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Abstract: One of the most important characteristics of the brain compared to other organs is its
elevated metabolic demand. Consequently, neurons consume high quantities of oxygen, generating
significant amounts of reactive oxygen species (ROS) as a by-product. These potentially toxic
molecules cause oxidative stress (OS) and are associated with many disorders of the nervous system,
where pathological processes such as aberrant protein oxidation can ultimately lead to cellular
dysfunction and death. Epilepsy, characterized by a long-term predisposition to epileptic seizures,
is one of the most common of the neurological disorders associated with OS. Evidence shows that
increased neuronal excitability—the hallmark of epilepsy—is accompanied by neuroinflammation
and an excessive production of ROS; together, these factors are likely key features of seizure initiation
and propagation. This review discusses the role of OS in epilepsy, its connection to neuroinflammation
and the impact on synaptic function. Considering that the pharmacological treatment options for
epilepsy are limited by the heterogeneity of these disorders, we also introduce the latest advances in
anti-epileptic drugs (AEDs) and how they interact with OS. We conclude that OS is intertwined with
numerous physiological and molecular mechanisms in epilepsy, although a causal relationship is yet
to be established.

Keywords: oxidative stress; epilepsy; seizure; synapse; neuroinflammation; neuron; astrocyte;
neurotransmission

1. Introduction

Epilepsy is a group of heterogeneous diseases affecting 50 million individuals world-
wide across all ages and ethnicities [1,2]. According to the International League Against
Epilepsy (ILAE) and the International Bureau for Epilepsy (IBE), epilepsy is a disease of
the brain characterized by an enduring predisposition to generate epileptic seizures [3],
combined with the neurophysiological hallmark of hyperexcitability. Clinically, epilepsy is
classified initially as generalised or partial, with further sub-classifications according to the
seizure type and duration, overall severity and physical consequences to the patient [4].
To add to this complexity, differences in the underlying cause, neurophysiological and
neuroimaging characteristics and comorbidities are also major players in disease prog-
nosis and management [5]. Recent advances in genomic sequencing have offered new
perspectives on the importance of genetic factors in epilepsy, now implicated in up to 40%
of cases; however, a significant proportion (30%) are still classified as ‘of unknown cause’
(reviewed in Reference [6]). The remaining 30% are described as “acquired causes’ where
primary events such as a stroke, brain tumours, head injuries (e.g., traumatic brain injury,
encephalitis and degenerative disorders) precede epilepsy itself [7]. As such, the relatively
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limited nature of our knowledge regarding the etiology of epilepsy indicates that much
progress is still needed. Firstly, around the identification and mechanistic understanding
of new genetic causes, where multiple mutations in the same gene may provide novel
genotype:phenotype correlations [8]. Secondly, regarding the underlying dynamics of
neurotransmission and its mechanisms that are pivotal for disease management; indeed,
many of the known genetic causes already cluster around fundamental aspects of neuronal
cell communication [9].

It is widely accepted that seizures alter many chemical and biophysical processes
in the central nervous system (CNS) and there are several reports indicating that the
formation of reactive oxygen species (ROS) and the resulting cellular oxidative stress (OS)
may play a role in seizure activity [10-12]. Significantly, the brain represents the largest
source of energy consumption in the human body, accounting for over 20% of total oxygen
metabolism [13]. Of this, it is estimated that neurons consume 75-80% of energy produced
in the brain [14]; consequently, the brain is a prime target for OS.

To add another layer of complexity, epilepsy and OS are also linked to neuroinflamma-
tion [15]. For example, the involvement of pro-inflammatory cytokines such as interleukin
1-beta (IL-1p3), interleukin-6 (IL-6) and tumour necrosis factor alpha (TNF-«) has been
suggested to induce seizures [16] and high levels of these cytokines have been found in the
cerebral spinal fluid (CSF) and blood serum of patients with epilepsy [17]. Furthermore, as
reviewed elsewhere, the complete ‘neuroinflammatory machinery’—including glial and
immune activation-mediated responses—seem to be associated strongly with epilepsy and
OS-related mechanisms [18].

Despite our growth of knowledge in this area, the fundamental question of causality
between these events remains unanswered. In this review, we aim to provide insight into
the relationship between OS, neuroinflammation and epilepsy and the implications for
synaptic function. We also discuss classical and new anti-epileptic drugs (AEDs) and their
interference with OS, as well the influence of neuroinflammation and new strategies for the
clinical management of epilepsy.

