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Abstract

Epilepsy is a serious neurological condition exhibiting complex pathology and desetvi
more serious.attention. More than 30 % of people with epilepsy are not respontiee to
more than 20 _antpileptic drugs (AEDskurrenty available reflecting an unmet clinical
needfor navel therapeutic stratexgs Not much is known about the pathogenesis of epilepsy,
but evidence“indicates that neuroinflammation might contribute to the onset anespragr

of epilepsyfollowing acquired brain insults. However, the molecular mechanisms underlying
these pathephysiological processes are yet to be fully understood. The emerging research
suggestghat_highmobility group boxproteinl (HMGB1), a DNA-binding proteinthat is

both actively“secreted by inflammatory cells and released by necroti¢ rogdlist contribute

to the pathogenesis of epilepsy. HMGB1 as an initiator and amplifier of neunamnedtzon,

and its activation is implicated in the propagation of seizures in animal modelsuifast
review will highlight the potential role of HMGBL1 in the pathogenesis of epilepsyd
implications=of HMGBZtargeted therapies against epilepfvIGBL1 in this contextis an
emerging=concept deserving further exploratitmcreased understanding of HMGBL1 in
seizures and epilepsy wifpave the way in designing novel and innovative therapeutic

strategieshat could modify theliseaseourse or prevent its development.
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Abbreviation

HMGB1="High Mobility Group Box 1

TLR-4 = Toll-kike Receptor 4

RAGE = Receptor for Advanced Glycation End Products

AEDs = AntiEpileptic Drugs

SE=Status Epilepticus

TBI= Traumatic Brain Injury

BBB= Blood-Brain Barrier
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TLE= Temporal Lobe Epilepsy

SRS= Spontaneous Recurrent Seizures

KO= Knock Out

DRE= Drug Resistant Epilepsy

MES= MaximalElectro Shock

MAPK= Mitogen-Activated Protein Kinase

NF-xB= Nu€learFactor kapphght-chainenhancer of activated B cells
CNS = Central:.Nervous System

DAMPs = Damage Associated Molecular Patterns
JAK-STAT.=Jdanus Kinasesignal Transducer and Activator of Transcription Proteins
NMDAR = N-methytD-Aspartate Recepto

TIM-3 = T-eell'lmmunoglobulin and Mucin Domain-3

TREM-1 = Triggering Receptor Expressed on Myeloid Cells-1
CXCR4 = GX=C Chemokine Receptor Type 4

TNF=Tumor Necrosis Factor

IHC= Immunehistochemical Staining

FCD=Focal Cortical Dysplasia

FS= Febrile Seizure

CA= Cornu. Ammonis

PG= Prostaglandin

mAb= Monaclenal Antibodies

EAE = Experimental Autoimmune Encephalomyelitis

LPSRS= Lipopolysaccharide from Rhodobacter Sphaeroides
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1.

Introduction

Epilepsy is a seriouseurological disordecharacterizedoy the recurrent, periodic and
unpredictableoccurrence of epileptiseizure which might be due to imbalance in excitatory
and inhibitory pathways within the central nervous syieéMS) (Ana et al. 2019). Epilepsy
has emergedsas a seridu=malth concermffecting50-70 million people globallyaccounting
0.75% of global health burddiirinka et al. 2018).Frequent and serious epileptic seizures
are thought to) contribute to further brain injury and persistent neurobehavioral and
neurgsydiatric disorders,with significant consequences for patients, tHfamilies and
society (Yanget al. 2017).But muchremainsto be elicidated abouthe precise mechanism
of epileptogaesis— however, a plethora of findingser the past decade havghlighted the
crucial pathophysiological role of brain inflammation in epilefggzzaniet al. 2013, Paudel

et al. 2028b;"Webstest al. 2017) .

The curredi availableanti-epileptic drugs (AEDs)which are nodiseasemodifying AEDs
but rather anticonvulsantsor antiseizure drugsprovide only symptomatic relief Further,
the mainstream AEDs exert agpilepticeffects largely byinhibiting voltagegated N&, K,
T-type C&'.channels(Simonato 2018)or by enhancingy-aminobutyric acid (GABA)
signaling “and/or by inhibing glutamate transmissionto dampen the neuronal
hypeexcitability'(Mertenset al. 2018).But these AEDs are not the ultimate solution, with
more than=30%-of patients developimhgigresistant epilepsy (DRELhenet al. 2018) and
increasing reportef adverseeffects such asognitive impairments fatigue and behavioral
dysfunction ina significantproportion of patientreated withAEDs chronically(Sarkiset al.
2018). Despite _recentadvances in research, the etiology and the mechanisms of
epileptogenesis still remain elusjreinforcing the need for deeper understanding of novel
molecular targetsThe ultimate goal of treatment is to prevent sezwih no side effects.
Therefore there is apressingneed for exploring novel treatment alternativesminimize
seizure burdems well asto preventthe related comorbiditie€urrently, huge effortshave

been made to understand the pathogenesis of epileptogemesithepathwaysassociated
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with epileptogenesighich exhibits great potentials imeatingepilepsy.Considerablefforts
ongoing in this regard include EPITARGET (Targets and Biomarkers for Anti-
epileptogenesisfEPITARGET 2018)and EpiBioS4Rx (Epilepsy Bioinformatics Study for
Anti-Epileptogenic Therapy)(Vespa et al. 2018). EPITARGET is focusing mainly on
identifying movel biomarkers and exploring the involvement of multiple mechanisrs tha
might contribute tothe process of epileptogenesidEPITARGET 2018 Whereas
EpiBioS4Rx "mainly focused on asdpileptogenesis in postaumatic epilepsy (PTE)
following traumatic brain injury (TBI)(EpiBioS4Rx 2018) These both are largescale
consatium of researchers colleag information from patient populationstilizing rigid and
reliable standardized animal models, and cutidge analytial method to analysedata
from bothganimal and human for trarspecies comparisons, which wilielp in the
development of anepileptogenic therapid&piBioS4Rx 2018, EPITARGET 2018).

One of the_emerging potential targét high mobility group boxl (HMGB1), andcurrent
understanding“abouhe role of HMGB1 in epilepsys rapidly growing. Moreover, he
concept of-understanding HMGBL1 as a biomarker of epileptogenesis is also growimgsand
been wellreported(Ravizzaet al. 2017, Paudett al. 2018a, Walkeget al. 2016),which will

aid in assesng disease progressiand early prediction of diseasasetHMGB1 protein is
known to coentributeo epileptogenesisia a toll-like receptor (TLR}¥-dependent ghwayto
triggertissuedamageand inflammatory responses (Kleen & Holmes @0HMGB1 protein

is akey initiator releasetby dyingcellsin the brain and binds to TLR4 recep®rand are
abnormally. released througiteurons and astrocytes duriag epilepticseizuregMarosoet

al. 2010a).TheHMGB1-TLR4 regulatory axis is involved in the generation and exacerbation
of epilepticseizures and developing any innovatiilerapeuticsvhich acts via inhibiting
this signaling™axis might represent a novel -@piieptic treatment strategfiMGB1 has
emergedrastanovel target against epileptogerimgisnuch remained to be exploreefore
translating it to patient@u et al. 2017). Herein,we highlight and update okey concepts
ranging from HMGB1biology, its role in epileptogenesis, available HMGBL1 inhibitors and
experimental evidencef HMGB1 as a antiepileptictherapy Based on availabléerature

it is postulated thatMGBL1 is an emerging targetgainst epilepsgndthat pharmacological

modulation oiHMGBL1 will provide diseasenodifying effects.

