Review Article

MOLECULAR INSIGHTS INTO THE ROLE OF INFLAMMATION AND OXIDATIVE STRESS IN
EPILEPSY.

ABSTRACT

Epilepsy is a chronic neurological disorder manédsas unpredictable, unprovoked recurrent seizhis
affectavariety of mental and physical functions. Despiie tise of current anti-epileptic drugs (AEDs) about
30% of patients remain refractory, while 30-40% énaassociated psychiatric disturbances. A gap in
successful AED search has bélealack of understanding of the processes leadingg@ascade of epilepsy.
Thus we tried to focus on the role of inflammateomd oxidative stress in epilepsy. Epileptic seiguesult in
extensive release of proinflammatory factors itkyes, chemokines from glial cells, thereby irsiag the
influx of neuronal calcium, enhancing extra neutoglatamate concentration and decreasing potassium,
resulting in decrease in seizure threshold andauegeneration. Prolonged seizures produce sufficien
cellular reactive oxygen species (ROS) and readiivegen species (RNS) which initisaeascade of events
induced by increased firing from neurons, exces®iaase of glutamate, activation of N-methyl-Daatqte
(NMDA) receptor, influx of cytosolic and mitochonalr calcium, increased ATP consumption and
mitochondrial damage, resulting in neuronal hypeitation and neurodegeneration.
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1.1 INTRODUCTION

Epilepsy is a chronic neurological disorder chamazed by recurrent seizures and is often acconepany
psychiatric disturbances (Jones et al., 2008).€eKaessive or synchronous neural activity in théndesads to
epileptic seizures (Fisher et al., 2005). Epilepyresentssa socioeconomic burden and usually patients
suffering from epilepsy also suffer from sociabstia. It affects almost 70 million people of worligugi et

al., 2010) including 10 million in India. The in@dce of epilepsy fotew—low-income andmiddie
middleincome countries is estimated at 81.7/100,000/yedile for high-highincome countries it is
estimated 45.0/100,000/year (Ngugi et al., 2011mil&ly the prevalence of epilepsy for low and
middle-income countries is about twice that of kigtome countries (Ngugi et al., 2010). The medifen
time epilepsy prevalence for low income and middé®me countries is 15.4 per 1,000 for rural an® per
1,000 for urban areas while for high income coesitiis 5.8 per 1,000. Similarlthe median active epilepsy

for low-and middle-income countries is 12.7 per0D,th rural and 5.9 per 1,000 in urban areas andifh



‘ highincome countries 4.9 per 1,000 (Ngugi et al., 20kyult from seizures or excitotoxic brain damage
induce, activate and persist regional as well t@llpatterns of inflammatory response to stimuliad# like
receptors (TLRs) which on activation stimulate eas genes encoding proinflammatory factors such as

‘ cytokines, chemokines, complement system, cycloengge-2 (COX-2), nitric oxide via many
transcriptional factors or nuclear factors suclnadear factokB (NF«B) resulting in severe inflammation.
The inflammatory responses induce oxidative andosdtive stress pathways, while subsequent
mitochondrial metabolic processes generate higtdgtive free radical molecules. High levels ofan#llular
calcium ions also induce ROS production in a bitsysculminating in oxidative stress (OS) (Martinak,
2012). In this review we will discuss evidence tbe role of inflammation and oxidative stress in

epileptogenesis. A better understanding of thetienzg/s may inform future treatment options.

2.1 INFLAMMATION IN EPILEPSY

Pathological conditions of brain inflammation aristiiguished from normal physiological conditions
because parenchymal cells (microglia, astrocytesnaurons), blood brain barrier (BBB) and chopakus
mediate production of detectable quantity of marilammatory mediators which are usually produceoun
body by the immune system either under pathologioalats or in response to infection. A rapid avloust
animal model for brain inflammation in rodents ihxgs administering systemic infection mimicking
lipopolysaccharide (LPS); the main structural comgra of external membrane of gram-negative bacteria
and molecular patterns of invading pathogenic niiesp which are mainly recognized as sites for §ipeci

receptors: Toll like receptors (TLRs) aeells-efimmune systemcells

These specific receptors (TLRs) get activated es@nce of exogenous molecules and stimulate various
genes encoding proinflammatory factors such as kows, chemokines, complement system,
COX-2eyeloaxygenase2-and nitric oxide via many transcriptional factorsnaclear factors such as nuclear
factorkB (NF«xB) (Rivest, 2003)HeweveraApart from infectious agents, inflammatory responedsrain

are also well predicted against various endogehgarsds and signals usually sourced fratarge spectrum

of injuries i.e. trauma, ischemia during seizums;itotoxic brain damage, damaged BBB or heat shock
proteins of damaged extracellular matrix. Thushése ligands enter the brain, depending uponyirgwel

they induce inflammatory response to stimulate TLHisce triggering many immune responses at various
time functions (Allan and Rothwell, 2001).