2. OS and Epilepsy

OS is generated from an imbalance between ROS production and clearance, ultimately
causing potential damage to intracellular components via processes such as aberrant lipid
peroxidation or protein oxidation [19]. Endogenous antioxidant systems, which are broadly
classified as either enzymatic or non-enzymatic, have therefore evolved to maintain a safe
OS balance [20].

Enzymatic antioxidant defence involves a neutralising chain of enzymes capable of
reducing free radicals through electron scavenging to prevent the harmful build-up of
ROS. The first of these enzymes, superoxide dismutase (SOD), contains either manganese,
copper or zinc depending on cellular/extracellular location; these transition metals are
capable of altering valence state to transfer electrons [21]. Following free radical formation,
for example through mitochondrial respiration, SOD catalyses the superoxide anion, O, 7,
into hydrogen peroxide (H,0O,), which is then scavenged and converted into water and
oxygen by either catalase or glutathione peroxidase (GPx). Pertinent to epilepsy, mice
lacking mitochondrial SOD (Sod2—/—) and heterozygous animals (Sod2+/—) show higher
seizure susceptibility and concomitant degeneration, introducing the notion that O, are
key players in the long-term brain changes after a seizure episode [22,23].

GPx is a selenoprotein, with a constituent selenium, which becomes oxidised and
requires glutathione (GSH) to act as an electron acceptor, before being regenerated by GSH
reductase in the presence of NADPH [24]. In patients, a prospective case-control study re-
vealed that the serum levels of GPx are higher in epileptic patients in comparison to controls
and that epilepsy mono- or polytherapeutics do not have any effect on this parameter, per-
haps indicating why the current AED therapies do not efficiently control epilepsy-induced
OS [25]. Increased cortical levels of GSH are seen following seizure-induced OS in the
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kainate model of epilepsy in rats, and GSH levels are negatively correlated with protein
and lipid oxidation, supporting the role of GSH as a key antioxidant molecule [26].

Non-enzymatic antioxidants are electron-scavenging molecules, which are usually
soluble and are able to traverse the body through the circulatory system. For example,
albumin is a highly soluble protein with a flexible structure enabling extraordinary ligand
binding ability. It contains a reduced cysteine residue, Cys34, which allows scavenging of
hydroxyl radicals [27], and also binds metals such as copper, preventing ROS formation
through the Fenton reaction. Albumin levels in status epilepticus (SE) recovering patients
tend to be lower while its CSF/serum coefficient (a marker of blood-brain barrier disruption)
were shown to be elevated [28,29]. These data suggest a compensatory mechanism where
the albumin scavenging properties are utilised to minimize the effects of OS in the brain.

At the onset of OS, a transcription factor cascade begins that increases expression
of antioxidant and protective genes. The antioxidant response element (ARE) is a cis-
acting sequence found in the promoter regions of crucial detoxification enzymes [30]. Two
genes in particular regulate ARE activation and expression, Nrfl and Nrf2, both from the
Cap-N-Collar (CNC) gene family. Nrfl activates expression of genes involved in GSH
biosynthesis [31]; however, the gene appears to operate mostly at a basal level, whereas
Nrf2 plays an inducible role in the transcription factor cascade. Double knockouts of
Nrfl and Nrf2 in mice show embryonic lethality and severe oxidative stress, suggesting
overlapping roles between the two [32]. Through positively regulating ARE activity,
Nrf2 induces expression of hundreds of antioxidant genes including GSH- and NADPH-
dependent antioxidant enzymes, metal chelators such as ferritin and heme oxygenase-1
(HO-1), resulting in an efficient indicator and modulator of OS in neurodegeneration [33].
Nrf2 itself is dynamically regulated by Keap1, a cytoskeletally-bound adaptor protein that
promotes ubiquitylation of the constitutively unstable Nrf2 during periods of oxidative
balance. However, during periods of OS, Keapl is inhibited and therefore unable to
promote the degradation of Nrf2, enabling it to activate the ARE-mediated antioxidant
cascade [34].

Wang and colleagues evaluated whether the Nrf2/ ARE pathway is affected in a rat
kindling model of epilepsy. Elevated levels of Nrf2/ARE and upregulation of two gene
products (HO-1 and NAD(P)H quinone dehydrogenase 1 (NQO1)) were found, suggesting
that after seizure induction, Nrf2/ ARE responses are the first in line to prevent cell death
through OS [35]. Later studies have gone on to expand on the importance of the Nrf2/ARE
complex in epilepsy in a number of animal models such as pentetrazol [36], lithium-
pilocarpine [37] and kainate [38].