. Insights into HMGB1 biology
HMGBL1 is an intriguing protein with complex biochemistryidtaknown danger signal or

damage associated molecular pattern (DANHI et al. 2018) and wadfirst reported in
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1973 as a nohistone chromosomal proteifRanzatoet al. 2010) Intracellular and
extracellular HMGBL1 protein hasdemonstratedseveral crucial roke in inflammation
including being implicated in sterile inflammation, immunity and neurodegenerative
conditions, making it an attractiveand emerging targetfor therapeutic intervention
(Andersson=&=Tracey 2011)0ut of four members HMGB1, HMGB2, HMGB3 and
HMGB4) of theHMGB group of proteins (Stros 2016IJMGB1 is the only on¢hat has been
extensively studied with respect toepilemy. Precise nderstandingof basic HMGB1
chemistryis crucialto understanding it's functiomsit is composed of different boxegth
specific binding, sites resulting dfifferentactivities. Structuralanalysis oHMGBL1 revealed
two DNA hinding domains (box A and box B) and a negéfiebarged @erminal(Ulloa &
Messmer 2006, Yangt al. 2018). Box Acontairs the antagonistic site dbox B, and
demonstrates “antnflammatory propertiesin both in vivo and in vitro models of
inflammation(Girard 2007). In additiorhox A aloneserves as a competitive antagonist for
HMGB1 and inhibits HMGB1 activity (Shen and Li, 201Bpx B is the furctional domain
which is recognized by TLRAwhereaas bothbox B andbox A canbind to DNA and play a
role in folding-a@nd distorting the doubstrand DNA (Dumitriu et al. 2005). The specific
amino acidydomains of HMGB4&uch as89-108 and 1583 areresponsible for binding to
the TLR4 and receptor for advanced glycation end products (RAGE) respe@tuttunen
et al., 2002)Moreover, the Nerminus contains heparbinding motifs whereas théox B
exhibits preinflammatory activity to the proteirand is involved in binding t(RAGE
(Huttunen & Rauvala 2004Jigurel).
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Fig.1. Structural elucidation representing functionally relevant regions of HMGB1,;
modified from (Anderssonet al. 2018a)

HMGBL preteinsis a chain of 215 amino acids with molecular weight of 25-kDa comprising
of two DNA-binding domains, boxes A and B, and a negatively charged C-terminal tail. Box
A acts as a specific antagonist of HMGB1 when isolated from the rest of the molecule
(Bianchi & Manfredi 2007). HMGB1, high-mobility group box1; RAGE, receptor for
advanced glycation end products; TLR4, Toll-like receptor 4

. HMGBL1 post-translational modification andreceptor system

HMGBL1 is'reported to exist in three isoforniglly reduced HMGBL1, disulfide HMGB1 and
sulfonyl HMGB1 (Antoine et al. 2014, Aucottet al. 2018a) Table 1). Under normal
conditions, HMGB1 is mainly located in the nucleusaasonacdylated and thiol form
whereas aftetissue injury,non-acetylated thicHMGBL1 is releasd from deadand dying
cells, andcanbe further converted to disulfid¢iMGB1 (Venereawet al. 2016).In addition,
after cell activation or injuryfranslocation of HMGBXrom the nucleus to the cytoplasm
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may occurfollowed byinflammasome activation and pyroptoé et al. 2014). Functional
activity of HMGBL1 is mainly determined by redox modification of 3 key cystease&dues,
C23 C45, and C106. The disulfide and reduced isoforms of HMGB1 have mutually
exclusive functions.

The tully=reduced isoform of HMGB1 resides within the calhd upon releaseacts as a
chemoattractant. via complexation with CXCL12, binding exclusively through CXCR4
(Schiraldiet'al.'2012) Based on its redox state, HMGB1 can stimulate cells through a range
of receptors, including TLR, acting alone or in combination with other immune stitaula
(Harris et al..2012).Moreover, the reduced form of HMGB1 coordinates tissue regeneration
whereas disulfidéiMGB1 triggers and sustains inflammation via th&R#/myeloid
differentiation’ factor2 (MD-2) and RAGE receptors, but it is not involved in tissue
regeneratiorf(Tirone et al. 2018).HMGB1 also activates RAGE but the binding potency of
each isoform for RAGE is yet to be knoWalkeret al. 2017).

A diverse range of extracellular binding partners of HMGB1 has been reportethiand
includes RAGE, TLR9, TLR4, TLR2, integrin, synuclein filaments, proteoglycarellT
immunoglobulin‘and mucin domain (THY), triggering receptor expressed on myeloillsee

1 (TREMLI), ‘cluster of differentiation 24 (CD24),->XGC chemokine receptor type 4
(CXCR4) and NmethyltD-aspartate (NMDA) receptor (NMDAR[Kang et al. 2014)
However, RAGE and TLR4 are the two important binding partners that have beentedplica
in HMGB1 signaling as well as being studied extensively in epileptic condi{fidasoso et

al. 2010a, Maroset al. 2011). HMGBL1 is predominantly fully reduced within the cell but
can also be oxidized via reactive oxygen species (ROS) upon translocation tamfhasayt

or postextracellular release. Release pattern of HMGB1 from cells has been hypothesized via
two distinctmechanisms: either from cells undergoing necrosis but not apguosecreted
actively from cells after inflammatory cytokine stimulati¢fian et al. 2007). Upon its
nuclear to"cytoplasmatic translocation during seizures, following tissuey,itiMGBL1 is
extracellularly=released and acts as a-ipflammatory cytokine(lori et al. 2013) The
hyperacetylated form of HMGB1 is the one that regulates transcriptiorevafrad pre
inflammatery cytokines, including HLB, via binding with TLR2, TLR4 as well as RAGE
(Bianchi & Manfredi 2009, Maroso et al. 2011).

Binding of HMGB1 with RAGE and TR4 elicits different responsesHMGB1/RAGE
signalling regulate cell growth, proliferation, and migration via activation wiitogen
activated protein kinasélAPK) and nuclear factor kapgaght-chainenhancer of activated

B cells (NF«B) pathways, whereadHMGB1/TLRs signalingmainly modulates inflammatory
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responsegDing et al. 2017). RAGE is a prenflammatory receptowhereasTLR4 is the
known HMGB1 receptor for cytokine productiofAndersson et al. 2018aHMGB1
demonstrates its biological activiby activatingTLR4 receptor, buevidence which support
the conceptf a critical role of HMGB1 induced TLR4 activation in disease pathogeisesis

lacking ornetsubstantiéBranceMadeira & Lambrecht 2010)

. Mechanistic insights ofHMGBL1 in epileptogenesis Insights from animal models
Inflammation induced viaeveral brairdisruptingevents such as trauma, stroke and infection
are associlatedith epileptic seizuregPitkanen & Sutula 2002HMGBL1 is one of the most
influential prainflammatory cytokines and activates inflammatpathways by stimulating
two principal receptors RAGE and TLR4(Weber et al. 2015), andactivation of these
receptorshave been implicateéh epileptogenesis as depicted in FigureThis process
appearso be mediated by RAGE and TLR4with evidence in particular of activation of
HMGB1/TLR4 axis in experimental and human epile@syd ictogenesis(Maroso et al.
2010a).

HMGB1/ RAGE/TLR4 Signaling
% II\IGBI
e dﬁ“s
Epileps% 4 ;

:-TI o -

IL-1p/ NF-k B 4 /V NN

g 7

NMDA tptors | [ Hyperexcitability
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Fig.2. HMGB1-TLR4 signalingin seizure generation(Paudel et al. 2018a)

HMGB1 when released from glia and neuronal cells in the CNS activates its principal
receptors (TLR4and RAGE). Activation of HMGB1-TLR4 signaling axis leads to the
phosphoryl atiofvef the NR2B subunit and the potentiation of NMDA-mediated Ca®" influx
into neuronsxAs welk as, similar effects are also induced in neurons by IL-1B, released in contact
with HMGBLI by glial cells during brain injury. Nevertheless, seizure generation and recurrence
are dependent on activation of NMDA receptor (Andersson & Rauvala 2011, Balosso et al.
2014).

