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ABSTRACT

Epilepsy is a debilitating neurological disorder characterized by recurrent seizures that is
associated with significant cognitive and physical impairments. Several important factors,
including oxidative stress, metabolic imbalances, and genetic mutations, contribute to the
etiopathology of epilepsy, and its gradual progression leads to neurodegeneration. The
traditional antiepileptic drugs (AEDs) cannot cure drug resistance in epilepsy, which is a
challenge in current research. Overcoming such difficulties creates a necessity to develop new
therapeutic methods. Ral interacting protein 76 (RLIP76), an ATP-dependent transporter, is
essential for cellular homeostasis through modulation of oxidative stress and promoting the
removal of toxic metabolites like 4-hydroxynonrenal linked with neuronal injury. It controls
proteins like c-Jun N-terminal kinases (JNK) and extracellular signal-regulated kinases (ERK),
controlling cell survival, apoptosis, and drug resistance. It also regulates neuronal excitability
and synaptic plasticity, crucial determinants of seizure susceptibility, along with its function in
cell detoxification. Its multifaceted functions in neuron stability, protection against oxidative
stress, and restraint of pathological excitability contribute to the therapeutic potential of
RLIP76. Its modulatory activity may be beneficial to improve the efficacy of AEDs through
increased availability of drugs and decreased multidrug resistance, providing promise to
develop more novel and effective therapeutic approaches for the management of epilepsy,
particularly drug-resistant epilepsy. This review emphasizes the organization, functions, and
cellular processes of RLIP76, highlighting its role in epilepsy pathophysiology as a possible
biomarker for epileptic conditions and its therapeutic potential in the development of targeted
therapies, including small-molecule inhibitors and gene therapy, to improve its therapeutic
outcomes.

ABBREVIATIONS

ABC: ATP-binding cassette transporter; LGI1Z/ADAM22: Leucine-rich: glioma inactivated
1/A disintegrin and metalloproteinase 22; AE: Acquired epilepsy; AED: Antiepileptic drugs;
AP2: Adaptor protein complex 2; ARNO: ADP-ribosylation factor nucleotide binding site
open; ATP: Adenosine triphosphate; BBB: Blood-brain barrier; CDE: Clathrin-dependent
endocytosis; CDKL1: Cyclin-dependent kinase-1; CNS: Central nervous system; CRISPR/Cas9:
Clustered regularly interspaced short palindromic repeats/CRISPR-associated protein 9; DNA:
Deoxyribonucleic acid; EAAT1: Excitatory amino acid transporter 1.
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INTRODUCTION

Epilepsy is a complex neurodegenerative
disorder characterized by recurrent,
unprovoked, and spontaneous cortical
seizures along with sensory, motor,
autonomic, and mental symptoms resulting
in significant deterioration of life quality
(Duncan et al., 2024). VVarious mechanisms,
including oxidative stress (OS), genetic
mutations, metabolic dysfunction, and
overactivation of neurons, produce
recurrent episodes of seizures and facilitate
neurodegeneration (Manole et al., 2023). In
the majority of cases, currently available
antiepileptic drugs (AEDs) are unable to
treat epilepsy effectively; therefore,
healthcare  requires more  improved
molecular insight and novel
neuroprotective  therapies to  avoid
neurodegeneration and disease progression
(Rheims et al.,, 2011). Ral interacting
protein 76 (RLIP76), or RalA binding
protein 1 (RALBP1), an ATP-dependent
efflux  transporter, eliminates toxic
metabolites by removing 4-
hydroxynonrenal (4-HNE) in addition to
other electrophilic agents and regulating the
balance. The protein affects both c-Jun N-
terminal kinases (JNK) as well as
extracellular  signal-regulated  kinases
(ERK) stress pathways, allowing their
activity in determining cellular survival
rates while at the same time affecting drug
resistance and apoptosis progression.
RLIP76 is a multidrug resistance protein of
76 kDa, encoded by the RALBP1 gene
present at chromosome 18, and acts as an
indispensable mediator between OS and
cellular homeostasis (Jullien-Flores et al.,
1995). As a stress-protective ATPase in the
mercapturic acid pathway, it couples
clathrin-dependent endocytosis (CDE) and
glutathione-electrophile conjugate export
(Singhal et al., 2011). The transporter
activity of RLIP76 enables critical
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molecules to communicate, regulate
plasticity, excitability, and amplify seizure
susceptibility (Awasthi et al., 2002). It is
also critical in  neuronal stability
maintenance through regulation of seizure-
induced OS damage, mitochondrial
abnormalities, and minimizing excessive
excitability, which is a feature of epilepsy
(Awasthi et al., 2021). Moreover, it is
associated with multidrug resistance
processes through xenobiotic transport
activities. Thus, RLIP76 is an encouraging
therapeutic target, and pharmacological
modification of the protein has the potential
to provide novel seizure treatment
interventions with simultaneous alleviation
of neurodegeneration severity. Modulation
of RLIP76 would enhance AEDs serum
bioavailability and efficacy by preventing
efflux and ultimately improving response
with  pharmacotherapy among drug-
resistant epilepsy patients (Awasthi et al.,
2007). Moreover, such therapies targeting
RLIP76 have neuroprotective potential in
maintaining synaptic protein levels and
lowering seizure-induced neuronal loss.
Targeting the interaction between other
molecular pathways and RLIP76 in
epilepsy can lead to new information and
assist in planning new effective treatments,
such as small molecule inhibitors, gene
therapy, and targeted drug delivery systems
(Kaneko et al., 2008). This review aims to
explore the structure, function, as well as
cellular processes related to RLIP76 and
highlight its significance in epilepsy.
Additionally, it focuses on RLIP76 as a
potential  biomarker  for  epilepsies,
emphasizing its expression levels and its
connections with OS pathways in epileptic
conditions. Furthermore, it also evaluates
the clinical value of targeting RLIP76 for
novel therapeutic approaches that, in turn,
will create opportunities for innovative
drugs to enhance epilepsy therapy.
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RLIP76: structure and physiological
functions

