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Review Article

ABSTRACT

Epileptogenesis is an alteration modification of the typical brain structure, yielding a brain drained
by recurring seizures. Such a process is usually precipitated by neurodegeneration, disruption of
blood-brain barrier (BBB), the amygdala, the glutamatergic system, oxidative stress, and
epigenetic modification deoxyribonucleic acid (DNA). Since there is no efficient method yet, to
modify or control this disorder's pathway due to its unclear pathology, novel therapeutic
approaches are needed. The risk to develop epilepsy, aggravate the frequency of seizures have
been strongly linked to peripheral inflammatory disorders in humans as well as animal studies,
with the latter demonstrating a specific association between peripheral inflammatory bowel
disorders and peripheral injection of the Toll-like receptor 4 (TLR4) ligand lipopolysaccharide
(LPS) and the increased seizer's frequency and their induced injuries. Understanding the exact
function and role of the chemical mediators and receptors involved in the neuroinflammatory
reaction could help elucidate their contribution to the pathogenesis of epilepsy.

These inflammatory markers include interleukin (IL)-1B3, IL-6, and tumor necrosis factor-alpha
(TNF-a), which are expressed in activated microglia and astrocytes; they trigger the complement
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system, nuclear factor-kappa b (NF-kB), cyclooxygenase-2 (COX-2), chemokines, and acute-
phase proteins. The neural tissues and the endothelial layer of the BBB neurons are involved in
these inflammatory reactions. The high-mobility-group Box 1 (HMGB1) fast release from microglia,
neurons, and astrocytes after exposure to pro-convulsant insult and Toll-like receptor activation
(TLR) signaling in astrocytes and neurons has been proven to be significantly involved in
triggering brain inflammation and reducing the seizure threshold. The current review aims to
determine the effect of anti-inflammatory drugs on the epilepsy foci rather than treating the
symptoms. Such understanding could be the basis of developing a new treatment that could be
effective for cases refractory to the current treatment.

Keywords: Epilepsy; HMGB1; celecoxib;, VPA; TNF-a; (IL)-1B; IL-6; anti-oxidative; anti-inflammatory.

1. INTRODUCTION

Epilepsy is a common disorder of the central
nervous system posing serious morbidities and a
considerable death rate [1]. It is commonly
presented as recurring, unprovoked convulsions
caused by excessive and hypersynchronous
electrical activities in the brain. The clinical
picture of these seizures depends on the site of
origin and the propagation of the brain's
abnormal electrical discharge [2]. It ranges from
a temporary loss of consciousness, an
involuntary abnormal motor activity which could
be minor limited to a certain body part or major
involving the whole body [3].

Epilepsy is highly prevalent worldwide, with the
developing countries demonstrating a higher
incidence than that of the developed countries
because of the poor obstetric services and the
higher risk of brain trauma and infections [4]. In
addition to that, the treatment is out of reach to
around 80-90% of epilepsy cases [5,6]. It affects
more than 50 milion people with a
prevalence of 6.54 per 1000 in Saudi Arabia's
kingdom [7,8].

Men are at a slightly higher risk of developing
epilepsy than women [1]. Children are more
prone to develop epilepsy, especially after brain
insults. Around 50% of epileptic patients had
their first seizure during childhood, and 50% of
these epileptic children had their first seizure
during infancy (less than one-year-old) [5]. The
children's immature brain is more susceptible to
developing seizures than the adults’ mature brain
and is commonly more severe and precipitated
by triggers that are also different from those of
the mature brain. The physiologically immature
ion homeostasis and other developmental
characteristics alongside the aforementioned
factors make treating childhood epilepsy
challenging [5,6].
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2. PATHOPHYSIOLOGY OF EPILEPSY
AND EPILEPTOGENESIS

2.1 Etiology

The etiology is well identified in 40% of the
epileptic cases like brain trauma, brain ischemia,
prolonged acute symptomatic seizures like status
epilepticus or complex febrile convulsions,
intracerebral hemorrhage, neurodegenerative
disorders, brain infections, or brain tumors.
Etiologically, epilepsy could be categorized into
idiopathic,  acquired (symptomatic), and
cryptogenic (presumed symptomatic) [9,10,11].
Idiopathic epilepsy starts early in life (childhood)
without any brain insults and is not accompanied
by any other neurologic signs or symptoms, so
most researchers assume genes abnormalities.
On the other hand, acquired and cryptogenic
epilepsy starts after a single or multiple insults
affecting the brain structure, which could be
clearly identified in the former and unidentifiable
in the latter [12].