HMGBL1, high-mability group boxl; RAGE, receptor for advanced glycation end products;
TLR4, Toll-like receptor 4

In additionginereasebkvels of preinflammatory cytokines (L1, TNF-o, HMGBI1, S100p)
and downgeam inflammatory mediatofprostaglandingand the comgment system) have
been documented in epileptogenic tissues obtained patents withdifferent epilepsy
etiologies (Vezzani & Friedman 2011, Aronica & Crino 2011Moreover, the pro-
inflammatoy effect of HMGBL1 isdependant omctivation of NF«kB or other pathways that
promote chemotaxis and the production of cytokifleset al. 2016). NF-kB regulates
immunesand.inflammatory respossand is also one of therucial downstrem transductia
molecules irthe TLR4 and RAGE signaling axiXie et al. 2013).

IL-1 is a family ofpro-inflammatory cytokines and mediatesate immune responsed IL-

1B from the family is the one extensively investigated against epilepsy (Webster et al. 2017)
The impact of IL1R/TLR signaling in epileptogenesis, characterized by neuronal
hyperexcitability which might be provoked by -1 and HMGBI1 provides insight into how
IL-1R/TLR4 _signaling might  contribute in seizure generation after induction of
inflammatery=cascadeflori et al. 2017). Activation of IL-1R1/TLR4 axis in recepter
expressing=neurons promotes excitotoxicity and seizures through enh@&atirigflux via
NMDA receptors(lori et al. 2013, Balosso et al. 20128 well as might be a potential target
for disease'medifying effectsocal CNS injury, or even a peripheral inflammatory challenge
such as an infection, leads to thativation of microglia, astrocyteand neurons in the brain
Thesecells therreleasepro-inflammatory cyt&ines such as H1p andHMGBL, that further
initiate a sequencesf inflammatory events in the @et cells (neurons and glia) through

activation of I-1R1 and TLR4(Vezzani et al. 2011) Transcriptional activation of
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inflammatory genes in glia migiplay a role inthe perpetuation of brain inflammatievhich

in turn resuls inthe geneation of individual seizures via lowering the threshold of neuronal
exdtability. This seizure exacerbation further activates inflammatory cascades via
establishing a feedback of events that contribute to the development of efiigego et

al. 2011)"A-role’for HMGBL1 in mediating the activation of glial cells in epilepsy has also
been unraveled, by mechanisms including the TLR4RFsignaling axis. In a coriaria
lactone (CL)induced epilepsy model, CL was found to increase the levels of HMGB1,
TLR4, RAGE, NFkB p65 andinducible nitric oxide synthases (iNOS) in human microglia
(HM) cells. Immunohistochemical staining suggested the nuclear to cytoplasmic translocation
of HMGB1,in _neurons and glial cells and reported its release into the extracellular space.
HMGB1 contributes in epileptogenesis mainly through microglial activationhéylt R4
NF-«kB signaling’axis activation (Shi et al. 2018) In aPicrotoxin/low Md" entorhinal cortex

(EC) slice model]L-1B and HMGBI1 favor ictatlike discharge production whereas in focal
seizure model or-aminopyridine (4AP) model it lowered ictdlike discharge threshold. In
4-AP model, C& imaging experiments demonstrated that NMDA pulse applied-ig ind
HMGB1-treated sliceswoked a higher activation of neurons and astrocytes as compared to
salinetreated  slices. L1 or HMGBI might decrease ictal frequency by elevating the
sensitivity of neurons to NMDA thus causing a greater recruitment of neurons intititie
episode 6NMDA receptormediated excitation in a local circuit. These result signifies that
IL-13 and HMGBI1 can greatly exaggerate the generation of epileptiform activities
(Chiavegatcet al. 2014).

Maroso andsecelleagues were the pioneershed light on the contribution of HMGBL1 in
epileptogenesisThe studyelaborate the natur@f HMGB1/TLR4 signaling its intracellular
signaling, @nd“the contributioof HMGB1/TLR4 axisin kainic acid(KA) and bicuculline
models ~of “epileptogenesisThe eévated level of TLR4 and HMGB1 expression were
observed in neurons, astrocytes, and microglia in the rat hippocampus as well as in human
hippocampus from intractable temporal lobe epilepsy (TLE) pat{&tasosoet al. 2010b).
Taken together,.these findingaggesthat TLR4 and, at a more downstream level, NMDA
receptors.contribute tathe preconvulsat action of HMGB1 and suggest the plausible role
of HMGB1-TLR4 signalingin the development and perpetuation of seizurgsvever,the
precisemechanism behind thepilepbgenesis remained enigmatof note mice lacking
TLR4 or RAGE were less prorte developingepilepsy which suggesthat HMGB1 is

implicated in epileptogeneses well as ictogenesia a TLR4dependent way. Moreover,
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antagonist of HMGB1 and TLRetard seizure precipitation and decrease recurrence of acute
and chronic seizur@aroso et al. 2010a)nplicating HMGBXTLR4 axis as an emerging
target against epileptic seizureBIMGB1 has gained increased attention after this findings,
and numerous investigations focusing on the involvement of HMGBL1 in epileptogenesis has
been emergingn recent day. A recentstudy using intrahippocampKIA to induce a model

of mesialTLE reported thathe role of RAGE irseizures appears to be less prominent than
that of TLR4."This statement was made on the basis of the signifieenéase in KA
seizuresngRAGE knock out (KO) mice, whereas no delay in seizure onset was detected in
TLR4 KO mice(lori et al. 2013) Further, the proictogenic effect of exogenoteghplied
HMGB1 was reduced to a greater extent in RAGE KO compared to TLR4 KO mice.

One mechanism by which HMGB1 and other inflammatory mediators may exes¢igtoe
effects may.be.via BBB disruption. TB8B is important in establishing and maintaining the
microenvironment of the CNS that permits proper neuronal fun¢timbneret al. 2018).
Several vasoactive or inflammatory compounds, which inslbdsdykinin, complement 3a,
adenosine~triphosphat&TP), histamine and serotonin from mast cells, interleuklh,
arachidonic acid and its metabolites, interfe(bfN) alpha and beta, prostaglandifi¥G),
and tumor necrosis fact¢fNF), have all beemeportedto alter BBB permeabilitfOby &
Janigro 2006).The major players in the synthesis of these inflamongatompounds are
brainresident cellsnamely activated microglia, astrocytes, and neur@Dsvinsky et al.
2013) Invadng peripherally-derived leukocyteare also posited tplay a key role in
epileptogenesis, especiaillshen the BBB permeability is disrupt@dabeneet al. 2008).Pro-
inflammatary=smediators can induce and sustain BBB breakdown by modultteng
endothelialitight junctions and the basal membeswell aghey might contribute in seizure
activity by /modulatingexcitability and seizure threshoiil epileptic conditiongDevinsky et
al. 2013;"Abbotet al. 2006).1t is not surprising that BBBermeability exhibits an important
role in the pathogenesis of epilepsy (Oby & Janigro 20BBB disruption during epilepsy
might allow HMGB1 ad other inflammatory cytokines to intrude into the brain and
aggravate aeizure.Disruption in BBB architecture cacontribute to the development
epilepsy after SE through direct mechanism (neuronal depolarization thia influx of
potassium) or tliugh a sequelae of events aggravégdeakage oberum proteins leading
to activation of glial cells imparment in potassium buffering, inflammation, and
synaptogenesig¢Gorter et al. 2015). Ater proconvulsant (pilocarpineadministrationin

mice, releaseof HMGBL1 into the CNSandperipheral bloodstream was found to contribote t
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the induction of BBB disruption arattivation of inflammatory mediators leading to epilepsy
(Fu et al. 2017).

