
linating autoimmune central nervous system (CNS) dis- is characterised by a series of morphological and bio-
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chemical changes which result in the loss of CNS struc-
ture and functions. Due to various pathological cir-
cumstances (reversible and irreversible), which pre-
dominate in different phases of the disease (relapsing
remitting and progressive form of MS), diversity of neu-
rological signs and symptoms leads to the MS clinical
expression [29]. One of common features in the early
phase of various MS clinical expressions is the nerve
tissue imbalance in pro-oxidants and antioxidants pro-
cesses, resulting in a high production of reactive oxy-
gen species (ROS) and reactive nitrogen species (RNS).
These include nitric oxide (NO), peroxynitrite, super-
oxide ions and hydrogen peroxide. Central nervous sys-
tem are constantly exposed to low levels of ROS and
RNS, as a part of normal cellular physiology, which are
taken under control due to coherence repair and pro-
tection by antioxidative enzyme and non-enzyme me-
chanisms [1, 9]. In the inflammatory condition in CNS,
which prevails in the early phase of MS, these species
can cause damage to nerve cells components - lipids,
proteins, and nucleic acids and may lead to cell death
[6]. The induction of lipid peroxidation (LP) may be
a major factor in oxidative and nitrosative mediated
CNS damages. It is a complex process involving the in-
teraction of oxygen-derived free radicals with poly-
unsaturated fatty acids, resulting in a variety of high-
ly reactive electrophilic aldehydes and severe nerve
damages [28], potentiated by CNS particular vulner-
ability to oxidative damage. It is a consequence of acti-
ve oxidative brain metabolism, high production of intra-
cellular superoxides and, on the other hand, the limited
ability of anaerobic respiration, resulting in superox-
ides accumulation. Central nervous system are consists
of the cells (oligodendrocytes) whose cellular features
are to be predisposed to oxidative damage due to low
levels of intracellular antioxidants, high iron content
and composition of myelin [3,5]. Malondialdehyde (MDA)
is a small end product of the degradation of oxidized
fatty acids, which can be used as a measure of the LP
process. Although MDA and 4-hydroxy-2-nonenal are
the major LP products, different fatty acids form spe-
cific products — other aldehydes, including oxidized
phosphatidylcholine (OxPC), acrolein and isoprostanes
during the LP process [7,8]. Free radical catalyzed per-
oxidation of the arachidonic acid, esterified in mem-
brane phospholipids, transform it into prostaglandin-
like, but cyclooxygenase-independent, isoprostanes.
On the other hand, docosahexanoic acid (DHA) forms
neuroprostanes, which are found also in the normal
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brain tissue, regulating its other (non-neuronal) bio-
logical effects [20].

To reinforce our previous finding, here we report the
influence of MDA levels as a measure of the LP process,
in the different parts of CNS, on MS pathogenesis and
its neurological signs, during the treatment with
aminoguanidine (AG) — a selective inducible nitric oxide
synthase (iNOS) inhibitor, and N-acetyl cysteine (NAC)
—an oxidative scavenger, in the experimental autoim-
mune encephalomyelitis (EAE), the most frequently
used animal model for studying MS.

Material and methods
Animals

The experimental protocol was reviewed and ap-
proved by the Faculty Ethical Committee. All animals
included in this experiment 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). 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 h light-dark cycle. The rats
were kept in plastic cages and fed a standard diet and
water ad libitum.

Induction of encephalomyelitis

Experimental autoimmune encephalomyelitis was
induced by the subcutaneous injection of myelin basic
protein of bovine type (50 pg), dissolved in phosphate
buffered saline (PBS) emulsified in equal volume of the
complete Freund’s adjuvant, on days 0 and 7 in the hind
foot pad of the animals under anaesthesia. Two intra-
peritoneal injections of 200 ng of Pertussis toxin were
given on days 0 and 1. Each animal (N = 49) was ran-
domly assigned to seven groups: control (PBS 0.3 ml/
i.p./daily), EAE (PBS 0.3 ml/i.p./daily after EAE induc-
tion), 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 N-acetyl-L-cysteine
(150 mg/kg body weight/daily after EAE induction) and
NAC (150 mg/kg body weight/daily) [15].