Not all data are in line with the notion that OS is instigated prior to and during
seizure activity. For example, reduced OS status has been reported in children with
newly diagnosed epilepsy [11]. The authors reported no differences in GSH, SOD and
malondialdehyde (MDA), a marker of lipid peroxidation levels in patients in comparison
to healthy subjects. In summary, while it is undeniable that OS and epilepsy are connected,
further information is needed to understand the underlying mechanisms and dynamics. It
may be that the degree of pathological OS in epilepsy varies according to the cause and
the severity of the episodes, explaining some of the apparent inconsistencies described in
the literature.

3. Role of OS in Neuroinflammation and Epilepsy

Not only are ROS potentially damaging, but they also act as vital cell signalling
molecules and signal transducers, playing a key regulatory role in neuronal development,
excitability and synaptic plasticity [39]. However, under increasing levels of OS in the CNS,
ROS can impel aberrant signal transduction and activation of redox-regulated transcription
factors, such as mitogen-activated protein kinases (MAPKSs), nuclear factor- kappa B (NF-
kB) and activator protein 1 (AP-1), many of which play an essential role in inflammatory
systems [40,41]. Furthermore, H,O, is an efficient activator of cytoplasmic NF-«B [42],
allowing for nuclear translocation and transcriptional activation of immunomodulatory
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target genes, such as pro-inflammatory cytokines TNF-«, IL-1(3 and IL-6 [41] which have
been implicated in the promotion of neuronal excitability and ictogenic events [43].

In acquired epilepsies, such as post-traumatic epilepsy following brain injury, the
resultant tissue and cellular damage unleashes a pathophysiological cascade promoting
ROS production [44,45]. A subsequent accumulation of mitochondrial damage, lipid perox-
idation and oxidative modifications, alongside the release of damage-associated molecular
patterns (DAMPs), drives neuronal dysfunction and induces neuroinflammation at the
site of injury [46]. In a bid to re-establish homeostasis, these elevated ‘danger signals’,
often released by neurons at the developing epileptogenic site, instigate pro-inflammatory
responses through detection by pattern recognition receptors (PRRs) such as Toll-like (TLRs)
and Nod-like (NLRs) immune receptors [47]. High mobility group box protein 1 (HMGB1)
is a common DAMP released through oxidative neuronal injury; HMGB1 cytoplasmic
translocation initiates inflammasome activation and release into the extracellular space,
a mechanism shown to be seizure provoking [48]. As a ROS defence system, resident
CNS immune cells such as microglia express a host of PRRs (e.g., TLR4/RAGE receptors)
that can detect ROS and/or pro-inflammatory cytokines for subsequent activation and
infiltration at the site of injury [49,50]. The HMGB1/RAGE/TLR4 signalling pathway is a
key player in a number of neurological disorders that do not result in seizures; however, it
has been hypothesized that the presence of extracellular HMGB1 contributes to selective
vulnerability of neuronal subpopulations (e.g., pyramidal and granule cell neurons) to
hyperexcitability and synaptic dysfunction within the inflammatory environment, further
augmenting seizure activity [48,51]. Active secretion of HMGB1 from localised activated
microglia and astrocytes readily increase the pool of this key DAMP [18], thereby creat-
ing neurotoxic feedback loop driving downstream ictogenic effects such as modulating
synaptic plasticity, increasing blood brain barrier permeability and enhancing mossy fibre
spouting [52]. This pathophysiological cascade further increases pro-inflammatory cy-
tokine production and OS, priming the epileptogenic environment for initial and successive
seizure activity.

Evidence of OS playing a direct role in the induction of neuroinflammation has been
demonstrated in a pilocarpine-treated rat model of SE. Following treatment with MnlIITDE-
2-ImP5+, a catalytic antioxidant with the ability to scavenge ROS, significant reductions
in TNF-« and IL-1§3 levels were reported in the hippocampus—in addition to IL-6 and
KC/GRO in the piriform cortex—compared to pilocarpine-only treated rats [53], thus
demonstrating directly that ROS can modulate pro-inflammatory cytokine production
post-seizure. In a pentylenetetrazol (PTZ) kindling rat seizure model, suppression of
the HMGB1/RAGE/TLR4 inflammatory cascade by administration of pentoxifylline re-
sulted in reduced ROS levels, whilst also improving cognition, memory and hippocampal
neuronal survival [54], suggesting that regulation of neuroinflammatory pathways has
a positive downstream effect on OS. However, this concept cannot be expanded to all
epilepsies; using a rat model of audiogenic seizures, de Deus and colleagues reported
similar levels of IL-6, IL-10, TNF-oc and IL-13 between controls and experimental animals,
but high correlation between seizure severity and nitrate levels [55].