RLIP76 primarily consists of 655 residues,
with two identifiable regions present in the
center of the protein, i.e., RhnoGAP and Ral
binding domain (RBD), surrounded by N-
and C-termini (Cantor et al., 1995), as
shown in Figure 1. The C-terminus has
been projected to develop small coiled-coil
between residues 393 and 446 that attaches
firmly with the Ral, Repsl, and partially
overlaps with BTB1 protein 1 (POB1),
cyclin-dependent kinase 1 (CDK1), and
heat shock factor 1 (HSF-1) proteins,
which connect  RLIP76 to  several
processes, such as clathrin-coated-pit-
mediated receptor-ligand endocytosis of
impulses through insulin and transforming
growth factor-beta (TGF-B) receptors,
mitosis mechanisms via mitotic spindle
movement, CDK1 as well as
neurotransmitter exocytosis across the
exocyst complexities (Cornish et al., 2021).
The RhoGAP homologous domain, which
contains residues 192-368, is found to
enhance GTPase functioning of Rho family
tiny GTPases Racl as well as Cdc42 in
vitro, proteins that control cytoskeletal
interactions, motility, cell cycle, and
clathrin-dependent endocytosis (Rajasekar
et al., 2013). The RBD is locatednear the
RhoGAP region, and it interacts with RalA
and RalB. RLIP-RalA as well as RLIP-
RalB form links that have been associated
with essential functions, such as controlling
mitochondrial fission during
mitosis, localization  of  p27, clathrin-
dependent endocytosis of receptors,
cytoskeletal reconfiguration, and
invadopodia formation (Cornish et al.,
202;, Neel et al., 2012). RLIP has an N-
terminal Eps 15 Homology (EH) domain
that binds the adaptor protein complex 2
(AP2) clathrin adapter complex and with
ADP-ribosylation factor nucleotide binding
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site open (ARNO), enhancing endocytosis
and cell migration functions, respectively.
RBD binds to R-Ras with N—C
orientation, whose interaction aids in the
activation of ARNO. A region including
both the AP2/ARNO interaction area as
well as the R-Ras binding residues known
as the ear domain binds to Epsin, a binding
that is supposed to affect cell migration as
well as clathrin-dependent endocytosis
(CDE) inhibiting during mitosis (Coon et
al., 2010). RLIP has two ATP-binding
regions present at N- and C-terminal
domains, protein kinase C alpha (PKCa)
phosphorylation sites, and vector peptides
that share significant sequence similarity
(Singhal et al., 2006). In addition, using
site-directed mutation research through
substitution and elimination mutation
analyses, it has been proven that RLIP76
possesses proteins connected to the
membrane, which plays a crucial part in
transport and membrane attachment
alongside a cell surface domain. Mutating
lysines K74 alongside K425 to methionines
has been shown to inhibit RLIP's ATP
hydrolysis efficacy while decreasing
xenobiotic transport, along with the
development of invadopodia declining
within RLIP-forming cells via the K425M
mutation in comparison to wild type (Neel
et al., 2012).
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Fig (1): Molecular structure and
functional interactions of RLIP76 in
cellular processes.

