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Review Article

MOLECULAR INSIGHTSINTO THE ROLE OF INFLAMMATION AND OXIDATIVE STRESS
IN EPILEPSY.

ABSTRACT

Epilepsy is a chronic neurological disorder chamazed by innate acquired ability of neurons toegate recurrent
seizures. Despite the use of current anti-epileghtiggs (AEDs) 30% of patients still remain refragtcdOne such
lacuna in search for successful AEDs has been ¢hcknderstanding the processes leading to the dasoh
epilepsy. Thus we tried to focus on role of inflaatian and oxidative stress in epilepsy, it is vestablished that
epileptic seizures result in increased expressfohod like receptors, which increase the synthasiytokines,

chemokines, complement system, tanscription faadrc. The epileptic seizures also damage bloaith barrier,

increase influx of C& into cytoplasm, increase production of reactivgrgen species which brings imbalance
between ROS/RNS all leading to excess inflammatixigative stress, neuronal degeneration and indtd¢hese

changes also lead to epileptic seizures that feddibap mechanism is involved.

Keywords: Inflammation; Oxidative stress; Toll like recepBlood brain barrier; Epilepsy

1.1INTRODUCTION

Epilepsy is a chronic neurological disorder chaaeed by recurrent seizures and is often accorapabiy
psychiatric disturbances (Jones et al., 2008).&Xuessive or synchronous neural activity in braadk to epileptic
seizures (Fisher et al., 2005). Epilepsy represanstsa socioeconomic burden, usually patients soffeirom
epilepsy also suffer from social stigma. Epilep#gas almost 70 million people of world (Ngugiat, 2010). The
incidence of epilepsy for low income and middleame countries is estimated as 81.7/100,000/yedle ¥dr high
income countries it is estimated 45.0/100,000/yBaugi et al., 2011). Similarly the prevalence pilepsy for low-
and middle-income countries is about twice thatigh-income countries (Ngugi et al., 2010). Thaliag life time
epilepsy prevalence for low income and middle ineaountries is 15.4 per 1,000 for rural and 10:31p@00 for
urban areas while for high income countries 5.81p@00. similarly the median active epilepsy fovi@and middle-
income countries is 12.7 per 1,000 in rural and®1,000 in urban areas and for high income c@mm4.9 per
1,000 (Ngugi et al., 2010). Insult from seizuresercitotoxic brain damage induce, activate andigtersgional as

well cellular patterns of inflammatory responsestimnulate Toll like receptors (TLRs) which on aetiiwn stimulate
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various genes encoding proinflammatory factors suadh cytokines, chemokines, complement system,

cyclooxygenase-2, nitric oxide via many transcadpél factors or nuclear factors such as nucledofa® (NF«B)
resulting severe inflammation. The inflammatorypa@sses induce the oxidative and nitrosative spafisways, and
subsequent mitochondrial metabolic processes dgendiighly reactive free radical molecules. High esv of
intracellular calcium ions also induce reactive gaty species (ROS) in a biosystem culminating inlatkie stress
(Martinc et al., 2012). Hence in this review we &dxied to focus on possible role of inflammatiord axidative
stress in epilepsy and amelioration of which wifeo neuroprotection to degenerating neurons, heecee as novel

approach for treatment of epileptic seizures.
21INFLAMMATION IN EPILEPSY

Pathological condition of brain inflammation arestciguished from normal physiological conditionscéese
parenchymal cells (microglia, astrocytes, and nesjoblood brain barrier (BBB) and choroid plexusdmate
production of detectable quantity of many inflamamgit mediators which are usually produced in ourybog
immune system either under pathological threata cesponse to infection, and includes cytokineeuoles as well
as other inflammatory biomolecules. Rapidly anldusi animal model for brain inflammation in rodeimgolves
administrating of systemic infection mimicking lipalysaccharide (LPS); main structural componentaatfonly
external membrane of gram-negative bacteria botratslecular patterns of invading pathogenic micsolylich are
mainly recognized sites for specific receptors; Tiké receptors (TLRs) and cells of immune systefolowed by
initiating characteristic and well distinguishedl@ammatory reactions so often explored for diagiwcoptirposes.