A range of biomarkers for neuroinflammation has been identified in a host of epilepsy
disorders [43,56,57]. Plasma levels of pro-inflammatory cytokines, including TNF-«, IL-6,
and IL-1f were significantly upregulated in temporal lobe epilepsy patients [58]. Addition-
ally, Ethemoglu et al. conducted a comparative study of biomarkers present in patients
with drug-resistant epilepsies. Elevated levels of IL-6 and an overall higher oxidative
stress index was observed in these patients compared to healthy controls or patients with

‘well-controlled” epilepsy [59], potentially indicating that IL-6 might be a good prognostics

marker for drug-resistant epilepsy.

Together these findings highlight the fact that, regardless of initial insult, there is an
intricate crosstalk between OS and neuroinflammatory response in the CNS associated with
seizure activity, further highlighting their potential as prominent targets for therapeutics
in epilepsy.
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4. Excitatory/Inhibitory Imbalance: Relevance to OS and Epilepsy

During development, the neuronal network endures extensive changes in connectivity
that can threaten to destabilise its activity. Under normal physiological circumstances,
homeostatic mechanisms act upon neurons to prevent hyper- or hypo-activation [60,61].
From the synaptic perspective, epilepsy involves an array of aberrant physiological alter-
ations, such as mechanisms related to synaptic vesicle (SV) release [62-64], ion channel
physiology [65,66] and energetic metabolism [67,68], resulting in an imbalance between
excitation and inhibition in localized regions or multiple brain areas. These changes lead to
morphological alterations of synaptic boutons, including the number of active zones and
the number of SVs in the reserve pool and readily releasable pool [69-71]. At the molecular
level, these changes can also affect chromatin remodelling [72,73], protein synthesis [74]
and other important cellular processes such as autophagy [75]. For example, Hoffmann and
colleagues used a light-activated ROS generator linked to SV proteins and discovered that
ROS production is able to facilitate the removal of key regulators of synaptic transmission,
such as synaptophysin, and this response was sufficient to induce autophagy [76]. In
addition, mechanisms that limit the action of neurotransmitters, such as the expression of
high affinity uptake transporters, are fundamental to the control of synaptic homeostatic
balance. Membrane-bound sodium-dependent transporters such as the excitatory amino
acid transporters (EAATs) and the gamma-amino butyric acid (GABA) transporters are
essential to synaptic balance [77] and its function significantly modified in epilepsy [78,79].

Due to the imbalance of excitatory/inhibitory (E/I) mechanisms in epilepsy acting as
the major trigger for seizure activity, the involvement of the excitatory neurotransmitter
glutamate and the inhibitory neurotransmitter GABA is fundamental [80]. A key finding
that attests to a glutamate-induced hyperexcitable state in epilepsy is the increased extra-
cellular glutamate levels in experimental models of epilepsy and in the brains of epileptic
patients [81,82]. Importantly, excessive stimulation of glutamate receptors contributes to
the generation of free radicals by increasing the intracellular levels of calcium (Ca?*), a
cofactor for nitrous oxide (NO) formation. Subsequently, this results in an imbalance of
mitochondrial activity, ultimately facilitating synaptic malfunction [75]. In tandem, the
excessive stimulation of glutamate receptors induces metabolic consequences, culminating
in a change in receptor profile and dynamics [83].

In fact, evidence indicates that the entire glutamate machinery participates in epilepsy;
from synthesis [84], receptor activity and associated signalling [85], to uptake [86]. N-
methyl-D-aspartate glutamate receptors (NMDAR) play vital roles in memory formation
and synaptic plasticity but also mediate increased Ca?* conductivity, leading to excitotoxic-
ity [87]. The NMDAR are composed of different combinations of NR1, NR2A and NR2B
subunits and it has been shown that NR1 and NR2B are overexpressed in the hippocam-
pus from a lithium chloride-pilocarpine chronic rat epilepsy model [88]. The indication
is that not only are the number of receptors available in the membrane modified in this
model, but also that their composition is altered. This example reveals that the chronic
effect of seizures is to induce fundamental changes to the synaptic system, promoting
increased tonic activation of glutamatergic neurotransmission. This implication is two-fold:
first, contributing to hyperexcitation, and second, providing additional substrates for ROS
formation and the induction of OS as a positive feedback mechanism.

a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid glutamate receptors (AM-
PAR) are dynamic receptors acting at the postsynaptic membrane. Reports have shown that
AMPAR contribute to neuronal hyperexcitability and epileptogenesis by driving circuitry re-
wiring [89], representing a novel target for epilepsy treatment [90]. Of interest, Levite et al.
reported that the AMPA GluR3B receptor binds peptide autoimmune antibodies, inducing
ROS production and necrosis in both human neuronal cells and T cells [91], indicating that
the aforementioned receptors may play a functional role that links neuroinflammation and
epilepsy [90].