2.2 Types of Seizures

According to the International League against
Epilepsy, seizures include two major types.
Generalized seizures in  which both brain
hemispheres are involved, and partial (focal)
seizures (the commonest type), which starts in
one brain hemisphere, mostly the temporal lobe
giving rise to what is known as the temporal lobe
epilepsy (TLE) [13]. TLE, is the most studied in
research for being the hardest to control. Such
latter fact has been attributed to the temporal
lobe's complex nature, including highly
susceptible structures to epileptogenic insults like
the hippocampus amygdala and the piriform
cortex. Many researchers have been spending
great effort, especially on animal models, to
unveil the pathogenesis of epilepsy, optimize the
antiepileptic or disease-modifying therapy and
minimize antiepileptic drug resistance [13].



2.3 Neurotransmitters and Receptors in
Epileptogenesis

Among the most studied neurotransmitters are
Glutamate and y-aminobutyric acid (GABA),
which have been implicated in the neuronal
hyperexcitability of epilepsy when they are out of
balance as Glutamate is responsible for neural
excitation. Simultaneously, GABA is responsible
for neural inhibition via neural hyperpolarization
and generation of inhibitory presynaptic
potentials [14]. One of the proposed mechanisms
explaining the role of glutamate in
epileptogenesis is the up-regulation of its
receptors, which are classified into ionotropic
(ligand-gated cation channels) receptors: o-
amino-3-hydroxy-5-methyl-isoxazole-4-propionic
acid (AMPA), N-methyl-D-aspartic acid (NMDA)
and kainate, and metabotropic (G protein-
coupled) receptors. Other mechanisms include
increased extracellular level, abnormalities in
glutamatergic transporters, and autoimmune
disorders. The aforementioned mechanisms' net
result is heightened glutamatergic activity, which
increases the neural excitability and epileptic
discharges, causing a phenomenon called
‘paroxysmal depolarizing shift'[14,15]. On the
electroencephalogram, it appears as an
interactive pulse. It is associated with
depolarization caused by a giant synaptic
excitatory potential with a burst discharge
characteristic caused by the initial activation of
AMPA receptors followed by NMDA receptors
[7]. Two types of GABA receptors have been
reported to be involved in the GABAA and
GABAB receptors' epileptogenic process[14].
GABAA receptors (ligand-gated ion channels)
enhance chloride influx initiating fast inhibitory
presynaptic potentials. GABAB receptors (G-
protein-coupled receptors) enhance potassium
conductance and decrease calcium influx
initiating slow inhibitory presynaptic potentials.
Inhibition or loss of the GABAergic action
elevates the risk of emergence of excitatory
postsynaptic potentials and synchronizing burst
discharges, which trigger epileptic foci. Changes
that could affect the GABAergic system include
altered GABA receptors, impaired synthesis, or
GABA release or neuronal loss [15,16].

Epileptogenesis could also be modulated by
other neurotransmitters like noradrenaline,
dopamine, and serotonin (5-hydroxytryptamine),
a tryptophan-derived monoamine
neurotransmitter. The nervous system has many
serotonin receptors located on the cortical and/
or hippocampal neurons, like 5-HT1A, 5-HT2C,
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and 5-HT7. Animal studies have demonstrated
serotonin's role in epilepsy as shown in genetical
epilepsy- prone rat model of audiogenic seizures,
which were significantly affected by the depletion
of serotonin and the mutants’ mice that lacked
the 5-HT1A or 5-HT2C receptor subtypes and
demonstrated a lower seizure threshold. Human
research also demonstrated a lower 5-HT1A
receptor binding in the epileptogenic zone of TLE
cases. In general, serotonin's role in neuronal
excitability is mostly evident in the inhibitory
effect of 5-HT1A receptors on the hyperpolarized
glutamatergic neurons, the depolarizing effect of
5-HT2C receptors on GABAergic neurons, and
the neuronal inhibitory effect of 5-HT3 and 5-HT7
receptors [10,17].

Noradrenaline is a product of dopamine. This
catecholamine has two sources: the adrenal
medulla (hormone) and the noradrenergic
neurons of the central and sympathetic nervous
systems (neurotransmitter) [16]. It has been
demonstrated that endogenous noradrenaline
acts as an anticonvulsant in epilepsy via
preventing the formation of epileptic circuits and
modifying the  epilepsy-induced  neuronal
changes, its depletion heightens the risk to
develop seizures as well as the post-seizure
neuronal damage in the limbic region in rats [8].