These specific receptors; Toll like receptor (TLR)presence of exogenous molecule get activatedstimulate

various genes encoding proinflammatory factors suadh cytokines, chemokines, complement system,

cyclooxygenase-2, nitric oxide via many transcaipéil factors or nuclear factors such as nucledorfa8 (NFx<B) (
Rivest,2003). However apart from infectious agents, inflzatory responses in brain is also well predictemires)
various endogenous ligand and signals ; usuallycsoufrom large spectrum of injuries, i.e., traumachemia
during seizures, or excitotoxic brain damage or aged BBB or heat shock proteins of damaged exitgael
matrix; so if these ligands enter the brain, dependpon injury level they may induce, activate gedsist regional
as well cellular patterns of inflammatory respotssatimulate TLRs hence triggering of many immuesponses at

various time functions (Allan and Rothwell, 2001).
2.1.1 Different factorsthat mediate theinfluence of inflammation on epilepsy.
2.1.1.1 Theroleof blood brain barrier

CNS microvasculature are cellular basis of the dlbin barrier and made up of from non fenestratetbthelial
cells with tight junctions made up of interendoihletells. BBB maintenance and functioning is mgirdgulated by

the various type of cells like basal lamina, peesy perivascular microglia, astrocytes which areeaed to the
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capillary and post capillary venules region in @dS. BBB provides protection to CNS under norniajgiologic
conditions by strictly regulating the entry of ptesborn substances and immune cells into the nertisaue.
Transit changes in physiologic as well as struttcinaracteristics of the BBB occurs during eveiks keizures or
traumatic or ischemic CNS injuries or pathogenfedtions to the brain. The endothelial cells thakenup the BBB
could be another center for inflammatory proce@sdlse brain. Seizures may lead to the activatibhL€ § system
inducing neuronal cell loss and a breakdown inBB8 (Ravizza et al., 2009). This breakdown leade#ikage of
BBB and the entry of albumin into the brain. Albunéntry can induce a further upregulation in inflaatory
mediators and reduce the potassium and glutamatEkaipf astrocytes, and neural excitability is &ased
(Heinemann et al.,, 2012). The enhancement of inflatory reactions and the invasions of leucocytealss
initiated due to BBB leakage (Ransohoff et al.,20®ence a breakdown of BBB can increase neumrxwatability
by enhancing inflammatory responses in the brapileftic seizures can provoke inflammatory respsnséhich
enhance calcium influx into neurons, activate gtialls to increase extracellular potassium andaghate, and
induce further inflammatory response via BBB bremkvn. These inflammatory responses may promoteaheur
hyperexcitability and decrease the seizure threlsidius, epileptic seizures and inflammatory medgatan form a
positive feedback loop, reinforcing each otheralseizure-related immune response, neurons artheatnly brain
cells to display an inflammatory phenotype in gtiebrain, since other brain cells also contrilui® these seizure-
related immune responses (Janigro, 2012). The dkiegwand their receptors (CXCL12 and CXCR4; CChd a
CCR?2) are up-regulated in glia during seizures fiidan et al., 2010), adhesion molecules (P- ancelectn) are
up-regulated in response to electrographic seizatrése luminal side of the endothelium forming BB (Librizzi
et al., 2007) and regions characterized by a “leBBB have been consistently reported in epileptiain (Oby and
Janigro, 2006).

Two distinct inflammatory processes have been tinte seizuredNeuroinflammation is present in epileptic brain
where it exacerbates seizures or increases tlegjudéncy (Vezzani et al.,2012) asydtemic inflammation can cause
epileptiform neuronal discharge via loss of ioeig., potassium ( David et al., 2009) and neurotratisme.g.,
glutamate (Heinemann et al., 2012) homeostasis. iEueoinflammation directly affects neurovasculad alial
function, and the systemic inflammation are mediaie facilitated by loss of blood-brain barrier (BBfunction
(Rivest, 2010). The inflammatory mechanisms inedlvn epileptogenesis is that during epilepticwres there is
release of cytokines from glial cells, thereby {igreasing the influx of neuronal calcium; (2) emtiag extra
neuronal glutamate concentration; (3) decreasintagsaim. Hence the epileptic seizures and inflaromjat

mediators form a positive feedback loop, reinfogagach other.
2.1.1.2 Molecular cascades