Clerming 1

RLIP76 in the central nervous system

RLIP76 is highly expressed in numerous
human tissues, including the brain,
specifically on luminal surfaces of
endothelial cell membranes, with its
expression in CNS tissues, such as cerebral
cortex, hippocampus, cerebellum, and basal
ganglia (Fan et al., 2015). It was found to
be largely distributed in the BBB tissues of
resected epileptic foci. Research studies
have established that the cellular expression
of RLIP76 is in neurons, but also in other
glial cells, such as microglial and astrocytic
cells (Reddy et al., 2023). The neuronal
localization with glial cells implies
neuroinflammation (Li et al., 2022). It is
specifically found at the cell membrane
where it regulates various transport
pathways dependent on ATP, and in
intracellular organelles where it can interact
with numerous signaling components such
as Ral GTPases (Goldfinger and Lee 2013).

Epilepsy: Pathophysiology and
molecular mechanisms

Epileptic seizures involve jerky or
twitching movements throughout the body
caused by unusual neuronal activity, which
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neurological conditions in individuals.
These may occur in several parts of the
brain, and the degree of efficacy depends on
the area and the different types of seizures,
including focal as well as generalized
seizures (Milligan 2021). Focal seizures are
those that occur in a tiny, restricted area of
the brain's cortex or a more extensive
component of the cerebrum, and the key
subgroups of focal seizures include
awareness, diminished awareness, motor
onset, non-motor onset, and localized to
generalized tonic-clonic seizures (Leguia et
al., 2021). In contrast, generalized seizures
involve both cerebral hemispheres of the
brain. They were broadly categorized into
two distinct groups: motor and non-motor.
Motor convulsions are classified as tonic,
clonic, tonic-clonic, myoclonic, myoclonic-
tonic-clonic, atonic, and  epileptic
contractions.  Non-motor  convulsions
consist of atypical, typical, and myoclonic,
along with eyelid myoclonias (Raga et al.,
2021).

Epileptic seizures are exacerbated through
several factors such as neurotransmitter
imbalance, ion channel disruption, synaptic
plasticity, inflammatory pathways, and
cellular metabolism disruptions. This
occurs due to primary imbalances along
neuronal inhibition as well as excitation
that generate additional abnormalities by
inhibiting synapses and voltage-gated
inhibitory conductance or enhancing
synapses and voltage-gated excitatory
conductance (Sumadewi et al., 2023). The
nervous system exhibits neurochemical
activity altered from glutamate as well as
gamma-aminobutyric  acid (GABA)
neurotransmitters  alongside  sodium,
potassium, and calcium ion channels,
altered ion concentrations, as well as
imbalanced cell surface receptors and
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inflammatory conditions because of OS
(McKarns 2023). Current clinical studies
show how epilepsy genes like synapsins,
including stargazin and leucine-rich glioma
inactivated 1/A disintegrin and
metalloproteinase 22 (LGI1/ADAM22),
control seizure development by managing
excitatory/inhibitory ratios, and their
absence results in an excitatory/inhibitory
disproportion that leads to seizures.
Alterations of genes of ion channels can be
due to mutations, infections, and antibodies
(Yamaguchi et al., 2025). Moreover,
epileptic seizures lead to improper synaptic
plasticity along with hyperstability of
neuronal connections. Synaptic plasticity
refers to the capability of synapses to
modify  their degree of strength
periodically, which might correspond to
another cause of seizure production, which
is also connected with inhibitory synapses
(Liu et al., 2024).