It is becoming apparent that astrocytes are critical mediators of epileptiogenesis, in par-
ticular due to their tight coupling via gap junctions that facilitates rapid signaling responses
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during hyperactivity [92,93]. For example, a key aspect of glutamate physiology associated
with epilepsy and OS is the neuron-astrocyte interaction. Astrocytes are responsible for the
uptake of glutamate from the synaptic cleft, and in temporal lobe epilepsy (TLE), astrocyte-
mediated glutamate clearance via the astrocytic glutamate transporter (GLT-1) is defective,
resulting in glutamate accumulation and excitotoxicity [94,95]. Other well-studied and
important contributions of astrocytes to synaptic dysfunction in epilepsy are astrocyte-
mediated impaired potassium (K*) buffering, aquaporin (AQP4) dysfunction and excessive
astroglial ATP release and purine receptor activation (reviewed in [93]). The activation
of astrocytic purinergic receptors induces Ca?*-mediated signalling that could promote
astrocytic release of gliotransmitters like glutamate or ATP, which ultimately would con-
tribute to neuronal excitation (reviewed in [96]). Additionally, there is evidence for cytokine
(TNF-«)-driven, autocrine astrocyte purinergic signaling that helps stimulate excitatory
synaptic activity in the hippocampus in a model of TLE [97]; crucially, blocking this partic-
ular cytokine-associated pathway prevents aberrant glutamatergic gliotransmission and
prevents hyperactivity [97].

The contribution of inhibitory GABA to seizure activity in epilepsy is equally as impor-
tant as excitatory glutamate. GABA acts through the activation of GABA, (a ligand-gated
ion channel) and GABAg (a G-protein-coupled channel) receptors. GABA, activation
leads to a rapid increase in the flow of chloride post-synaptically and is the base of action
of first choice antiepileptic drugs such as barbiturates and benzodiazepines [98]; while
antagonists of GABA 5, such as bicuculline and picrotoxin, are proconvulsivants [99]. In
humans, GABA concentrations or GABA-receptor densities have been found to be reduced
in epileptic patients [100,101], and reduced binding to benzodiazepines has been demon-
strated in the mesial temporal lobe on positron emission tomographic scanning [102,103]
meaning reduced inhibitory capacity and responsiveness to pharmacological activation.

In respect to OS and epilepsy, GABA’s activity in the synapse appears to be strongly
controlled by the presence of ROS. Several studies indicate that the presence of H,O; or
NO reduces the efficiency of GABA 4 receptors, resulting in increased excitability [104-106].
Additionally, H,O, provokes changes in the membrane and inhibitory synaptic properties;
Frantseva et al. observed a significant reduction of inhibitory postsynaptic potentials
(IPSP) by administration of HyO; in hippocampal, thalamic and cortical rodent brain slices,
reinforcing the interference of ROS in the inhibitory tonus [107].

Of note, the coordinated action of other neurotransmitters and neuromodulators (e.g.,
adenosine, dopamine and acetylcholine) is also essential to a finely tune the E/I balance
(reviewed in [108]); however, here we have focused on the fundamental downstream
responses directly influencing glutamate and GABA. Together, it is clear that the E/I
equilibrium is altered in epilepsy and that OS plays an additional modulatory role, both
increasing excitatory responses while decreasing inhibition (summarised in Figure 1).
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Figure 1. Interconnected mechanisms of epilepsy involving OS. Reduced GABA-mediated inhibitory

responses paired with increased glutamatergic tonus (through NMDA currents and/or astrocyte
clearance dysfunction) leads to increased intracellular calcium concentration, which is the main
source of hyperexcitability as well as OS-associated feedback. In addition, a reduction in the ex-
pression of antioxidant defence proteins (for example, GPx, SOD and Nrf2) have been reported in
epileptic patients and in animal models of epilepsy. The increased formation of ROS and consequent
mitochondrial dysfunction contribute synergistically to OS resulting in synaptic malfunction and cell
death. These events are all supplemented by neuroinflammation (e.g., indicated by increase cytokine
expression) that potentiates OS and induces astrogliosis, in-turn impacting NMDA function and
causing cell death.