2.1.1 Role of Blood Brain Barrier

Blood brain barrier (BBB) is made up of non fenattd endothelial cells with tight junctions madeaip

interendothelial cells. The maintenance and funatip of BBB is regulated by various type of ceiksl



pericytes, perivascular microglia and astrocyteglwhre annexed to the capillary and post-capiNaryules
region in the central nervous system (CNS). BBBvjles protection to CNS under normal physiologic
conditions by strictly regulating the entry of pies-born substances and immune cells into the neitvssue.
Transient changes in physiologic as well as stratttharacteristics of the BBB ocewluring events like
seizures, traumatic and ischemic CNS injuries tingggenic infections to the brain.

Brain regions characterized by a “leaky” BBB haweib consistently reported in epileptic brain (Ohy a
Janigro, 2006). Seizures lead to the activatiol_€ffp system and breakdown of the BBB (Marchi et al.,
2009). This breakdown leads to the leakage of BB& the entry of albumin into the brain. Albumin mnt
induces a further upregulation in inflammatory nag¢olis and reduces potassium and glutamate uptake of
astrocytes, culminating in elevated neural exditgb{Heinemann et al., 2012). Besides inflammatory
reactions the invasions of leucocytes is alsoateti due to BBB leakage (Ransohoff et al., 2008ndd a

breakdown of BBB has a net neuronal excitabilifeetf

In a seizure-related immune response, neurons @reha only brain cells to display an inflammatory
phenotype in epileptic brain, since other brairiscalso contribute to seizure related immune respsn
(Janigro, 2012). The chemokines and their recep{@xCL12 and CXCR4; CCL2 and CCR2) are
up-regulated in glia during seizures (Hartman gt24110). Adhesion molecules (&81d E-selectin) are also
up-regulated in response to electrographic seizatrdse luminal side of the endothelium forming BB
(Librizzi et al., 2007)

Epileptic seizures also provoke such inflammatesponses which enhance calcium influx into neuans
activate glial cells. Glial cells increase extradal potassium and glutamate and induce furtH&nmmatory
response which leads to decrease in seizure thdeahd neuronal hyperexcitability. Thus, epilestgzures

and inflammatory mediators form a positive feedblacip, reinforcing each other.
Thus two distinct inflammatory processes have bieded to seizures.

a) Neuroinflammation which is present in epileptic bramwhere it exacerbates seizures or increases their
frequency (Vezzani et al., 2012)

b) Systemic inflammation which causes epileptiform neuronal discharge V&3 lof ionice.g. potassium and
neurotransmittere.g. glutamate homeostasis (David et al., 2009; Heimemat al., 2012). The
neuroinflammation directly affects neurovasculad ghal function. Systemic inflammation are meddate
facilitated by loss obleed-brain-barrierBBB) function (Rivest, 2010).

2.1.2 Molecular Cascades

There are various pathways identified in hippocasngwring the epileptic process. These include:



i.  Disruption ofthebleed-brain-barrierBBB)

ii. CyelooxygenaseQOX)-2 signaling pathway and related prostaglandins

iii.  Classical cytokines and their downstream targets

iv. Tol-likereceptorsTLRS).
During seizures, microglia and astrocytes are thst fcells producing cytokines. These soluble
proinflammatory cytokines function to communicatetvileen microglia, astrocytes and the neurons (De
Simoni and Imeri, 1998). The two inflammatory cyiteds i.e. interleukin (IL)-f and tumor necrosis factor
(TNF)-a have their molecular as well as cellular actioms neuronal excitability and epilepsy. These
molecules are released within the brain at specifczimstances. They modify both short-term and{tarm
neural excitability. The manipulation of IL3Jand/or TNFe levels or their downstream pathways influences
neuronal excitability, seizure susceptibility amileptogenesis. IL{1 has a potential seizure facilitatory role
in models of febrile seizures (FS), febrile stapdeptics (SE) (Dub et al., 2007) and pilocarpimgdced SE
in immature rats (Auvin et al., 2007). Further eamted endogenous ILBlevel reinforces its proconvulsant
effects. Contrary to this, intracerebral applicatmf natural antagonist of IL-1 receptor (IL-1ragshbeen
found to be powerful anticonvulsant agent, whichudtaneously antagonizes the effect of endogenocds$ |
(Vezzani et al., 2002). The mice exhibiting owstpression of IL-1ra shows significant reduction in

susceptibility to seizures (Vezzani et al., 2000).