There are various pathways identified in hippocasnguring the epileptic process. These include gigya of the

blood-brain barrier (BBB), the Cyclooxygenase (C&X3ignaling pathway and related prostaglandingssital
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cytokines and their downstream targets, as welldislike receptors (TLRs). In a normal brain, Ckitoe receptors
are present with both glia and neurons and durgiguses and because microglia and astrocytes arérgh cells
producing cytokines, so these soluble proinflammatytokines mediators function as to communicatéveen
microglia, astrocytes, and neurons (De Simoni andri, 1998) The two inflammatory cytokines i.eteiteukin
(IL)-1p and tumor necrosis factor (TNE)-have their molecular as well as cellular actiamrsneuronal excitability
and epilepsy . These molecules are released wifthibrain in specific circumstances .The actiotheSe molecules
is that they modify neural excitability both acyteind long term .The manipulation of IL-1b and/dF-a level or
their downstream pathways influences the neuroxatability, seizure susceptibility, and epileptogsis. IL-B
have a potential role in models of febrile seizu(ES) and febrile status epileptics (SE) (Dub_et 2007),
pilocarpine-induced SE in immature rats (Auvin let2007). The IL-B has significant role in hippocampal seizures
or status epileptics in rodents and exacerbatesrgeactivity. Intracerebral application of natusatagonist of IL-1—
receptor (IL-1ra) investigated as powerful antiagdeant agent which simultaneously antagonizesetifiect of
endogenous IL{}, has powerful anticonvulsant activity (Vezzaniakt 2002). So the mice with over expression of
IL-1ra show significant reduction in susceptibility the seizures (Vezzani et al., 2000), howeveh wnhanced
endogenous IL{1 level proconvulsant effect also increases accghgdiwhile neurotransmission by glutaminergic
increases duration of seizures (Vezzani et aB91%0, we can say at the molecular level functiomaractions
exist between IL{1 receptors antl-methylD-aspartate receptors (NMDA),co expressed by hipppea neurons

( Viviani et al., 2003). IL-f binding to its receptor increases NMDA receptodiaged C&' influx and surface
expression of AMPA receptors ( Beattie et al., 2082d this cytokine : IL{1 have excitatory effects i.e. it can
inhibit glutamate reuptake by astrocytes (Ye ZC Sondtheimer, 1996) via TNé&-production,( Bezzi and Volterra,
2001) both resulting in elevated extracellular aoate levels and hyper excitability, and consedyenin
hippocampal neurons, reduction in magnitude ofesusr mediated by-amino butyric acid (GABA) (Wang et al.,
2000). The over expression of IL-6 in glia, incremseizure sensitivity towards glutaminergic agsradthough no
such correlation are found with cholinergic aganig¢bamland et al., 2003). However because oveessjn of IL-

6 cause loss of GABA- and parvalbumin-positive oesrin the hippocampus of mice hence age-dependent
neurodegeneration and behavioral seizures develop€NF-o and IL-6 transgenic mice (Akassoglou et al., 1997)
TNF-o is another inflammatory factor in epilepsy, ansl expression is also up regulated in seizures @éprad
al.,1997 ).Microglia in the brain mainly releasds$Fra ( Renno et al., 1995), and stimulate the astrectgeelease
glutamate ( Bezzi et al., 2001). Glutaminergicroes are stimulated because of extracellular irseréa glutamate
concentration, thereby depolarizing their membrgotential. Thus post seizure production of inflartoma
mediators can trigger neuronal hyperexcitabilityotlgh modulations of ion channels and glutamateass in
neurons and glia, respectively. After ischemicutnatic, and excitotoxic damage in healthy braisugs there are
rapid induction in the level of proinflammatory oiines such as tumor necrosis faatoff NFa), interleukins