In spite of growing advances our understanding diMGB1, not much is known about its
precise mechanijsm in the development of epileptogenesis. But there is aggnotiamthat
HMGB1 might play rolein the development of epileptogenesis, maitigruptionof BBB
and induction of inflammatory processes. In an experimental model of pilocanpineed
SE, therewas.a significant increment in the leaksig&vans Bluein the thalamus and
hypothalamus_regionsdicating BBB disruption Administration of recombinant human
HMGB1 promotedEvans Bludeakagefurtherin a dosedependent fashigmwhich suggests
that HMGB1"promotes the BBB breakdown in an epileptic state (Fu et al. 2017).

The putativerole of HMGBL1 isoforms in epilepsy iscreasingly beingstablished antas
beenwell reviewed earliefRavizza et al. 2017Recent evidence, however, also suggests an
associatiorbetween oxidative stress and neuroinflammation in the gémettthe disulfide
HMGB1 isoform Precisely, oxidative stress during epileptogenedmsgisly associated with

de novo brain and blood generation of disulfide HMGRRaulettiet al. 2017).In addition,

the comhination of antxidant drugs N-acetytcysteine and sulforaphaneyvhen
administeredstosepileptic rateducedthe onset of spontaneous seizures, inhibdsgase
progression and delayed seizure frequency, exatsoprotective effects dnameliorated
cognitiveimpairmentgPauletti et al. 2017)These results implicate that tkembinatioml
drug inhibited the generatiasf disulfide HMGB1,via the reduction of oxidative stresbus
suggestingaspotential novetherapeutic approachMoreover, others haveeportedthat the
acetylated; disulfide form of HMGBL is responsible for the detrimental inflammatory effects
of epilepsyin“animal models of mlepsy (Walker et al. 2016)HMGBL1 in its oxidized
(disulfide)’ form, most likely determed by the redox state of the extracellular milieu,
potentiates NMDAmediated calcium (G& influx in pyramidal neuron cell bodiedy
activation of neuronal LR4 colocalized with NMDARsSHMGB1-TLR4 axis triggers neutral
sphingomyelinase and Src kinases activities, and the phosphorylation of the NMDAR subunit
2B (Balossoetral. 2008) This rapid onset of postanslational pathway underlies HMGB
NMDAR interactiors, leading to intracellular Gaincrease and contributing to seizures and
cell loss (Balosso et al. 2014)Necrotic cell death leads to the passive release of
nonacetylated HMGB1Disulfide HMGB1 binds and signals via TLR4 and induces-pro

inflammatoryand neuromodulatory effects through activation ofd§KYanget al. 2012).
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A plausible role of HMGBL1 in epilepsy of défent etiologies imow advancing. Mesial LE

is known to be the common refractory focal epilepsy syndrome which usmadlyges during
childhood. Some of the key pathologiaaharacteristis including neuronal loss, axonal
sprouting and synaptic reorganization of hippocampal structures, which arehalso t
pathological=basis of refractory égpsy (Toller et al. 2015) Activation of HMGB1/TLR4
signaling has been implicated in the pathogenesis of mesial TLE though the precise
mechanism still 'remains elusivin a pilocarpineinduced animal model of mesialTLE,
guantitative real timgolymerasechain reaton (qRT-PCR) and western blot findings
demonstrateda, significant elevationof HMGB1 and TLR4 gene expression ihe
hippocampal _tissues as compared to the control group. Moreover, ehaietke
immunosorbentiassay (ELISA) from neuron cultun@esnatants foundhat exogenously-
applied HMGB1 increased Il and TNF-a levels in hippocampal neuronéyang et al.
2017).Focal cortical dysplasia (FCD) is one of the major causes of refractory epilepsy and is
the most common kiopathological type in children with lesional epilegByimcke et al.

2009) Western blot analysis revealed that HMGBL1 protein expression in the cytoghasm
TLR4 protein.expression in FCD lesion tisstem FCD type Il patientsvas higher than that

in pertFCD, tissue. MyD88 protein expression levels normalized to TLR4 in FCD $esion
were higher than those in p&fCD tissue Moreover, the expression ratio of K63
polyubiquitin.ehain to TRAF6 was increased in FCD lesion tissumpaoced to that in peri

FCD tissue. These findings suggested that the HMGB1TLR4 pathway was upregulated

in the neurons and astrocytes inside FCD type Il lesions, and the upregulation of HMGB1
TLR4 led to an increase in the release of downstrearmfleanmatory cytokinegZhanget

al. 2018) Febrile seizurg¢FS) isthe most common form of childhood seizure occurring-in 2
5% of children_younger than 6 yeaswon et al. 2018) Though HMGB1 has not been
directly implicated in the pathogenesis of FS, elevated levels of serum HMGB1 along with
cytokines (IL-18,/1L-6, IL-10, IFN-y and TNF-a) have been reporteth patients(Choi et al.

2011) Thesefindings implicatthat HMGB1 and the cytokine network migiisocontribute

to the generation of FS in children. Taken together, these findingsort the ofervations
made initially, in experiment models, that HMGB1 and its recegRASGE and TLR4) levels

are increaset,epileptic tissue and may play a role in the development and perpetuation of

epilepticseizures.

. HMGB1 dynamics during epilepsy
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Understanding thdynamics of HMGBL1 translocaticand activityis an important factor that
will be helpful in assessing the disease pathology. Arrays of studies have repeateatiy repo
the release of HMGB1 from nucleiinrangeof neurological disorders including epilepsy
(Sunet al. 2018, Angelopoulowt al. 2018, Fu et al. 2017, Zhab al. 2017).The nuclear to
cytosol translocation of HMEB1 and its release from neural cellsassociated with post

translational modificationand is implicated in the epileptseizure generatioffFigure3).
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Fig.3. HMGBL translocation during epilepsy

After pro-convulsant administration there is a translocation of HMGB1 from nucleus to
intracellular space and surrounding areas resulting in disruption of BBB and activation of
inflammatory mediators. HMGBL1, high-mobility group box1; BBB, blood-brain barrier.

Current understanding of tldynamicsof HMGB1 in epilepsyremainlimited. Evidence of
HMGB1 translocatiorafter different preconvulsant insu#t (KA, PTZ, and Pilocgine) are
summarized ir{Table 3 and elaborated in text belowhis translocated HMGBL1 participates
in the series of events leading to seizure generation with the interaction with ZAGH
etal. 2011) or TLR4 (Maroso et al. 2010b).
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The concept of HMGB1 postanslational modifications has been advanced in the context of
epilepsyrelated hyperexcitabilitylmmunoprecipiation (IP) of neurons exposed to KA
excitotoxicity revealed that HMGB1 was acetylatedohosphorylated and ubiquitinated
implicating that posttranslatonal modifications after KA administraticsaused HMGB1 to
dissociate from" chromatin DNA and promoted litdease into the extracellular setting
Moreover,, HMGB1 modulatesthe expression level of glutamate metaboliassociated
enzymes in epilepsselated hyperexcitabilitypostulating that HMGBL1 sitaling contributes

in generationof epileptic seizuregKanelo et al. 2017). A similar line of evidencewas
reported which.documented the expression level of HMGBL1 in epileptic and control group at
an interval of 24 and 72 hr. In a KiAduceal epilepsy modeHHMGB1 expression leveh the
epileptic group was lower as compared ¢ontrol group (p < 0.05) at 24 h aimmtreased
compared to theontrol group at 72 (p < 0.05).As well asin vivo analysis discovered a
nucleusto-cytoplasm translocatiosuggestingthat HMGBL1 is widely distributed in the
cytoplasm in the epileptic group while HMGBL1 is confined to the nucleus in control group
(Huanget al. 2015).