2.4 Cellular Changes in Epilepsy

Some authors have proposed that epilepsy could
result from new brain circuits, a process referred
to as aberrant hippocampal neurogenesis. Many
brain gross and cellular structure changes, and
its neurochemicals have been detected to follow
brain insults and acute convulsions. Cellular
changes include forming new neurons,
generating new granule cells with hilar basal
dendrites, and abnormal migration of these cells
into the dentate hilus and the dentate molecular
layer. Such events could trigger aberrant circuits
and excitatory loop formation, causing the
generation and propagation of epileptiform
activities [18].

2.5 Fever and Febrile Seizures

Fever is one of the symptoms that reflect the
body response to many inflammatory, infectious,
and stressful stimuli; it could trigger seizures
(febrile convulsions) in up to 14% of Japanese
young children and only 3 to 5% the western
world young children. The pathogenesis of these
seizures is still vague, although some studies
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Fig. 1. IL-1B and Epileptogenesis. This figure illustrates the events occurring in the CNS as a
result of IL-1B triggered release by a precipitating event. Brain IL-18 is mainly produced by glia
(microglia and astrocytes); endothelial cells of the BBB, neurons, and lymphocytes are
additional sources [13]

have implicated the IL-18 produced from
peripheral and potential brain  sources,
which are up-regulated in the CSF of these
cases [19]. Other studies have implicated genetic
variances enhancing the expression of IL-1.
The role of genes has been proven in
some studies conducted on animal models as a
rat study  demonstrating hyperthermia's
inability to provoke convulsions in subjects with

ablated IL-1R1 gene. Other studies have
shown that intra-cerebral application of
IL-1B  in  immature rodents reduces the

threshold for induction of experimental febrile
convulsions. It has been reported that
hyperthermia triggers IL-1B synthesis in the
hippocampal tissue, which is involved in the
origin and spread of febrile convulsions.
Most Experimental febrile convulsions studies

have reported long-lasting changes in the
expression of many intrinsic neuronal genes,
which  triggers  seizures [20]. Fig. 1
demonstrates the role of IL-1 in the

aforementioned alterations as its acutely up-
regulated production induced by hyperthermia
significantly enhances neuronal excitability
causing evident changes to some gene
transcription [13].
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2.6 Glutathione (GSH) in Epilepsy

GSH plays a significant role in activating the
antioxidant enzymes; abnormal GSH levels or
activity led to the imbalanced antioxidant system
and accumulated oxidants linked with the
development and progression of some neuronal
disorders like epilepsy [21].

3. INFLAMMATORY
EPILEPTOGENESIS

PATHWAY AND

It is understood that brain inflammation plays a
crucial role in epileptogenesis. Although local
inflammation is intended to protect tissue after
insult, normal cell function is altered by aberrant
inflammatory responses [22]. They can lead to
significant effects, such as destruction of the
blood-brain barrier, which can ignite seizure
production and lead to intractable epilepsy.
Inflammatory cytokines (including IL-10, IL-1,
IL-1Ra) partially mediate the pathogenic
mechanisms operating in this process, including
disturbance in ion channels' role and abnormal
absorption and excitatory release
neurotransmitters such as glutamate [23]. Brain
cyclooxygenases (COX1 and COX2), called



prostaglandin-endoperoxide synthase (PTGS),
are up-regulated and caused by seizures as the
rate-limiting enzymes that catalyze the
metabolism of arachidonic acid to prostaglandins
[15].

3.1 Cytokines

Cytokines are polypeptide mediators well known
to be involved in immune and inflammatory
reactions. They recently have been implicated in
the pathogenesis of epilepsy, especially
interleukin  (IL)-1B, IL-6, interferon (IFNy),
cyclooxygenase (COX)-2, nuclear factor kappa B
(NF-kB), tumor necrosis factor-a and
prostaglandin E2 (PGE2), which have been
proven to be up-regulated in the brain regions
harboring epileptic foci [16].

The inflammatory cytokines claimed to play a
role in epilepsy pathology are produced by the
glial cells, mainly microglia, and astrocytes, the
non-neuronal cells of the central nervous system
[17]. When these cytokines are secreted, a
cascade of downstream inflammatory events
follows recruiting neurons and activating adaptive
immune response [18].