IL-1B binding to its receptor increases NMDA receptodiatd Cél+ influx and surface expression of
AMPA receptors (Beattie et al., 2002). It inhibjisitamate reuptake by astrocytes (Ye ZC and Santei
1996) resulting in elevated extracellular glutamiatesls and hyper-excitability. In hippocampal reng
reduction in magnitude of currents mediatedybgmino butyric acid (GABA) is counteracted by IB-1
(Wang et al., 2000). Thus one may envisage thattitwmal interactions exist at the molecular levetveen
IL-1B receptors andN-methyl-D-aspartate receptors (NMDA) which are gpressed by hippocampal
neurons (Gardoni et al., 2011). The egrpression of IL-6 in glia cells increases seiaewsitivity towards
glutaminergic agonists, although no such correfagdound with cholinergic agonists (Samland et2003).
The overexpression of IL6 causes loss of GABA-and parvaliodpositive neurons in the hippocampus of
mice.

TNF-a is another inflammatory factor implicated in ep#g, while its expression isp-up+egulated in
seizures (Probert et al., 1997). Microglia in thait mainly releases TNé&-(Renno et al.,, 1995) and
stimulates astrocytes to release glutamate (Bez#i,e2001). Glutaminergic neurons are stimuldtedause
of extracellular increase in glutamate concentretii@reby depolarizing their membrane potentialisTjpost-
seizure production of inflammatory mediators triggggeuronal hyperexcitability through modulationsaf

channels via glutamate release in neurons andregigectively. After ischemic, traumatic and excikit



damage in healthy brain tissue there is rapid itidadn the level of proinflammatory cytokines suab
TNF-a and interleukins which are initially expressingraty low level in normal brain (Allan and Rothwell
2001). Expression of messenger RNA (mMRNA) and &ewEproinflammatory cytokine proteins are enhanced
with an exception for IL-f which is upregulated in brain of rats developipgrganeous seizures even 60
days after the induction of status epileptics. $tatus epileptics or continous seizures over 3Qtagcan
cause neuronal death (Ravizza et al., 2005) thragigtamate-mediated excitotoxicity, necrosis and
activation of apoptosis (Henshall, 2007). One tedltdays after status epileptics, both neuronabatrdcytic
death is observed in the dentate hilus regionggidecampus (Kang et al., 2006). Injured neuronsgiiachnd
their fragmented DNA are rapidly cleared by acedainicroglia (Streit et al., 1999).

In addition to inflammatory cytokines, another mrajactor having a specific role in epilepsy are
prostaglandins (PGs). Prostaglandins are majooifathat stimulate inflammatory processBseytheyare
markedly increased following seizures and contehot epileptogenesis and reduction in seizure llotds
(Viviani et al., 2007). With the robust productiohPGs in the brain following seizures, an indueitype of
COX, i.e COX-2 but not the constitutively expressed CDi$ rapidly induced in the brain (Marcheselli and
Bazan, 1996). In hippocampal region, seizures iadlO©X-2 partly through the pathway of NMDA recegtor
(Yamagata et al., 1993; Marcheselli and Bazan, 1'986agata et al., 1993; Hirst et al., 1999). WE€X-2

is ablated from the principal forebrain neurong.(@ippocampal pyramidal and dentate granule nejron
there is no effect on seizure onset or intensityhépilocarpine model, whereas selective ablatioc@OX-2
which is limited to principal forebrain neurons wasuroprotective in the hippocampus (Toscano et al.
2008).

3.1 OXIDATIVE STRESS IN EPILEPSY

Oxidative stress (OS)nd nitrosative stress (N&-are defined assrimbalance between generation and

elimination of reactive oxygen species (ROS) andctige nitrogen species (RNS). Under normal
physiological conditions ROS and/or RNS levelsfaity well regulated to perform important functesuch

as autophagy, chemical signaling, cell divisiontogen activated protein kinase signaling and amigto
(Mao and Franke, 2013). The ROS and RNS are higidygtive in nature, the imbalance of which is
frequently associated with neurodegeneration anamondrial dysfunction seen with epileptogenesis
(Patel, 2002). Imxidative-stress@SNS) there are alterations in ROS, RNS and nitric oxi@) signaling
pathways, whereby bioavailable NO is decreased®8 and RNS production is increased (Tabima et al.,
2012). The inflammatory responses induce ¢hxedative-OS and nitresative—stresdNS pathways and