Similarly, in anexperimental febrile SE (eFSE)ode|] HMGB1 waslocalized insidethe
nuclei of cells'incornu anmonis (CA1l) neuronsof controls After 1 and 3 h ofeFSE,
HMGB1-IR"appeared in the cytoplasisuyggestinghe translocation of HMGBIMoreover,
cytoplasmic HMGB1 was abseP h after eFSENd ro differencesn hippocampal HMGB1
MRNA levels werereportedat any durations.Finally, mRNA expressionof TLR4 was
elevated significantlat 24 h after eFSEndnormalized tdaseline levels 4 d after the eFSE.
This findingdmplicates a transietranslocation of hippocampal HMGB1 from the nucleus to
the cytoplasmbut not in microglia or astrocytéRattersoret al. 2015).Immunoblot analysis
suggest that"HMGB1 was induced in the CA1 and CA3 hippocampi regioA-imdGced
model, and it'pdeed twice aB h and 6 days aftdé(A administration. The significar@mount

of HMGB1 was accumulated in serum at 12 h go&twhich might be due tAHMGB1
release due to KAnduced neuronal deaifbuo et al. 2014). Immunéfluorescence staining
study reveals that pilocarpine administrati@ausedHMGB1 translocatiorfrom the ruclei,
resulting'in thdow HMGB1 fluorescence intensity in the nuclei and an increasadmber of
released HMGB1 particles. These findings support the notion theae is HMGB1
translocation andeleasen the CAL ad cerebral cortex area duriragn acute epileptic state
(Fu et al. 2017)In a KA-induced C57BL/6mice, expressionlevel and distribution of
HMGB1 after KA induction suggest thtdMGB1 immunoreactivity wasnostly located
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inside the nuclei of the pyramidal neurons in the normal group. Moreover, in the stratum
radiatum (SR), stratum lacunosum (SL), and stratum molecularg, (&Mentralized glial
cells with nuclear staining andeurons with both nuclear andteglasmic staining we
visualized On the other sidegytoplasmic stming of HMGB1 was significantly elevated
increased In“the pyramidal neurons in an epileptic group. In addition gligheells wih
nuclear staining, glial cellwith nuclearand cytoplasmic staining @8R, SL, and SM of CA3
regions were reported. These findings corroboratiaéonuclear to cytoplasmic translocation
of HMGBX in neurons and glial cells and postulatedetease into the extracellular setting
(Chen et al. 2015). Precise understaing on the dynamics of HMGB1 release and
translocationafter preconvulsant insult willstrengthen the knowledge evaluating the
therapeuti¢’efficacy of HMGBL1 inhibiting agent which probably inhibits the traaséoc of
HMGBL1 from nuclei into the neighboring areas.

6. HMGB1-targeting therapeutic agents in epilepsyAn Update

Several strategies forthe inhibition of HMGB1 have been explored.h@&y range from
HMGB1 antagonist capable ofinteracting with RAGE, smalltmolecule inhibitors of
HMGB1,-antrHMGB1 antibodies (Ab), peptide and protein inhibitors of HMGRihd
oligonucleotidebased inhibitors of HMGBIMusumeciet al. 2014). Therapeutic frategies
that target HMGB1 with specifidb or antagonists have a potential fomimizing epileptic
seizure characterized by excessive HMGB1 reledd$evertheless, the appreciable outcome
has been achieved from experimental studies targeting extracellular HMGB1 only-by anti
HMGB1 monoclonal antibodies (mAb) and HMGBL1 inhibitors against epil€palle 3. In
addition hielegical agents including artiIMGB1 Ab, the recombinant A box peptide
antagonist and. Glycyrrhizin (GL)a naturallyoccurring HMGB1 antagonist derived from
licorice rooty=are worthy of beingexplored against epilepsy as they can inhibit HMGB1
released by both activated macrophages and necros¢@ekrd 2007).

6.1Anti-HMGB1 mAb

Anti-HMGB2 mAb has emerged as a nowglproach against several HMGBdediated
pathologiegSasakiet al. 2016, Liuet al. 2007, Okumaeet al. 2012).To date,anttHMGB1
Abs havebeenused mainly to confirnthe contributionof HMGBL1 in several pathological
conditions,and the efficacy of its inhibitiofNishibori 2018) The therapeutical potentiaif
anttHMGB1 Abs has already been demonstrated a rarge of HMGBZXmediated
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pathologies includingxperimental arthritigSchierbecket al. 2011) brain infarction(Liu et
al. 2007) brain edemgNosakaet al. 2018) and BBB permeabilitZhanget al. 2011).
Nevertheles, very few studieto datehaveevaluated a potential role ohitHMGB1 mAb
against differenimodels of epilepsy and reported noteworthy outcomes.

In a pilocarpinenducedseizure modeljntravenous (i.v.Jadministration of anttHMGB1
mADb exertgprotective €ects on neuronal apoptosis, in association with lslgekf HMGB1
releasepreventing thé8BB disruptionand inhibition of iflammation induced by pilocarpine
(Fu et al. 2017)The reported antpileptic effect of atHMGB1 mAb might be due to the
inhibition of BBB rupture, iflammatory responses, and neuronal cell death. Moreover, anti-
HMGB1 mAb™treatment was sufficient teuppressacute SEinduced translocation of
HMGB1 into/the peripheral settinFu et al. 2017). The overall result suggests &k
HMGB1 mAb.therapy might provida novel strategy for preventimgpileptogenesis.

The similar line of evidence was reportedanotherstudy incorporating bothacute and
chronic seizure model Anti-HMGB1 mAb treatment attenuates maximgectroshock
(MES) and pentylenetetrazol (PTZ) induced acute seizumss well as inhibits the
translocation| and/or release of HMGBMh astrocytes and neurgnss evidenced by
demonstration-of HMGBtonfined to cell nuclei(Zhao et al. 2017But anttHMGB1 mAb

did not demonstrate any aseizure effect on TLR4 KO micgvhich supports a notion that
the HMGB&ETER4 regulatory axis contributes to ictogene&bfao et al. 2017)The anti
seizure effect of artHMGB1 mAD in the KAinduced seizure model and in the brain slices
obtained fromesurgical resection dinically drugresistant human patients suggtsit anti
HMGB1 mAb exhibitssignificant clinical therapeutic value for patients with medically
refractory TLE(Zhao et al. 2017)A limited number of stuiés have alsodemonstrated the
neuroprotectie role of aniHMGB1 Ab in neuronal damagand inflammation afteBE. In a
KA-induced model of SE, ariMGB1 Ab demonstrated dosgependently inhibition othe
MRNA expression of LB and TNFa, microglial activation, and neuronal damage
implicating_its_neuroprotective potential. Buisistudy dd not report antepileptic activity

of antitHMGBI"Ab (Li et al. 2013).

The therapeutieiaction of artiMGB1 mAb against epifgsy has been reported to initiate at 1
h and lasted until 24 indicating that the mAb have a potentials for cliniegilepsy
treatmentMoreover, the antepileptic potentiabf anttHMGB1 mAb on the human epileptic
brain slices has not be washed out implicating thattiGB1 mAb binds solidly with
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HMGB1 solidly and has promising potentially letgym antiepileptic activity(Zhao et al.
2017).In regardsto the safety profile of antiMGB1 mAD, it only targets the activated
translocatedHMGB1, and evenin a high dose (25 mg/kg in mice) did not show any
impairment inbasic physical functions, body growth rate and thermoreguléZibao et al.
2017).

However,the Abbased strategly target HMGBL is limited by issues suchtlas probability

of conformational switches in thertiary structure of the Alsecognized regiofMusumeci et

al. 2014).4n spite of thagntrtHMGB1 mAb demamstrated enougpotentialand spedicity

for therapyandhas good drugbility with wider therapeutiovindow, exhibiting enermous
justification,_for/ the further development of this aHWIGB1 mAb for the clinical
management/ of. epilepsyrhus the development of human mAbs against HMGB1 and
evaluation ‘of their efficacy againseveral experimental epilepsyodels should be the

objectives of the future research.