5. Pharmacological Evidence of the Interaction between OS, Inflammation and Epilepsy
5.1. AEDs and OS

Recurrent seizures are known to induce neurodegeneration and contribute signifi-
cantly to progressive cognitive decline, even in the presence of adequate treatment with
AEDs. Importantly, around 30% of patients suffer from drug refractory epilepsy, indicating
the need for new or additional therapeutic strategies [109]. The canonical mechanisms
of AED action aim to decrease neuronal excitability by facilitating inhibitory responses
or regulating channel conductance to decrease the bursting threshold of neurons [110].
Interestingly, some classical AEDs show surprising antioxidant or pro-oxidant proper-
ties [111], reinforcing the mechanistic overlap between epilepsy and OS. Indeed, protection
against OS and the resultant neuronal injury may be crucial for the long-term success of
current AEDs.

The known, but wide-ranging, effects of classical AED on oxidative stress markers
are listed in Table 1. While some act on mitochondrial redox activity (Lamotrigine), others
reduce lipid peroxidation (benzodiazepines, carbamazepine and barbiturates) indepen-
dently of their ‘main” mechanism of action. It is still to be defined whether this variety
of antioxidant properties are particular characteristics of each drug, or if it reflects the
different types of epilepsy or animal models studied that induce variable responses. It is
also important to mention that some AEDs such as Valproic acid and Phenytoin increase
lipid peroxidation or reduce the antioxidant capacity respectively; however, it is still unclear
if these effects restrict their clinical efficacy.
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Table 1. Pharmacological effects of classical AEDs, antioxidants and anti-inflammatory compounds
on epilepsy, OS and inflammatory markers.

Class

Effects on OS and
Inflammation Markers in

Classical anti-epileptic

Antioxidant

Drug Mechanism of Action Type of Seizure Targeted Epilepsy (Pre- and Clinical References
Data)
Valproic acid BIOC.kS voltage-gated Focal and generalized Increased lipid peroxidation [111]
ion channels
Reduced antioxidant capacity
Phenytoin Block§ voltage-gated Tonic-clonic and glutathione concentration; [112,113]
sodium channels .. 1
Increased lipid peroxidation
. Blocks sodium . Decreased lipid peroxidation;
Carbamazepine channels Focal and generalized Increased NO release [114]
. Decreased lipid peroxidation;
Barbitures Potethlates. GABA Generalized Reduced levels of antioxidant [115]
signalling
enzymes
Facilitates GABA
Benzodiazepines  binding to GABA 4 Status epilepticus Decreased lipid peroxidation [116]
receptors
Bl:(fgisu\;glziiif:lt:d Activation of the
Cenobamate . . Uncontrolled focal PI3K/Akt-CREB-BDNF [117,118]
Allosteric agonist of athwa
GABA receptors p y
Binds to the inactive Increased antioxidant defence;
Lamotrigine . Focal and generalized Reduced mitochondrial redox [119]
sodium channel ..
activity
Inhibits GRP55;
Desensitizes receptor .
Cannabidiol potential vanilloid Drug-resistant Decreased ROS production; [120-122]
o Increased antioxidant defences
type-1; Inhibits
adenosine uptake,
Naringenin Free radical scavenger Pilocarpine-induced Inc‘rea'sed glutathione and [123]
antioxidant enzymes levels
Increases the levels of Increased SOD and GSH levels
Coenzyme Q10  TCA and antioxidant Pilocarpine-induced .. 4 ’ [124]
reduced lipid peroxidation
enzymes
N- . Reduces glutathione Pentylenetetrazole-induced Attenuatef:l the 1mpa1rmer.1t in [125]
acetylcysteine precursor glutathione homeostasis
Increased superoxide dismutase
levels
Free radical scavenger Reduced the expression of
Curcumin & Pentylenetetrazole-induced inflammatory cytokines and [126]
and metal chelator .
chemokines
Reduced GFAP and IBA-1
markers
Peroxvl radical Increased antioxidant capacity.
Vitamin E y Refractory Increased catalase and [127]
scavenger .
glutathione levels
Activates NRF2/ ARE . . Decreasef:l malondlaldehy.de
Sulforaphane pathway Status epilepticus levels and increased glutathione [128]

levels
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Table 1. Cont.