subsequent mitochondrial metabolic processes gengighly reactive free radical molecules. ROS BRMNE

onsist-of active-moieties-thate-highly-reactivevith-other substrates-Both-of these-speaiesgenerated

during the irradiation of ultraviolet (UV), X-raygnd gamma rayshey areproduced by neutrophils and



macrophages during inflammatiotiney includeproducts of reactions catalyzed by metals preserdiri
pollutants-, andby-products of reactions catalyzed by the electroneararin the mitochondria (Valko et al.,
2006). OS during SE induced by 4-aminopyridine, l{p@ocarpine or kainic acid has also been repoited
immature rat brain, completely invalidating somesws that exidative—stresSE-related OS]is\[en

age-dependent (Folbergrova et al., 2016).

Brain contains large number of easily oxidizedyfaitids (20 : 4 and 20 : 6) and a limited antioridgystem

and is thus highly sensitive to oxidative damagar@@nas-Rodriguez et al., 2013). Oxidative stress i

strongly implicated during seizures induced by ®tokicity due to mitochondrial ROS generation (Bgn

Yu, 2010). During pilocarpine-inducedlatusepitepticSSE, hyperactivity or excitotoxicity of neurons induce
an increase in concentrations of free radicalsd@amk et al., 2001). The increased activity oftgfainergic
systems induces status epileptics and there i®dgsernn ATP levels due to change in redox potentiaich

leads to collapse in brain energy production ampplu(Wasterlain et al., 1993).

Seizures lead to increase in glutamate releasacivdtion of NMDA receptor with decrease in exalhdar

2+ 2+
Ca concentration and increase in cytosolic Cancentration (White et al, 2007). The effects ratsl by

2+
Ca during excessive glutamate receptor activation i{etaxicity) lead to neuronal degeneration and
2+ 2+
overload of mitochondria with Ca so free radicals are generated. Overload otypis of Ca leads to OS,

2+
cellular damage, and eventually cell death becatissa mediated opening of mitochondrial permeability
transition (MPT) pores associated with apoptos@md#i and Szabo, 1995).

The phospholipase A2-dependent activity o?@taaediated by glutaminergic receptors liberates adacic
acid (AA), which generates O_Zhrough its metabolism by lipoxygenases and cyglgerase for eicosanoid
formation (Singh et al., 2003). The constant fororaof NO by the glia is neurotoxic because it increases the
neuronal sensitivity to this reactive species. méerotoxic action of NQs likely caused by the formation of
Peroxynitrite (ONO(_)) which is rapidly formed by the reaction of N@th O, ", Xanthine oxidase generates

. —_ 2+
O, when there is elevated intracellular Ceoncentration and energy deficiency.

3.1.1 Mitochondrial Dysfunction

Because of abundant mitochondiianeuronsdemand of high aerobic metabolism as well astdosa of
iron ir-the-brainthe susceptibilitypfbrainecelistowards oxidative damage is greatly enhanoearain cells



(Halliwell, 1992). This extensive metabolic demagthtes to the requirement of large amounts of AGrP
neurotransmission as well as for maintaining iagradients across cell membranes in the neuronss, Thu
neuronal performance critically depends upon mibockial function and oxygen supply as most of nealo
ATP production depends on oxidative metabolism ¢(Kand Kovéacs, 2007). Mitochondria have critical
functions which influence neuronal excitability, cé®toxicity, ATP production, fatty acid oxidation,
apoptosis and necrosis control, amino acid cydaletion, biosynthesis of neurotransmitters andilemg

the homeostasis of cytosolic calcium. Mitochonduia the main site of ROS production and are thezefo

extremely vulnerable to oxidative damage (Waldbaimal., 2010). Prolonged seizures produce sufficien

cellular superoxide ((5)2 principle by product of respiration, so initisg&€ascade of events in the form of
increased firing from neurons, excessive releagguthmate, activation of N-methyl-D-aspartate (NA)D
receptor, influx of cytosolic and mitochondrial caim and increased ATP consumption. Thus, endogenou
antioxidant defenses of mitochondria are overwhdlnesulting in mitochondrial damage (Liang et 2000;
Turrens et al., 19827fterstatus-epilepticufin SE), the levels of endogenous aconitase (marker.pa@