Encephalomyelitis clinical expression was assessed
daily using the following ranks 1 = healthy; 2 = loss of
tail tone; 3 = hindlimb weakness; 4 = hindlimb para-
lysis; 5 = hindlimb paralysis plus forelimb weakness;
6 = moribund or dead (Ljubisavljevic et al. 2011).
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The animals were sacrificed 15 days after EAE induc-
tion (under Ketalar anaesthesia) and CNS structures
were dissected, washed in PBS, placed on ice and 10%
homogenates of the cerebellums and spinal cords were
stored at —20°C for later biochemical analysis.

Determination of malondialdehyde

The LP level was measured spectrophotometrically
by the estimation of MDA concentration (nmol/mg of
tissue weight) based on the reaction with the thio-
barbituric acid [2].

Protein content

Protein content was measured according to the
Lowry procedure using bovine serum albumin as
a standard [17].

Chemicals

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

All the data presented were mean + SD. Normal dis-
tribution was verified using Kolmogorov-Smirnov test.
The data were analysed statistically by One Way
ANOVA followed by Bonferoni post test. The correlation
and clinical score differences were done by the Pearson
and y? test, using the statistical program SPSS version
13. Statistical significance was defined as p < 0.05.

Results

Previously published results [15] showed that the
neurological signs of EAE-untreated animals were sig-
nificantly increased compared to the control and CFA
groups (between 4 and 5). Also, AG and NAC treatment
ameliorate EAE neurological expression (between 2
and 3), compared to EAE-untreated animals (p < 0.05).
It was apparent during the entire acute phase of the
disease.

The obtained results showed that the level of MDA
was significantly increased in EAE rats compared to the
control and CFA group in examined tissues — WEM, cere-
bellum, spinal cord (p < 0.05; [15], Figs. 1 and 2, respec-
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Fig. 1. Malondialdehyde concentration (nmol/mg
prot.) in the rat cerebellums.

CFA — complete Freund’s adjuvant, AG — amino-
guanidine, NAC — N-acetyl-L-cysteine, CG — con-
trol group, EAE — rats with experimental autoim-
mune encephalomyelitis, CFA — rats treated with
CFA, EAE + AG - EAE rats treated with AG,
AG - rats treated with AG, EAE + NAC — EAE rats
treated with NAC, NAC — rats treated with NAC.
Bars in the graph represent mean + SEM from
animals for each group. AG- and NAC-treatment
decrease the MDA level in the cerebellums
*p < 0.05 vs. EAE + AG and EAE + NAC, ANOVA
(Bonferroni post test)
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Fig. 2. Malondialdehyde concentration (nmol/mg
prot.) in the rat spinal cords.

CFA — complete Freund’s adjuvant, AG — amino-
guanidine, NAC — N-acetyl-L-cysteine, CG — con-
trol group, EAE — rats with experimental autoim-
mune encephalomyelitis, CFA — rats treated with
CFA, EAE + AG — EAE rats treated with AG,
AG - rats treated with AG, EAE + NAC — EAE rats
treated with NAC, NAC — rats treated with NAC.
Bars in the graph represent mean + SEM from
animals for each group. AG- and NAC-treatment
decrease the MDA level in the spinal cords
*p < 0.05 vs. EAE + AG and EAE + NAC, ANOVA
(Bonferroni post test)
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Fig. 3. Malondialdehyde concentration (nmol/mg
prot.) in the rat CNS different regions.