Effects on OS and
Inflammation Markers in

Class Drug Mechanism of Action  Type of Seizure Targeted Epilepsy (Pre- and Clinical References
Data)
' Antagonist of TL-1 Fel:?rlle infection- related
Anakinra receptor epilepsy syndrome and
P Intractable epilepsy
; Reduced IL-1 driven systemic 129-132
Antagonist of IL-1 autoinflammation [129-132]
Anakinra + receptor; Monoclonal Generalized
> Canakinumab antibody against the
8 IL-1 receptor
[
E ST . .
£ Tocilizumab Anti-IL 6.monoclonal Status epll.eptlcus, acute Reduced IL-6 levels [133,134]
& antibody epilepsy
g iy . . _
40 Minocycline InhlbltOI" of r'mcroglla Drug-resistant Supressed H'J 1B rfelease from [135]
<(C: activation microglia
Adalimumab Ant1—TNF.monoclonal Partial an.d focal motor Reduced TNF-« levels [136]
antibody seizures
. Cyclooxygenase
Aspirin inhibitor Focal-onset Not reported [137,138]
VX09-765-401 IL-1B inhibitor Partial seizures Not reported [139]

5.2. Antioxidants with Anti-Epileptic Properties

Antioxidant strategies for treating neurological disorders such as epilepsy show some
promise, either as monotherapy or in combination with existing AEDs. Despite this being
a relatively new field, due to the epidemiological interest in the treatment of epilepsy,
new molecules with improved pharmacological properties are continually being evaluated
in the clinic. One very promising molecule with antioxidant effects and anti-epileptic
activity is the phytocannabinoid cannabidiol. Combined with a multi-target anti-seizure
mechanism, it not only promotes increased antioxidant defences but also reduces ROS
production (Table 1). However, considering the previously mentioned complex balance of
ROS and OS in brain function, the evaluation of this approach in other forms of epilepsy
and pre-clinical models warrants further investigation. Moreover, the use of antioxidants
therapeutically to enhance neuroprotection in epilepsy has had limited effectiveness for a
number of reasons; many therapies only target one source of OS, and some antioxidants
are location-specific. For example, although GSH acts as a crucial antioxidant molecule in
the cortex, neuroprotection against OS in the hippocampus is dependent on SOD, therefore
enhancing GSH levels would have little to no effect on epilepsies originating from the this
brain region [26].

Although not an antioxidant molecule, one of the most effective antioxidant strategies
to treat epilepsy is the use of the ketogenic diet (KD). KD has long been used to treat drug-
resistant childhood epilepsy, yet only recently have its mechanisms of action, including
antioxidant effects, begun to emerge. The diet contains high fat, low carbohydrate and
controlled protein content, and studies report a reduction in seizure frequency up to 75% in
epileptic children [140] and in mice lacking the voltage-gated K* channel Kv1.1 [141]. KD
increases physiological levels of long chain fatty acids, which are endogenous ligands of
the transcription factor PPARy2. It was recently discovered that the downstream effector of
PPARY2, the antioxidant enzyme catalase, is responsible for the KD’s efficacy in treating
seizures, and furthermore reducing ROS burden [142]. In addition, the KD suppresses
OS through the activation of OS-resistance genes, more specifically, the forkhead box
O3a (Foxo3a) and metallothionein 2 (Mt2), which are upregulated by the ketone body
-hydroxybutyrate [143]. Consequently, the anti-seizure and antioxidant effects of the KD
are inextricably linked.
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5.3. Anti-Inflammatory Drugs with Anti-Epileptic Properties

As mentioned, the intricate crosstalk between OS and the neuroinflammatory response
in the CNS is a well-established feature of epilepsy pathology, thus highlighting their
potential as synergistic therapeutic targets. While some anti-inflammatory drugs associated
with classical mechanisms—such as the inhibition of cyclooxygenases (aspirin)—are listed
as drugs to treat epilepsy, their modest effects are over-shadowed by a new generation of
anti-inflammatory/anti-epileptic therapeutic options (see Table 1).

Antibodies against key neuroinflammatory regulators such as TNF-« (adalimumab),
IL-6 (tocilizumab) and IL-1 (canakinumab in combination with anakinra), reported promis-
ing results, reducing seizure frequency, severity and increasing the patients’” quality of
life. One of the advantages of designed antibodies in comparison to classical drugs is
the enhanced selectivity profile and specificity. Unlike classical drugs, antibodies bind to
precise and exclusive epitopes, with the potential to avoid unwanted off-target side-effects.
In summary, similarly to the application of antioxidants, preclinical and clinical testing of
anti-inflammatory drugs against epilepsy is a new field, with factors such as long-term use
still to be assessed.