Inflammatory mediators, including
interleukin-6  (IL-6) and macrophage
inflammatory protein (MIP), are produced
by astrocytes and microglia, resulting in
hyperexcitability. Higher levels of IL-6 and
TNF-a.  were identified along with
enhanced synapse protein generation,
neuronal inflammation, as well as
neurogenesis in the adult hippocampus in
mice lacking synapsin 2 throughout the
epileptic phase (Backstrom et al., 2023).
Inflammation also results in BBB
disruption that produces significant levels
of immunoglobulin G (1gG), which can be
observed in seizure-generating areas of the
brain. Some targets in epileptic seizures
involve P-glycoprotein (P-gp), mammalian
target of rapamycin (mTOR), as well as
mutations in voltage-gated ion channels
such as ashyperpolarization-activatedl
cyclic nucleotide-gated (HCN) channel,
Na-K-2Cl cotransporter isoform 1 NKCC.,)
and Kv7 channel (Sumadewi et al., 2023).
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RLIP76 in Epilepsy

RLIP76 contributes to seizure
pathophysiology through modulation of
OS, neuroinflammation, and
epileptogenesis (Meda et al., 2019).
Excessive neuronal excitability and its
activation in epilepsy lead to increased
metabolic demand and production of ROS
(Rho and Boison 2022). Under normal
conditions, RLIP76 maintains redox
homeostasis through the reduction of toxic
lipid peroxidative breakdown products,
including 4-hydroxy-2-nonenal (4-HNE)
and MDA. The OS overload and
inflammatory signals, together with loss of
mutational changes of RLIP76, lead to a
condition blocking the cellular exclusion of
ROS, resulting in increased neuronal cell
hyperexcitability and seizure susceptibility
(Jaramillo et al., 2014). RLIP76 regulates
certain intracellular signaling processes,
involving phosphoinositide 3-
kinase/protein kinase B (PISK/AKT) as
well as mitogen-activated protein kinase
(MAPK)  cascades, including their
dysregulation that leads to mitochondrial
dysfunction, glutamate excitotoxicity, and
disruption of the BBB, all of which are
known to worsen epilepsy (Bajalia et al.,
2022). Furthermore, RLIP76 has been
associated with neuroinflammatory
reactions, which increase gliosis and
cytokine release, therefore promoting
seizure formation. Hence, RLIP76 is a
prospective target for new epilepsy
treatments because of its complex function.
Although suppression in some situations
may alter abnormal cell signaling linked to
the onset of seizures, improving RLIP76
activity may help reduce oxidative injury
and neuroinflammation (Depondt and
Shorvon 2006).
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Role of RLIP76 in seizure-induced
oxidative stress, mitochondrial
dysfunction