CFA — complete Freund’s adjuvant, AG — amino-
guanidine, NAC — N-acetyl-L-cysteine, CG — con-
trol group, EAE — rats with experimental autoim-
mune encephalomyelitis, CFA — rats treated with
CFA, EAE + AG — EAE rats treated with AG,
AG - rats treated with AG, EAE + NAC — EAE rats
treated with NAC, NAC — rats treated with NAC.
Bars in the graph represent mean from 6-8 ani-
mals for each group. AG- and NAC-treatment
decrease the MDA level in the WEM, cerebellum
and spinal cord homogenates *p < 0.05 vs. EAE +
AG and EAE + NAC, ANOVA (Bonferroni post test)

tively). Aminoguanidine and NAC treatment decreas-
es the MDA level in EAE-treated rats compared to the
untreated EAE group in examined tissues — WEM, cere-
bellum, spinal cord (p < 0.05; [15], Figs. 1 and 2, respec-
tively).

Malondialdehyde increase is the most pronounced
in the spinal cord compared to the WEM and cere-
bellum (p < 0.05 - Fig. 3).

The clinical score significantly correlates with
MDA levels in examined tissues — WEM [15] (R2 = 0.67),
cerebellum (R? = 0.74) and spinal cord (R? = 0.75)
(p < 0.05) — Fig. 4.

Discussion

Data reported in the present study absolutely con-
firm our previous findings that the MDA level in WEM
[15], and, as we can notice here, MDA in cerebellum
and spinal cords (Figs. 1 and 2), are in correlation with
neurological signs of EAE, the most pronounced as
hindlimb paralysis with/without forelimb weakness.
Taken together, these studies suggest that in the acute
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Fig. 4. The correlation of malondialdehyde concen-
tration (nmol/mg prot.) and EAE clinical score.
Encephalomyelitis (EAE) clinical score: healthy = I;
loss of tail tone = 2; hindlimb weakness = 3;
hindlimb paralysis = 4; hindlimb paralysis plus
forelimb weakness = 5; moribund or dead = 6.
Simultaneously with the increasing malondialde-
hyde (MDA) level in both examined tissues (cere-
bellum and spinal cord) EAE clinical expression
increases (worse clinical picture), R2 = 0.67,
R2 = 0.74, RZ2 = 0.75 for WEM, cerebellum and
spinal cord, respectively. There is a positive linear
relationship between these variables (p < 0.01)

phase of the MS lipid peroxidation process predomi-
nates, due to proinflammatory reactions, leading to
oxidative and nitrosative stress. That pathological con-
dition occurs as a consequence of microglial and
other immune cells infiltrating CNS tissues, resulting
in high production of nitric oxide (NO) by iNOS, pro-
moting its pathological influence in this way, as we
reported in our recently published paper [4,15,16,26].

Many comprehensive insights of the underlying
pathological mechanisms, leading to the development
of autoimmunity in MS, propose a loss of immunologi-
cal tolerance towards self-myelin basic protein and
myelin oligodendrocyte glycoprotein [30]. The possi-
ble mechanism which can explain this immunological
disadvantage in early development and clinical onset
of MS may be the MDA-mediated covalent modifica-
tion of proteins and formation of stable adducts with
cysteine, lysine, and histidine amino acid residues [21].
Thus, in vitro MDA-mediated modification of mouse
serum albumin has been reported to lead to the break-
ing of immunological tolerance to this biomolecule.
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It is associated with the development of new epitope
specificities and, at the same time, challenging
immune-mediated reaction toward self protein struc-
tures [32]. Also, this condition may be useful for expla-
nation of our findings. Namely, autoreactivity in CNS
structures in MS can occur as a part of MDA affecting
the three dimensional structure of the above-named
protein. It induces antigen presenting cells activation
and high expression of proinflammatory cytokines, as
well as the activation of T cell response. These cellu-
lar and pathophysiological state befall even in the ear-
liest phase of disease development. It seems that these
may be the substantial baseline for understanding MS
progression and its clinical appearance in the early
phase of disease [32]. In addition to this assumption,
the recently published data from Weismann et al. [31]
identify complement factor H (CFH) as a major MDA-
binding protein that can block uptake of MDA-modi-
fied proteins by macrophages and MDA-induced
proinflammatory effects, promoting prevention of its
worse consequences in this way [31]. On the contrary,
as we report here, in the EAE-untreated animals, due
to the high level of MDA in CNS structures, the clini-
cal onset and development of neurological signs
were worse than those in the other groups [15]. There-
fore, the LP process provokes disease onset, but also
promotes disease intensity. As we can notice, the poten-
tial oxidative and nitrosative modulators (AG, NAC) ame-
liorate the clinical onset of EAE, decreasing the MDA
level (Figs. 1 and 2).