6. Future Directions

Due to the detrimental effects of ROS exerted through the oxidation of essential
molecules such as enzymes and cytoskeletal proteins [144,145], a therapy based on the
elimination of excess ROS is potentially a tractable approach. However, displacement from
the normal cellular redox state (termed ‘oxidative eustress’) to a reduced state is also detri-
mental [146]. As such, attempts to manipulate endogenous antioxidants for therapeutic
benefit has proved to be challenging, in part due to the sensitivity of the ROS-associated
homeostatic mechanisms, but also from issues around penetration of the blood-brain-
barrier. One novel approach is to target key OS effectors using small molecules, such as the
ARE/Nrf2 axis (see above), that form potentially long-lasting antioxidant signalling cas-
cades. Critically, Nrf2-driven transcriptional activity is negatively regulated by Kelch-like
ECH associated protein 1 (KEAP1), whereby KEAP1 binding prevents Nrf2 translocation to
the nucleus [147]. Thus KEAP inhibitors such as Sulforaphane (see Table 1) are an attractive
upstream target, although the lack of selectivity of this particular compound has limited
further studies [148]. As an alternative, much more highly potent and specific Nrf2 activa-
tors have been studied, including the bardoxolone methyl analogue RTA 408, that has been
shown to activate Nrf2 via KEAP1 inhibition [149]. In a recent promising in vivo study,
RTA 408 administration after kainite-induced SE in the rat increases glutathione and ATP in
the brain as well as preventing neuronal cell death. Furthermore, the same treatment results
in an almost 10-fold reduction in spontaneous seizures at 4 months following SE [149]. In
addition, in vitro molecular studies regarding the mechanism of action revealed that RTA
408 binds via a specific amino acid (C151) of KEAP1, thus preventing the interaction with
Nrf2 [149]. Questions still remain regarding the longevity of such transcriptional modula-
tors in patients, yet data from a recent clinical trial of the same compound in Friedrich’s
Ataxia (FA), marketed as Omaveloxolone, are promising, showing significantly improved
neurological function compared to placebo alongside no overt side-effects [150].

There will likely be future interest in combination therapies, where a general OS-related
target will be modified in tandem with a known disease pathway or gene-specific thera-
peutic approach. Indeed, RTA 408 administration has been coupled with inhibition of the
ROS producing enzyme NADPH oxidase (NOX) using 4-(2-aminoethyl)-benzenesulfonyl
fluoride (AEBSF) in the same kainite-induced SE model as above. Significantly, the com-
bined approach was synergistic, with 70% of animals rendered seizure free after 8 weeks of
treatment [151]. The on-going clinical trials of Omaveloxolone in FA will hopefully facili-
tate future human studies, alongside further efficacy testing in vivo using well-established
genetic models of epilepsy.
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7. Conclusions

Despite significant advances in the genetics of epilepsy, the heterogeneity of disorders
characterised by seizures continues to hamper the search for novel therapeutic strategies
that will target multiple patient groups. One approach is to combine established AEDs with
therapies aimed at antagonistic cellular features, such as OS and neuroinflammation. Here,
we have described examples where OS is undoubtedly closely associated with seizure prop-
agation, although in many cases ROS appear to be induced after localized hyperexcitability
and are not a primary cause of disease. In particular, it is clear that the cytotoxicity that oc-
curs downstream of ROS generation is not an absolute requirement for epileptogenesis; yet
this phenomenon will certainly exacerbate aberrant network connectivity and subsequent
neurodegeneration. Moreover, despite multiple examples of antioxidant-targeting treat-
ments showing some promise in the mitigation of seizures, their apparent anti-convulsant
properties are not yet proven to be driven by preventing OS in specific cellular populations.
As such, there is much more to learn mechanistically regarding the ‘cause-and-effect’ and
clinical efficacy of these approaches [152,153]. In addition, how such strategies, often tested
in acute seizure-induction models, will be translated into the heterogeneous population of
epilepsy patients remains to be shown.

On a more positive note, there are new examples that demonstrate targeting of broadly
applicable OS-associated pathways—combined with improvements in CNS delivery—that
show promise for the amelioration of seizures (see above). Indeed, a plausible aim for the
field is to utilise such strategies as part of longer-term disease management to delay the
often inevitable pathological and cognitive consequences of recurrent seizures [154]. The ex-
act role of such complex comorbid conditions to altered AED response over time is unclear,
although the longer-term, concomitant detrimental effects of OS, neuroinflammatory and
synaptic dysfunction are common targets that could be further exploited therapeutically. In
summary, there is still much to learn regarding the complex and interconnecting pathways
that link OS, neuroinflammation and aberrant neurotransmission; further studies into these
closely-related pathways provide promise for identifying novel therapeutics in the future.
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