which are initially expressing at very low levelhiealth brain (Allan and Rothwell, 2001). Expreasid messenger
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RNA (mRNA) and levels of proinflammatory cytokingsotein are enhanced, with an exception for . \khich is
upregulated in brain of rats developing spontanesmi®ures even 60 days after the induction of stepileptics
while specificity in the region of onset and sprefdeizure in the brain are increased by cytokpresence (Oprica
et al., 2003). The status epileptics, prolongeduses over 30 minutes, can cause neuronal deathzfRaet al.,
2005) through glutamate-mediated excitotoxicitycnosis, and activation of apoptosis (Henshall, 200nhe to
three days after status epileptics, both neurondl @strocytic death are observed in the dentates lwithin the
hippocampus (Kang et al 2006). Injured neuronsgiiadand their fragmented DNA are rapidly cleargdabtivated
microglia (Streit et al., 1999). Another major fachaving a specific role in epilepsy is prostadias (PGs) in
addition to inflammatory cytokines. Prostagland{R&s) are major factors that stimulate inflammatiwocesses.
PGs markedly increase following seizures and doutei to epileptogenesis and reduction in seizurestiold
(Viviani et al., 2007). With the robust productiohPGs in the brain following seizures, an indueitype of COX is
COX-2, but not the constitutively expressed COXahd is rapidly induced in the brain following se=si
( Marcheselli and Bazan, 1996) . In hippocampusoregseizures induced COX-2 partly through the path of
NMDA receptors or in astrocytes in few days afteizsre (Yamagata et al., 1993; Marcheselli and Ba2896;
Yamagata et al., 1993; Hirst et al.,, 1999). WhenX&is ablated from the principal forebrain neurdiesg.
hippocampal pyramidal and dentate granule neuttwesg is no effect on seizure onset or intensithépilocarpine
model, whereas selective ablation of COX-2 whichnsted to principal forebrain neurons was neuatective in

the hippocampus (Toscano et al., 2008).

3.1OXIDATIVE STRESSIN EPILEPSY

Oxidative stress is defined as an imbalance betwe@eration and elimination of reactive oxygen sg¢ROS)
and reactive nitrogen species (RNS) levels (sucbugeroxide radical, O; hydrogen peroxide, #®,; hydroxyl
radical, HO, and nitric oxide, NQ and the cellular antioxidant defense system (yige dismutase, SOD;
catalase, CAT; glutathione peroxidase, GPx; glinath reductase, GR; and glutathione-S-transfefaSa) ( Valko
et al., 2006). Under the normal physiological ctiods, ROS and/or RNS levels are fairly well re¢gedbto perform
important functions such as autophagy, chemicahadigg, cell division, and mitogen activated protdinase
signaling and apoptosis (Mao and Franke, 2013) RG& and/or RNS are tightly regulated because dfighly
reactive nature and are frequently associated mativodegeneration and mitochondrial dysfunctionctviié mainly
observed after seizures during epileptogeneside],22002). In oxidative stress there are alteratiin ROS, RNS,
and nitric oxide (NO) signaling pathways, wherelyabailable NO is decreased and ROS and RNS prinduate
increased (Tabima et al., 2012) .The inflammat@sponses induce the oxidative and nitrosative sfrathways,
and subsequent mitochondrial metabolic processesrgt highly reactive free radical molecules. TR®S and
RNS (for e.g. superoxide anion, hydroxyl radicald &eroxynitrite) consist of active moieties thah ceact with