6.2HMGB1 inhibitors

A widely studied smalinolecule inhibitor of HMGB1is GL, investigated in a larggumber

of HMGB1-mediated conditionsand reportedto inhibit extracellular HMGB1 cytokine
activity (Musumeci et al. 2014)GL (20p-carboxyl-11-o0x0-30-noroleah?-en-3p-yl-2-O-
D-glucopyranuronosyf-D-glucopyranosiduronic acid) is the main bioactive component of
Glycyrrhiza radix. GL is reported as ratural antinflammatory compound@ompared to @
anttHMGB1 mAb (Sun et al. 2018) Earlier studies have documented that GL has a
potential towbind directlyto both HMG boxes in HMGB1, thereby demonstratiig
neuroprotective effecim a wide variety of neurological diseagéonget al. 2014).GL has
exhibited protection againstaumatic brain injury (TBI) via inhibition of HMGBRAGE
interaction(Okuma et al. 2014), experimental autoimmune encephalomyelitis (EAE) via
inhibiting HMGB1 expression and neuronal HMGB1 releféSen et al. 2018)and focal
cerébral ischemigGong et al. 2014)ntracerebroventricular (i.c.v.) injection &fA-induced
seizure inmice reported translocation of HMGBL1 frothe nucleiof neurons and astrocge

by 3 hipostKA injection. However, GL lowered the expressionof HMGB1 in the
hippocampusand also decreaséd release into serum aft&A seizuregLuo et al. 2014)In

a similar experiment, other have also reported tGat administration attenuates the KA
induced neuronal death in the CA1 and CA3 hippocampus region, which corresponds with

decreasem the severity and duration dfA-inducedseizureqLuo et al. 2013).In additian,
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GL protects rat hippocampus and olfactory bulb from oxidative and inflammatorygdama
induced by pilocarpinevia inhibiting IL-1B and TNF-a in an experimental model of SE,
although no antiepileptic properties were reported this study(GonzalezReyeset al.
2016).Recently,GL attenuated neuronal damage and altered disease progressi&it fmst
inhibiting®= HMGB1 activity and its translocation, and protected BBB integrity in a
experimental SE model induced by lithium-pilocarp(bieet al. 2018).

Surprisinglys.the.current state of knowledge on the-apiieptic potential of GL via targeting
HMGB1 in any.seizure model still lacking. Being apharmacologicainhibitor of HMGB1,

GL has repeatedly demonstrated the suppression of HMGB1 expression in ranges of
neurological'disorder@eonget al. 2018, Cheret al. 2017) In this regardGL deserves to be

exploredfurtherin several aute and chronic seizure models.
6.3Miscellaneoustherapies targeting HMGB1

HMGB1 has.been used as a target of interest in few studies, where the molecules have
demonstrated.angpileptic effects via inhibition of HMGBIBox A (a competitive inhibitor

of endogenous HMGB1 Ifenprodil (NR2B antagonist) andhe TLR4 antagonist,
lipopolysaceharide fromRhodobacter sphaeroides (LPSRS) demonstrated theiseizure
retardingpetential in a range of seizure magl@aroso et al. 2010b)n spite of reported
beneficial aetivities obox A in multiple experimental models, itaechanism of dmon has

not been yet fullyunderstood Since lbx A is a fragment b HMGB1, the common
understandings that either it binds to HMGB1 receptors without activating them, or
activating them very weaklgpVenereau et al. 2016pimilarly, LPSRS when administered

15 min before KA and Bicuculine in acute symptomatic seizures and SRS enmodes,

delays seizuresonset, seizure number, and total duration and delay SRS numberl and tota
duration. respectivelyifenprodil blocksHMGB1 and IL-1B and reduce the SRS number and
duration=in=a=model of SRS (Maroso et al. 2010Jd)ese results suppothe notion that
HMGB1-TLR4 contributes to the seizure generation and severity. TherégferdiMGB1

and TLR4"antagonist can effectively block seizge@eration and seizure sevelitya range

of experimental models

P-Glycoprotein P-gp), known as anefflux transporter protein encoded imltidrug
resistancel (MDR1), is a component of the BBB and reportedly highly associated with
inflammation in the epileptic brain. HMGBL1 is implicatedthe upregulated expression of P

gp in the epileptic brainin the KAinduced seizure model, HMGBIpregulated the
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expressiorevel of P-gp, TLR4, and RAGE in bEnd.3 cells as detected by western blotting.
Similarly, pretreatment withBox A, LPSRS,FPSZM1 (RAGE antagonist) and SN50If-

kB inhibitor) attenuated HMGBInduced upregulation of Pgp in bEnd.3 cells indicating
that TLR4,RAGE, and NF«B play important roles in HMGBI1-induced overexpression of P

gp (Chens etmal: 2015)This findings pave the wajor future elucidation of thenovel
mechanisms underlying the overexpression ejpPinduced by seizure activitiegnd
implicate that pharmacological intervention targeting HMGB1, TLR4, RAGE, araBN
could be effetve against DRE

Micro RNA'(MiRs) have alsoemerged as key playsthat regulateseizureinduced neuronal
death andheinnate immune response in the modulation of astrexgdiatednflammation
(Liu et al. 2013).In an experimental model of autoimmune encephalomyéhts-related
epilepsy, MiRs-129-5p preventshe development of Afelated epilepsy via targeting
HMGB1 expression and inhibiting TLR4/NEB signaling axis Inhibition of HMGB1 by
MiRs-129-5p"has been suggested framiferase reporter gene asgaiu et al. 2017) These
results pavertheway in utilizirgingle stranded RNAs thaargetHMGB1 which can provide

apromising contribution in regards to thaure treatment oépilepsy andelated diseases
. Future perspective of HMGB1

The significancef targeting HMGB1 has beepported in severaliseases, but considerable
efforts are stillrequiredbefore it can be precisely targefed anynovel therapeutistrategies
with clinical applicability (Venereau et al. 2016)Pharmacological maulation of the
HMGBI1-TLR/RAGE signaling axigvith receptor antagosts or inactivating Abmight also
represent @ potentlg novel antiepileptic strategyDevelopng a novel therapeutic approach
for targetingdMGB1 requiresa deepeunderstanding about its signaling pathways ted
precise .mechanissninvolved in HMGB1 mediated disease patholodiurther research
should ber dedicatedo creating more robust assays to evaluate functional bioactivity of
HMGB1 antagonists (Andersson et al. 20184preover,a rangeof HMGBL1 inhibitors such

as ethyl pyruvate and salicylic acid should be evaluated for their therapeutic effgzangt
epilepsy.sin addition, future research should be inwita developing more powerful drugs
that inhibit HMGB1 release, directly bind with HMGB1 atitat impedethe binding of
HMGBL1 to its receptorsMoreover,future HMGB1 antagonist should be designed in a way
that it would selectively block to harmful disulfide isoform of HMGB1 overcoming
limitation of currently available HMGB1 antagonist which binds to all the three isoforms of
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HMGB1 (Andersson et al. 2018dp addition it is equally important to investigate either one

of the HMGB1 isoform dominates or regulates the activity beéoisoformgGaskellet al.

2018) which is essential to elucidate the importance of HMGBL1 in epileptogenesis and to
design HMGB1targetedherapies that specificalfpcus each HMGBL1 isoform.