Myelin lipids can be oxidized by peroxynitrite,
formed by overproduction of RNS and ROS, or a fail-
ure of antioxidant mechanisms. Each of them is evi-
dent in MS. Thus, peroxynitrite can lead to myelin dam-
age through different lines, promoting myelin making
cell death, affecting nerve cells signalling and through
DNA breakdown. According to these facts, oligoden-
drocytes show particular susceptibility to NO and RNS
and can be lysed by the levels of NO produced by acti-
vated microglial cells, which do not affect astrocytes
or macrophages. This oligodendrocyte consumption is
the explanation of the early neurological onset of MS,
characterised by functional disconnection of CNS. Our
study, and also studies of other authors, have shown
that this lysis can be prevented by the treatment with
antagonists of NO production and oxidative species
scavengers [15,16,19,25]. These modulators regulated
LP intensity regulate the neurological expression of
EAE, although it is not a solitary protection mechanism.
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So, this clinical amelioration may be explained with
the prevention of lipid peroxidation, which alters the
structure of biological membranes of CNS, thereby
affecting their physical and chemical properties such
as permeability, resorption or potential. But, on the
other hand, different data show that NO and its
metabolites (peroxynitrite) can have either pro-oxidant
or antioxidant consequences, depending upon the con-
centrations of superoxide and NO. Some authors report
that if the concentration of NO is high, lipid peroxidation
is decreased because NO reacts directly with the alkoxyl
and peroxyl radical intermediates formed during LP,
blocking this change reaction [24]. Others, including our
data, show different results. Lipid peroxidation process
occurs as a consequence of high production, not only
of reactive nitrogen but also oxygen species, promoting
formation of peroxynitrite. Nitric oxide and peroxyni-
trite roles in LP have been claimed as opposing effects,
depending upon the actual concentration. In the case
of high level production, both of them, RNS and ROS,
generate peroxynitrite most excessively. Then, peroxy-
nitrite promotes LP, which is the case in our study [12].
Accordingly, some authors reported that clinical mate-
rials of MS patients consistently showed significant-
ly increased LP in both blood and CSF [11,22] associ-
ated with the pathogenesis stages of the disease and
clinical activity. The high level of MDA, reported in our
paper, represents the LP intensity in the entire CNS,
but as we can see in Fig 3., it is potently marked in the
spinal cord. This evidence absolutely correlates with
intensity of nitrosative disorder in this CNS structure.
At the same time, it may be an explanation of chara-
cteristic neurological signs, affecting animals fore and
hind limbs weakness, as we described in the previous
paper [15].

Similarly, MDA may be a useful, sensitive, indirect
marker of other mechanisms involving in LP. Thus, our
results are consistent with the results of recent stud-
ies, which demonstrated a key role of cytosolic pho-
spholipase A2 (cPLA2) in LP, especially during EAE
[13,18]. cPLA2 can be induced by the cytokine tumour
necrosis factor-a (TNF-a), highly produced in MS, and
highly expressed in EAE lesions. The block of cPLA2
activity delays the onset and progression of the dis-
ease [14]. The isoprostanes, 8-epi-PGF2a, produced by
the non-enzymatic free radical-catalysed peroxidation
of the arachidonic acid, may also evoke further CNS
tissue damage. Prostaglandin E2 can act in conjunc-
tion with NO to disrupt the blood brain barrier, pro-
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moting CNS infiltration by immune cells [27] and dis-
ease progression.

The consistent results from our lab and other
authors showed that the high level of the lipid per-
oxidation process may be the cause which provokes
and promotes MS, while blocking of these processes
result in amelioration of the clinical onset and disease
activity. Anyway, these results may be useful for the
new insight into mechanisms and potential targets for
therapeutic strategies in MS.
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