other substrates. Both of these species are gededairing the irradiation of ultraviolet (UV) lighK-rays, and
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gamma rays, produced by neutrophils and macrophdgesg inflammation, products of reactions catalyzdy
metals, present in air pollutants, and by prodotteactions catalyzed by the electron carrierth@mitochondria
(Valko et al., 2006). The brain contains a largenhbar of easily oxidized fatty acids (20: 4 and 20a6yl a limited
antioxidant system and is highly sensitive to oftidadamage (Cardenas-Rodriguez et al., 2013). &ivigl stress is
strongly implicated during seizures induced by &tokicity, due to mitochondrial ROS generation amanainly
associated with neuronal hyperexcitation cause@€l$ diseases (Bondy, 1995). The possible mechainidhe
pathogenesis of epilepsy is oxidative and nitresatiress (Chang and Yu, 2010). During pilocaroieiced status
epileptics , hyperactivity or excitotoxicity of nemal may induce an increase concentrations of fegbcal
(Pazdernik et al., 2001). The increased activityghitaminergic systems induces status epileptics dhere is
decrease in level of ATP due to change in redoermi@il, which leads to collapse in brain energydpation and
supply (Wasterlain et al., 1993). In seizures theréncrease in release of glutamate and activabiboiNMDA
receptor with decrease in an extracellulaf@ancentration and increase in cytosoli¢‘Gancentration (White et
al, 2007). The effects mediated by“Cduring excessive glutamate receptor activatiorcifetoxicity) lead to
neuronal degeneration and overload of mitochonlitia C&* , so free radicals are generated . Overload sftyipie
of C&* leads to oxidative stress, cellular damage, arahtenally cell death because of’Cmediated opening of
mitochondrial permeability transition (MPT) porassociated with apoptosis because of mitochondaahage
(either via mitochondrial pathway or necrosis) @trand Szabo, 1995). The phospholipaselépendent activity
of C&* mediated by glutaminergic receptors liberates fadamic acid (AA), which generates,Othrough its
metabolism by lipoxygenases and cyclooxygenaseeiimmsanoid formation ( Singh et al., 2003), The stant
formation of NOby the glia is neurotoxic because it increasesth@onal sensitivity to this reactive species. The
neurotoxic action of NQs likely caused by the formation of Peroxyniti@NOQO), which is rapidly formed by the
reaction of NOwith G,”. Xanthine oxidase generateg Qvhen there is elevated intracellular’Ceoncentration and

energy deficiency.
3.1.1 Role of different factorsin affecting oxidative stress.
3.1.1.1 Mitochondrial dysfunction

Because of abundant mitochondria, demand of higbbaemetabolism as well as great load of ironhia brain the
susceptibility of cells of brain towards oxidatidamage is enhanced greatly (Halliwell, 1992). Redshind such
enormous metabolic demand is because of requireaidatge amounts of ATP for neurotransmission a4 as
maintaining of ionic gradients across cell membsanghe neurons which are highly differentiatedhe nature. So
performance of neurons critically depend upon nhitoarial function and oxygen supply because geloeraif
major portion of neuronal ATP are via oxidativetaimlism (Kann and Kovéacs, 2007). The mitochontiaze
critical functions which influence neuronal excitdlp, excitotoxicity, including the production o&denosine

triphosphate (ATP), fatty acid oxidation, apoptaaisl necrosis control, amino acid cycle regulatimosynthesis of
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neurotransmitters, and regulating the homeostdsisytosolic calcium. Mitochondria are the main sik ROS
production and are therefore extremely vulnerablexidative damage (Waldbaum et al., 2010). RO#&bion
contribute mechanically to chronic epilepsy. Prgem seizures produce sufficient cellular superoXidg ) ,
principle byproduct of respiration, so initiatiofi cascade of events by increased firing from nesir@xcessive
release of glutamate, activation of N-methyl-Dasate (NMDA) receptor, influx of cytosolic and mihondrial
calcium, and increased ATP consumption so endogeaatioxidant defenses of mitochondria are overmbel
resulting mitochondrial damage (Liang et al., 20D@rens et al., 1982). After status epilepticseleof endogenous
aconidase (marker of D start to inactivate in the rat hippocampus ( biagt al., 2000) and its one of most
vulnerable area CA3 reported maximal inactivatiditer status epileptics the electron transport cltamplexes (1,
3, and 4) become dysfunctional (Gao et al., 200i) there is reduction of mitochondrial N-acetyl asate (a
metabolite synthesized from aspartate and acegnome A) in hippocampus (Moffett et al., 2007) dAaiso a rise
in mitochondrial HO, production, lipid peroxidation (increased malotdidyde, MDA, and thiobarbituric acid,
TBA), and mitochondrial DNA (mtDNA) damage aftersaizure (Kutluhan et al., 2009). An adaptive insecaf
MtDNA repair occurs immediately after ROS increas#uced by acute SE. However, chronic increase @5R
production is accompanied by failure in the indortof mtDNA repair (Jarrett et al., 2008). DamagentDNA and
abnormal mitochondrial #D, production has been observed in the hippocampuatsfthree months after Status
epileptics. After lithium-pilocarpine induced SEhe oxidative stress (GSH) markers and specifidkerarof redox
status in the mitochondrion (coenzyme A) is desedain the hippocampus and become permanently giaima
during epileptogenesis and chronic epilepsy evearmiyO, production and mtDNA damage return to control Isve
(Waldbaum and Patel, 2010 ). Neurons need largeuatrof ATP as they are highly differentiated celled the
mitochondrial oxidative phosphorylation is main sm of ATP for neurons. Mitochondrion has a roletlime
homeostasis of intracellular calcium and its dysfiom may strongly affect the neuronal excitabiltgd synaptic
transmission (Patel, 2004) thus increases susdéptib epileptic seizures (Kudin et al., 2009),3nitochondrial