It is worth 'noing that in spite othe encouraging results demonstrated by HMGB1 inhibiting
therapies ‘against epilepsy in experimental studies, no appreciable clinical outcoyet has
been reportedn.order tatranslate the usability of HMGBL1 as a targetlimical setting the
development_of. a human monoclonal antibddyAb) against HMGB1lis essentialand
further assessment of its efficaggt onlyagainstepilepsy but also against epilepsyduced
cogntive dysfunction is an unmet clinical need Anti-HMGB1 mAb have demonstrated
encouraging results and should be studied extensively as theg tiaease modifyingong-
term antiepileptogenic effectas evideh by a reduced seizure frequen@nd improved
cognitive functionsn experimental studie§Zhao et al. 2017)However, developingovel
therapeuti¢'strategs that couldreguate intracellular HMGB1 dynamics must st@ivait a
precise understandingf intracellular HMGB1 functionsRecent progress in understanding
the fundamental biology of HMGB1 under physiological and pathological conditions will
eventually provide headwaytowards developng antiepileptic strategies targeting
extracellularHMGBL1.

On a pressing=noiefuture investigatioa should focus to establisHMGB1 as a target for
epilepsy andrelated comorbidconditions that sharea bidirectional relationshipvith it;
namely cognitive decline, depression, anxiety, autism and schizophifeaialel et al.
2018b) Among ths array of comorbid conditions, cognitive dysfunction stands out as being
highly associated with persons with epilepsy (PWE). Moreover, HMGB1 has beécateq!

in memory impairmenby mediating the effects of RAGE and TLiMazaratiet al. 2011).

An earlierstudy alarmingly revealedthat one half of PWE exhibit cognitive dysfunctions
(Jensen 2011inp.one or more domains, including learning, memory, attention, and executive
functioning, thoughmemory impairment is the most commg@hlendorfer & Arida 2018)
Currently, there is nantiseizure drugsvailablewith dual effectsthat can retardseizure
frequencyras well asnproveassociatedognitive dysfunction Moreover, current AEDare

also reported to produce cognitive declimeaddition to its main role of minimizing seizsre
(Cavannaet al. 2010, Lagae 2006)This represent@n immediate need to ameliorate the
cognitve décit experienced by PWE Notably, there is &nowledge gap in terms of

understanding the relationship between epilepsy and cognitive deficits, andghahdgthe
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inflammatory response to grent epileptogenesis (e.g. WiMGB1 inhibition) could add
benefit of attenuating cognitive impairme®urprisingly,in spite of itsdemonstratedole in
epilepsy and cognitive dysfunctions, no study has repdneeglausible role of HMGBL1 in
epilepsyinduced cognitive decline. Hencan immediate task would be to investigate
plausible=role~ofthe HMGB1 protein in epilepsy induced cognitive declimehich would
further pave the wayowardsdesigningtherapy that would improve the quality of life of
PWE by ameliorating cognitive declin#s worth noting that, recently aftiMGB1 mAb
preventedgcognitive dysfunction induced by TBI implicating the role of HMGB1Bh T
induced cognitive declin@Okumaet al. 2018).In this regard, HMGB1 might be a suitable
candidateto, be/ modeled as a therapy that can retardefhieptic seizureas well as

amelioratescognitive decline

. Challenges of HMGBL1 as dherapy

The challenges, not onljie in understanding the release patteand downstream
consequencesf'HMGB1 activity, but also extends towards the targeting of specific HMGB1
isoforms.Tor date, the role of HMGB1 redox forms in the context of epileptogenesis remains
mostly unexplored, opening promising new avenues of investigation inetisThe design

and development of isoforspecific HMGBL1 inhibitors might exert pharmacological control

of inflammationrelatedneurological conditions like epilepsy (Venereau et al. 2€i@)gh it

has not heen yet developed. Blocking disulfide HM&fivated cell signalingnight
mediate significant effects in several epilepsy modaAks.all-thiol isoform of HMGB1
demonstrated tissue protective role during inflammation, injury, and regenernatis
challengingwaswwell as desble to design specific HMGB1 antagonists that do not
simultaneouslyinterfere with healing and the resolution inflammation (Andersson et al.
2018a) Moreover, the chemical makeup of HMGBL1 itself seems to be a challenge in
developing HMGB1based therapy as different isoforms behave differdtfyalaveet al.
2015),as well"as different boxes of HMGB1 protein itself possess different actiwgyré 1

and Table1). Different facets of HMGB1 such as its metabolism, stability and biological
activity of breakdown products generated from extracellular proteolytic cleavage are still
intriguing. Though promising, HMGB1 as a therapy might be hinderssl td several
limiting factors such as safety issues, complexity of HMGB1 biology as well aslity &bi
interact with multiple signaling syster(idarris et al. 2012).
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Moreover, the current findingegarding heexpressionevel of HMGBL1 in epileptic subjects

is contradictorydeservingfurther extensive investigations. Number of studies have reported
an elevatedexpressiorievel of HMGBL1 in pilocarpine (Yang et al. 201&hd KA-induced
seizure models in immature experimental aninfieralesSosaet al. 2018)as well as in
clinical studies(Walker et al. 2014).0n the contrary, decreasédin HMGBL1 levels and
increaseglasma HMGBL1 levels have also been reported in pilocatpéaged micéu et al.
2017) which lends credence tthe idea that HMGBL1 translocateom cell nuclei to the
surrounding areas, including the bloodstream, after pilocarpine administ(&tioet al.
2017) Moreover, in a pilocarpine model of epilepsy, serum levels, but not brain levels of
HMGB1 was elevate@Walker 2015). The discrepancies in studies on the levels of HMGB1
after pro-convulsant administration in different typ# seizure models, leaves open the
intriguing possibility that the nature of HMGB1 might be dependent on the seizuré, mode
severity, or brain region, and this warrants further investigation. Moreovestetitfnotions

of HMGB1 have also emergdregardingtherole of HMGBL1 in disease pathogenesigt not
purely on ongoing seizurggValkeret al. 2017) Though ranges of clinical and experimental
findings reported HMGBL1 is implicated in the pathogenesis if seizure disghdi@rsso et al.
2010a) but,, either upregulation occurred as a consequence of brain insult, seizures,
epileptogenesis or the chronic epileptic state still remained poorly underdtagoksible
that there are.other, na@eizure related factors that are involved in the esprof HMGB1
during epilepsyWalker 2015) This reflects the need tonderstand the relationship between
seizure frequency and HMGB1 expression using differseizure model as well as an

extensive investigations relating HMGB1 with epilepsy.
. Summary and Conclusion

Current enthusiasm in exploring HMGB1 as an emerging target against epilepsy is
increasingThe study of HMGBL1 is a growing field with complex bioladmatdeservesnore
attention.Progress in understanding the precise mechanisms underlying the pathotgenic r
of HMGBL in_epilepsy isinstrumentalfor developing a treatment strategy with potential
long-term diseasemodifying effectsby targeting HMGB1.Considering therole of HMGB1

in the pathegenesis of epilepsy, the identification of HMGBL1 inhibitors andsessdiseir
antiepileptic effectscould have significant experimental ath clinical interest.The current
review conned the dots between HMGBL1 biology, its plausible contribution in the

pathogenesis of epilepsy and available HMGB1 blocking therapies.
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Herein, we have explored several insigint® the contribution of HMGB1 in epilepsy and
provided a perspective on the future development of novel treatmmlémtnative targeting

this extracellular proteinsuch as a specific antagonist against disulfide HMGB1. The
concepts discussed herein provide compelling evidence that it is crucial to havtera bet
understanding-ofiie molecular and cellular changes underlying epilepsy and to identify the
most promising HMGB1 based targets for aqileptic therapyOn a concluding notehe
current reviewbrings to lightthe concepof positing HMGBL1 as a novel and emergiagget
against epileptogenesiButure workelucidatingthe details of HMGB1 dynamics, structure,
postiranslational modification, and exploration of additional partners will undoubtedly

unravel additional facets regarding HMGB1's multiple functions (Kang @0a4).
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S.N. Name Schematic overview