3.2 Role of Cytokines in Epilepsy

The exact role played by the inflammatory
cytokines in epilepsy has yet to be determined.
Some of the proposed theories claim that they
produce toxic mediators causing apoptotic
neuronal death, increase the blood-brain barrier
(BBB) 's impermeability (BBB), and alter the
neuronal excitability linked to IL-13 as it activates
NMDA receptor, which enhances NMDA-
mediated ion calcium influx into neurons. A
similar role to that of IL-13 has been linked to the
tumor necrosis factor-a and its role in down-
regulating the GABA receptors in which the
inhibitory synapse strength decreases [13,19].
The cytokine-mediated disruption of the BBB
contributes to the epileptogenic activity via
allowing more albumin, which binds to
transforming growth factor-3 receptor initiating a
cascade of events leading to hyper-excitable
neurons [19].

3.3 Cerebral Inflammatory Reaction and
Immune System

Both innate and adaptive immune systems
mediate cerebral inflammatory reaction through
the astrocytes, microglia, and neurons [20].
Exposure of the body to noxious stimuli like
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infection the innate immune reaction rapidly
recognizes the pathogen and removes it via
homeostatic-type tissue inflammation. While in
epilepsy, there is no pathogen (sterile
inflammation), so the innate immune reaction is
triggered by damage-associated molecular
patterns (DAMPs) which are released by injured
or activated neurons as in cases of ischemic or
traumatic brain injuries, chronic
neurodegenerative disorders, autoimmune
disorders affecting the CNS, or during seizures
[20,21].

DAMPs are typically intracellular molecules
released extracellularly or exposed to the cell
surface when exposed to troubling cellular stress
signals and relay the message of tissue threats
to cells carrying their cognate pattern recognition
receptors (PRRs), which act as damage sensors.
Proteins such as high mobility group box 1
(HMGB1), S100 proteins, adenosine
triphosphate (ATP), migration inhibitor protein 8
(MRP8), which generates DAMPs, extracellular
matrix degradation products, and IL-1f to cause
inflammation, are recognized by microglia and
astrocytes [21]. Fabene et al. [19] demonstrated
in their study in which they induced seizures
using pilocarpine and found an up-regulation of
the development of vascular cell adhesion
molecules with multiple leukocytes adhering to
the endothelium of cerebral blood vessels
mediated by leukocyte mucin P-selectin
glycoprotein ligand-1 and leukocyte integrins,
inflammatory cell adhesion was involved in the
epilepsy process, triggering cerebral
inflammation, hyper permeable BBB, neuronal
hyper-excitability, leukocyte extravasation, and
ultimately epileptogenesis [22].

4. IMMUNOLOGICAL PATHWAY

Clinically, the risk of developing epileptic
seizures have been found to escalate in patients
suffering from autoimmune disorders such as
Hashimoto’s encephalopathy, systemic lupus
erythematosus (SLE), Sjogren’s syndrome,
Behcet's disease, and Rasmussen encephalitis
(RE), which is a rare cerebral inflammatory
disorder associated with higher levels of
astrocytes, pro-inflammatory mediators,
lymphocytes and activated microglial cells in the
brain causing cerebral hemiatrophy, which
progressively leads to severe seizures. Such
cases benefit more from immunotherapies than
antiepileptic drugs [23,24]. The risk is also
magnified after TBI and is usually accompanied
by neurological deficits like cognitive impairment,
as reported by others [24,25].
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5. ROLE OF HIGH MOBILITY GROUP
BOX 1 (HMGB 1) IN EPILEPSY

Among the best-characterized DAMPs is
HMGBH1, which has been believed to be the key
culprit for traumatic brain injury (TBI) and the
subsequent deterioration in cognitive ability [26].
It is a constitutive protein bound by non-histone
chromatin that plays a role in gene transcription,
replication of DNA, and repair. PRRs are
activated either alone or in combination with
other DAMPs by extracellular HMGB1 [27]. Its
role in epileptic pathogenesis has recently been
the subject of several studies. It has been
confirmed that it is involved in breaching the
blood-brain barrier and cerebral inflammation
induction, but the exact mechanism is not clear.
Studies in rats have also closely linked HMGB1
to reduced cognitive abilities related to
neuroinflammation, TBI, and epilepsy [28,29] Fig.
28&3.