decreased in rat hippocampus particularly in CABragion (Liang et al.,, 2000)Status—epiepticus; (
moreover,SE dystunetionampairselectron transport chain complexes (1, 3, and 4p(€& al., 2007) and

there is reduction of mitochondrial N-acetyl asptt(a metabolite synthesized from aspartate and
acetyl-coenzyme A) in hippocampus (Moffett et aDP7).Rise-A rise in mitochondrial HO, production,
lipid peroxidation (increased malondialdehyde, M@Ad thiobarbituric acid, TBA) and mitochondrial BN
(mtDNA) damage are observed after a seizure (Katludt al., 2009). An adaptive increase of mtDNAarep
occurs immediately after ROS increase induced htesS8E. However, chronic increase in ROS produgsion
accompanied by failure in the induction of mtDNApag (Jarrett et al., 2008). Damage to mtDNA and
abnormal mitochondrial $#D, production has been observed in the hippocampustefeven three months
after SE. After lithium-pilocarpine induced SEre-OS markers€.9. GSH) and specific markers of redox
status in the mitochondria (coenzyme A) are deeckan the hippocampus and become permanently
damaged during epileptogenesis and chronic epileysy when kD, production and mtDNA damage return
to control levels (Waldbaum and Patel, 2010). HERGS formation contributes mechanically to chronic

epilepsy via mitochondrial damage.
3.1.2 Impairment of Antioxidant Systems

During normal cellular metabolism various molecwdes generated like ROS; including superoxide eddic

1
hydrogen peroxide hydroxyl radical (-OH) and sihgieygen (O2). Physiological levels of ROS can be
scavenged by enzymatic [e.g superoxide dismuta®®)Sglutathione peroxidase (GPx), catalase (CAT),

glutathione reductase (GR), and peroxiredoxinsgPrand non-enzymatic [e.g vitamin C, vitamin E and



reduced form of glutathione (GSH)] antioxidant chesfe systems. However, excessive ROS levels due to
increased ROS production, decreased antioxidaehdefability or both leads to OS (Winyard et 8003).
Superoxide radicals are highly reactive and catiatei pathological oxidative metabolism leadingttie
oxidation of macromolecules such as DNA, lipids @mdteins. The nervous system contains antioxidant
enzymes including SOD and GPx that are expressedlrer quantities than CAT (Shivakumar et al.,1)99
This spectrum of enzymatic defenses suggestshbdirain may efficiently metabolize superoxide, imaty
have difficulty in eliminating the hydrogen perogigroduced by this reaction (i.e., superoxide diatian).
Hydrogen peroxide accumulation is of major con@sthe brain contains large quantities of iron @per
which may catalyze the formation of hydroxyl radiscthat can induce lipid peroxidation (Oubidar kf a
1996). Enhanced hydrogen peroxide in turn is rediicavater by peroxidases mostly GPx (and Prxhen t

brain. GPx levels in neuronal tissue appear teelaively low for the prevention of peroxide insult

Neuronal cell membrane contains high levels of padaturated fatty acids (Benatti et al., 2004) iandore
vulnerable to injury by lipid peroxidation produtksn other tissues (Naffah-Mazzacoratti et al010Lipid
peroxidation is an irreversible neuronal damageetifmembrane phospholipids and a possible mecmaoiis
epileptic activity (Pazdernik et al., 2001). Vitanit (@-tocopherol) is a lipophilic alcohol and its fooousce

is the root of wheat and vegetable oils. This sariis# has the ability to prevent the negative effettlipid
peroxidation in the brain tissue because it camorbdree radicals of oxygen. Epilepsy patients on
antiepileptic therapy coadministered Vit E exhifitturther decrease in EEG recordings and seizure

frequency (Mehvari et al., 2016).
4.1 CONCLUSION

The literature clearly indicates that Inflammatiand OS as mediators of acute and chronic epilepsies
Disruption of the blood—brain barrien—BBB), the Cyclooxygenad€Ox}-2signaling pathway and related
prostaglandins, classical cytokines and their doneasn targets, as well as Toll-like receptbksRs)-are
various pathways identified in hippocampus duripgeptogenesis. These inflammatory responses p®mot
neural hyperexcitability and neuronal degeneratié#izures also dysregulate tightly regulated mashan

for generation and elimination of ROS and RNS tasyiin mitochondrial ROS generation, depletio®aP
stores and mitochondrial dysfunction, predispostngeuronal hyperexcitation and neurodegeneralfiba.
treatment strategies ameliorating proinflammatory axidative stress signals during seizure gereratnd

epileptogenesis can seize the progression of diseas
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