Description

References

1. Fully reduced (Fr) - —ee —h ] —
HMGB1 | | |
SH SH SH
2. Disulfide*(Ds) S S
HMGB? | |

— Cy3 ™= (Cs5 |=== Cigop ‘==

SH

HMGB1 with no posttranslational modifications

Thiol group is present on each of the cysteine residues
Possess cell migratieinducing activity

Lacks cytokine-inducingctivity

No HMGB1-TLR4 mediated cytokine production

Contain disulphide bridge between C23 and C45 and a
reduced C106 residues

Is a TLR4 ligand

Lackscell migrationinduced activity

Possess cytokineducing activity

(Antoine et al.
2014,
Anderssoret
al. 2018b,
Frigerio 2017)

(Aucott et al.
2018a, Frigerio
2017)

Table.1. Description of redox HMGB1 with their biological activity
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Sulfonyl (Ox)

All the cysteine residues are terminally oxidized (Aucottet al.
HMGB1 Lacks both cell migratioinduced activity and cytokine- ~ 2018b, Frigerio
w— C2z ™| Cs5 |===| Ciop |=
| | | inducing activity 2017)
S03H SOsH SOsH No HMGB1-TLR4 mediated cytokine production

HMGB1, high mobility group box 1; TLR4, Tollke receptor
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Table 2. Summary of studies reporting HMGB1 translocatiorpattern after different pro -convulsant insult

S.N. Model Observation Detection References
method
1 Pilocarpine- HMGBLI translocation and release occurred in thelmmunofluores (Fu et al.
induced SE CA1 and cerebral cortex regions cence staining, 2017)
| HMGBL1 levels in the brain antHMGB1 level Western blot
in plasma in mice and ELISA
2 PTZinduced HMGBL1 was activated, translocated and releasedmmunohistoch (Zhao et al.
seizure from nuclei in epileptic group emical Staining 2017)
HMGB1 was localized in the nuclei of neurons and
astrocytes in control group
3 KA-induced HMGBI1 was substantially increased in the Immunohistoch (Chen et al.
epilepsy pyramidal neurons in epileptic group emical Staining 2015)
HMGB1 immunoreactivity was detected mostly in
the nuclei of the pyramidal neurons in control
group
4  KA-induced Expression level of HMGBL1 in epileptic group we: Sombati's cell  (Huang et
epilepsy lower than the control group (p < 0.05) at 24h, andthodel (for in al. 2015)

became higher than the control group at 72h (p <vitro study) and
0.05) which implicates a nucletis-cytoplasm Immunohistoch
translocation of HMGB1 emistry
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5 KA-induced HMGB1was induced in Immunoblot (Luo et al.
epilepsy CA1 and CA3 hippocampal regions and analysis 2014)
peaked at 3 h and at 6 days pkist-
administration

6 eFSE HMGB1 was localized to the nuclei of cells in Immunohistoch (Patterson
control CA1 neurons emistry et al. 2015)
HMGB1 appeared in the cytoplasm after 1and 3 h
of eFSE suggesting translocation of HMGB1

protein
7  KA-induced HMGBL is present in the nuclei of pyramidal Immunohistoch (Maroso et
epilepsy neurons, granule cells and dentate gyrus in contr@mical Staining al. 2010a)

hippocampus

|, decreased; 1, increased,

SE, Status
PTZ increase in nuclear and perinuclear HMGB1

Between 1 and 3h of seizure onset progressive epilepticus:

staining observed in astrocytes

Pentylenetetrazol; KA, Kainic acid; HMGB1, High mobility group box protein 1;.3A.IEnzyme linked immunosorbent assay; eFSE,

Experimental febrile status epilepticus; G&grnu Ammonis; h, Hour;
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S.N. Interventi Model Treatment schedule Observations References

ons
1 Anti- Pilocarpine Single bolus prevented the BBB permeability (Fu et al.
2017)

HMGB1  -induced immediately after | HMGBI translocation

Table 3.

Summaries.of studies reporting antiepileptic effects of HMGBL1 targeted therapies against experimental seizure models
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mADb

Anti-
HMGB1
mAb

Box A (co
administer
ed with IL-
1Ra)

Box A

SE

PTZ, KA
and MES-
induced

seizure

Electrical

SE in rats

KA and
Bicuculline
induced

seizure

pilocarpine injection

Single bolus &
before PTZ

3h post-SE for 7days
(KA)

1-48h after bolus
injection (MES)

Singlebolus 1h post-
SE onset, then daily
injections for 7days

Single bolus 1min
prior to KA or
Bicuculline

administration

This article is protected by copyright. All rights reserved

inhibited the expression of inflammation

related factors

protected against neural cell apoptosis

delay in latency and frequency of stage 5

seizure

Anti-HMGB1 mAb attenuates MES and (Zhao et al.

PTZ-induced acute seizures as well as th&017)

translocation of HMGB1
Anti-HMGBL1 alleviates KA induced
chronic epilepsy

Anti-HMGB1 mAb prevents
epileptogenesis following SE

| in progression of SRS frequency and |
number SRS

| in seizure frequency and total duration;

delay in seizure onset

(Walker et
al. 2017)

(Maroso et
al. 2010a)



5 N-acethyl Electrical
cysteine  SE in rats
and
Sulforapha
ne.

6 LPSRS KA and
Bicuculline
induced
seizure

7  Glycyrrhiz Pilocarpine
in (GL) induced SE

8 GL KA
induced
seizure

Bolus injections1-6h prevented disulfide HMGB1 generation iffPauletti et

postSE onset

and then
injections for
days

Single bolus 1min
prior to KA or
Bicuculline

administration

GL (50 mg/kg, i.p.)
30 min prior to
pilocarpine
administration

300 pl of GL 30 min
prior KA injection

This article is protected by copyright. All rights reserved

ther brain and blood which is responsible for al. 2017)
daily seizure generation

14 | in epilepsy onset, SRS and | in SRS

progression;

amelioration of cognitive deficits and

exhibited neuroprotection

(Maroso et
al. 2010a)

| seizure number, duration as well as

delay in seizure onset

GL suppresses oxidative stress after SE (Gonzalez

GL attenuates expression of inflammatorigeyes et al.

markers after SE 2016)

No antiepileptogenieffects noted

GL suppressed HMGBL1 inductions in  (Luo et al.
hippocampus 2014)

GL exhibited antinflammatory and anti

excitotoxic functions



9 GL KA GL (10 mg/kg, i.p.)
induced 30 min prior KA
seizure administration

10 Celecoxib KA
(CCX)

CCX (20 mg/kg)
induced postKA

seizure

s
SE, Status

GL inhibited KA-induced astrocyte and (Luo et al.
microglia activations in CA1 and CA3  2013)
hippocampal region

GL suppressed KA-induced

proinflammatory marker production

GL demonstrated anéxcitotoxic effects

in primarycortical cultures

CCX showedmmunomodulatory effects (Morales
on HMGB1-TLR4 pathway as evidenced Sosa et al.
by | expression of HMGB1, TLR4 and 2018)
COX-2 in cortex and hippocampus

CCX | frequency and severity of KA- decreased,

induced seizure

epilepticus; SRS, Spontaneous recurrent seizure; PTZ, Pentylenetdrazidhinic acid; MES, Maximal electroshock; HMGB1igh mobility

group box.protein 1; mAb, Monoclonal antibody; TLR4, Toll-like receptor 4; GL, GlycymhigBB, Bloodbran barrier; Box A (competitive

inhibitor 'of endogeneous HMGB1); LPS-RS, TLR4 antagonist (Lipopolysaccharide tiodoBacter sphaeroides); 1IRa, Interleukin

receptor.antagonist; CA, Cornu Ammonis; CCX, Celecoxib; COX-2, Cyclooxgge?h, Hour;
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