6. CYCLOOXYGENASE (COX) ROLE IN
EPILEPSY

Cyclooxygenase (COX) reduces the rate of
prostaglandin production, thus targeted by most
non-steroidal anti-inflammatory medications. Two
COX isozymes are known: COX-1, which is
constitutively produced in almost all body tissues,
and COX-2, predominantly produced in brain
tissues after various insults, thus contributing to
the brain inflammation involved in the long-term
consequences of such insults [28]. Experimental
studies conducted on rat models have shown a
significant protective role of selective COX-2-
inhibitors against epilepsy and neuronal damage
despite the unclear role of COX-2 on the
pathogenesis of epilepsy [29]. Because of this
neuroprotection role, celecoxib, a selective COX-
2-inhibitor non-steroidal anti-inflammatory
medication, is currently prescribed as an anti-
epileptogenesis disease-modification drug
following brain insults like status epilepticus,
cerebral ischemic injuries or head trauma. Thus,
conditional ablation of forebrain neuronal COX-2
is neuroprotective as it ameliorates the status
epilepticus-induced brain inflammation [30,31].

COX-2 is expressed in many types of neuronal
tissue and is abundant in the cerebral cortex and
hippocampus. It can be induced in migratory
immune cells, glia, and neurons by the electrical
stimulus, kainite, or pilocarpine-induced seizures.
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COX-2 is involved in the activation of the
astrocytes, brain inflammatory reaction, death of
neurons, enhanced neuronal excitability, cellular
proliferation, and growth and spread of many
tumors [30,31,32]. Inhibition of COX by non-
steroidal anti-inflammatory drug drugs decreases
neurogenesis and causes a dentate gyrus
following acute global ischemia [29,33] Fig. 4.

Brain insult has been shown to activate the
microglia, which, via the release of
proinflammatory cytokines including COX-2,
modulates the migration and differentiation of
neural CNS precursor cells ectopic neurogenesis
and astrogliosis [34,35].

Epilepsy results from long-lasting plastic changes
in the brain tissue, including dispersion of the
granule cell layer (GCL), inhibitory interneuronal
loss, or axonal or dendritic reorganization
[36,37,38]. Status epilepticus does not cause an
instant insult to the brain tissues. Instead, the
damage occurs over days or even weeks during
which the physiology and the morphology of the
hippocampus are modified, including locally
signaled neurogenesis or gliosis [39,40]. Once
these changes are established, spontaneous
recurrent seizures (SRS) follow. Epileptic insult
stimulates cellular proliferation in the subgranular
layer (SGL) or subventricular zone (SVZ). It then
produces ectopic granule cells in the hilus, and
astrogliosis is reported to trigger epilepsy [41]
Fig. 5.

Yamagata et al. [31] were the first to study COX-
2-mediated neuroinflammation after a maximal
electroconvulsive seizure through the immediate
induction of COX-2 mRNA protein in the cerebral
cortex of the rat hippocampus. They indicated
that the COX-2 produced during the seizure
caused prostaglandin  development, which
caused further brain damage and exacerbated
the severity of the disease. According to them, N-
methyl-D-aspartate (NMDA) receptor-dependent
synaptic activity may control this seizure-
mediated COX-2 induction [42,43]. In addition to
the hippocampus and cerebral cortex in kainic
acid (KA) as well as electroconvulsive shock-
induced seizures, several related studies
preceded study into other rat brain tissues,
striatum, brain stem, and cerebellum, suggesting
delayed neuronal damage of an interconnected
neuronal network during COX-2 activation
[44,45] Fig. 6.
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Fig. 5. A cascade of inflammatory reactions involving neurons, astrocytes, microglia, and
endothelium. Many inflammatory targets have been reported in previous studies (i.e.,
cyclooxygenase-2, prostaglandin EP2 receptor, interleukin-1b, HMGB1/Toll-like receptor
signaling, P2X7 receptor, immunoproteasome, mTOR, TGFB, metalloproteinases (MMPs),
chemokines). The complement activation (not shown) could also contribute to a sustained
inflammatory response, deserving further investigation as a potential target of therapy [25]
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7. CONCLUSION

Several studies on the pathogenesis of epilepsy
and its mediators have been performed, aiming
to uncover the mystery behind the frequent
seizures. The HMGB 1 has had the most focus
for being a suspect in this scenario. Although
epileptogenesis's definite mechanism is yet to be
elaborated, inflammation of the brain tissue has
been proven to be a key player. HMGB1
participate in the inflammatory reaction that
triggers the epileptic activity, reacting as a
pathogenic inflammatory cytokine to the epileptic
injury.
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