dysfunction caused by the production of free rddio@ay increase susceptibility to seizures (Pa26D4).

3.1.1.2 Impairment of antioxidant systems

During normal cellular metabolism various molecula® generated like ROS, including superoxide eddic
hydrogen peroxide hydroxyl radical (- OH), and sigixygen {0,). Physiological levels of ROS can be scavenged
by enzymatic [e.g., superoxide dismutase (SOD)tathiione peroxidase (GPx), catalase (CAT), glutetdi
reductase (GR), and peroxiredoxins (Prxs)] and exmymatic [e.g., vitamin C, vitamin E, and redudedn of
glutathione (GSH)] antioxidant defense systems. él@wr, excessive ROS levels due to increased RQfugtion,
decreased antioxidant defense ability, or bothdeadxidative stress (Winyard et al., 2005). Seizyeneration is
related to the homeostatic imbalance of antioxislamd oxidants. Impairment of endogenous antioxifizetors

against oxidative stress is involved in seizureegation. Superoxide radicals are highly reactivd aan initiate
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pathological oxidative metabolism, leading to th@dation of macromolecules such as DNA, lipids, @mdteins.
The nervous system contains antioxidant enzymefyding SOD and GPX, that are expressed in higbantifies
than CAT (Shivakumar et al., 1991). This spectrunermzymatic defenses suggests that the brain nfejestly

metabolize superoxide, but may have difficulty limenating the hydrogen peroxide produced by tligction (i.e.,
superoxide dismutation). Hydrogen peroxide accutiandas of major concern, as the brain containgdaguantities
of iron and copper, which may catalyze the formmatad hydroxyl radicals that can induce lipid pexadion

(Oubidar et al., 1996). Enhanced hydrogen peroxidéyrn, is reduced to water by peroxidases, mds#x (and
Prx) in the brain. GPx levels in neuronal tissupegp to be relatively low for the prevention of gede insults.
Furthermore, the neuronal cell membrane contaigk kvels of polyunsaturated fatty acids (Benattale 2004).
The brain is more vulnerable to injury by lipid peidation products than other tissues (Naffah-Mearatti et
al.,2001)The lipid peroxidation is an irreversilbleuronal damage of cell membrane phospholipid aagassible

mechanism of epileptic activity (Pazdernik et 2001).
4.1 CONCLUSION:

The literature clearly indicates that Inflammatemd oxidative stress are mediators of acute anshahepilepsies.
The disruptions of the blood—brain barrier (BBB)e tcyclooxygenase (COX)-2 signaling pathway anditeel
prostaglandins, classical cytokines and their dorgam targets, as well as Toll-like receptors (TLR® various
pathways identified in hippocampus during the gite process. These inflammatory responses prometgal
hyperexcitability and decrease the seizure threst®gizures also dysregulate the tightly regulatedhanisms for
ROS and/or RNS resulting mitochondrial dysfunctéord mitochondrial ROS generation culminating inroeal
hyperexcitation and neurodegeneration and bringiath@stic decrease in cellular anti-oxidant defemechanisms
e.g SOD, CAT, GPx, GR, GST e.t.c resulting reinfogoxidative stress and neuronal cell death.
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