RLIP76 is crucial in lowering seizure-
induced oxidative injury along with
mitochondrial dysfunction through its
mechanisms for glutathione conjugate
transport as well as stress response pathway
modulation (Das et al., 2011). Seizures
cause increased neuronal excitability,
which breaks down the metabolism of
neuronal  cells, resulting in OS,
mitochondrial dysfunction, and neuronal
damage (Aguiar et al., 2012). The brain's
natural antioxidant defense mechanism is
unable to keep up with the overproduction
of ROS and RNS caused by excessive
neuronal excitability. The OS affects
proteins, mitochondria, and DNA,
triggering lipid peroxidation and further
damaging neurons (Waldbaum and Patel
2010). ROS promotes  oxidative
degeneration of polyunsaturated fatty acids,
resulting in the formation of 4-HNE, a
genotoxic as well as proteotoxic
peroxidation byproduct from omega-
6 polyunsaturated  fatty  acids  like
arachidonic acid, linoleic acid (Zhong and
Yin 2015). Both MRP1 and MRP2 detoxify
the body by removing trace amounts of
harmful chemicals, such as 4-HNE, when
OS is low; however, in excessive OS,
RLIP76  detoxifies  toxic  4-HNE
(Gasparovic et al., 2017). RLIP transfers
the end-product GS-HNE molecule out of
the cell in an ATP-dependent way when 4-
HNE is conjugated to GSH by glutathione
S-transferase alpha 4 (GSTA4). However,
dysregulated RLIP76 produces excessive
ROS accumulation, which intensifies
oxidative harm to neurons (Dratkiewicz et
al., 2021). This occurs due to gene
mutations affecting ion channels such as
potassium voltage-gated channel subfamily
Q member 2 (KCNQ2), sodium channel,
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voltage-gated, type |, alpha subunit
(SCN1A), and synaptic proteins like
gamma-aminobutyric acid receptor alpha
subunit 1 (GABRAL), syntaxin binding
protein 1 (STXBP1), as well as metabolic
pathways, including mTOR signaling and
mitochondrial function (Smolarz et al.,
2021). The dysfunction of voltage-gated
sodium channels coded by SCN1A
mutations results in hyperexcited inhibitory
interneurons that allow less GABAergic
inhibition to occur, thus leading to seizures
(Ademuwagun et al., 2021). Similarly, the
damage to KCNQ2 genes interrupts
potassium channel processes, leading to
neuronal membrane failures that result in
increased neuronal excitability (Steinlein
2012). Neurological cells affected by
GABRAL alterations become more likely to
experience depolarization since their
GABA  receptor-mediated  inhibitory
signals decrease (Mele et al., 2019). The
dysfunction of synaptic vesicle fusion
mechanisms caused by STXBP1 mutations
creates a breakdown of neurotransmitter
release and disrupts synapses from
maintaining balance (Freibauer et al.,
2023). ROS amounts that exceed normal
levels because of RLIP76 dysfunction
trigger damage to the TSC1/TSC2
complex, which controls mTOR complex 1
(mTORC1) (Hranac ~ 2013). The
TSC1/TSC2 complex inhibits mTORC1
activity through Ras homolog enriched in
brain  (Rheb) inactivation, thereby
preventing hyperactive protein synthesis
and abnormal neuronal growth during
normal conditions (Vasic et al.,, 2021).
However, OS resulting from RLIP76
dysregulation triggers oxidative alterations
to deactivate TSC1/TSC2, which further
activates mTORC1 through
hyperactivation (Borovi¢ Sunji¢ et al.,
2024), as shown in Figure 2. Excessive
activity of mTORC1 causes a combination
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of increased protein production, autophagy
impairment, and cell enlargement that leads
directly to neural network disruption and
seizure development. The dysfunctional
mitochondrial dynamics that occur because
of MTORC1 hyperactivation lead to more
ROS production and worsen OS conditions
(LaSarge and Danzer 2014). RLIP76
dysfunction induces OS that activates
mTORC1, thus sustaining enhanced
neuronal  activity and  generating
epileptogenesis in the brain (Wisniewska et
al., 2021). Synaptic plasticity changes due
to mTORC1 activation, thereby altering
essential synaptic protein levels (GABRAL,
STXBP1), which results in inappropriate
excitatory and inhibitory
neurotransmission. The neuronal network
becomes more prone to seizure tendencies
because excitatory synapses increase while
inhibitory pathways deteriorate (Poliquin
and Kang 2022).
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RLIP76 acts as a vital factor for
mitochondrial functioning through diverse
pathways by protecting mitochondrial
integrity  throughout  seizures, which
primarily generate ROS (Bachi et al.,
2013). RLIP76 is demonstrated to control
mitochondrial membrane potentially via its
interactions linked to apoptosis-associated
proteins, including survival factor Bcl-2
and  death-promoting  protein  Bax,
triggering mitochondrial outer membrane
permeabilization (MOMP) (Kim et al.,
2022). These interaction of RLIP76-
regulated Bcl-2 and Bax proteins control
and inhibits mitochondrial membrane
depolarization along with cytochrome c
release during OS-induced apoptosis
(Gomez-Crisostomo et al,, 2013).
Moreover, RLIP76 also functions as a
transporter to transport detoxification
products bearing glutathione and other
compounds across the mitochondrial
membranes to maintain both redox balance
and organelle internal stability (Franco et
al., 2007). Due to its ATP-dependent
transporter activity, RLIP76 removes 4-
HNE byproducts from lipid peroxidation,
thereby preventing the progression of
mitochondrial damage and neuronal
deterioration (Poli et al., 2008). The
interaction between RLIP76 and JNK and
p38 MAPK stress-responsive Kkinases
allows control over mitochondrial OS
responses along with apoptotic signaling
processes. The degradation of upstream
activators like apoptosis signal-regulating
kinase 1 (ASK1), which initiates JNK and
stimulation of p38, is facilitated by RLIP76
that prevents JNK, p38-induced apoptosis,
and mitochondrial damage. Therefore,
RLIP76 maintains healthy mitochondria by
controlling excessive ROS production
combined with its actions in controlling
dynamic  stability while enhancing
detoxification processes, which preserves
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neurons from loss following seizure activity
(Fernandes et al., 2010). However, during
mitochondrial dysfunction and RLIP76
dysregulation, excessive ROS generation
leads to severe degradation of lipids,
proteins, and DNA structures, which results
in abnormal epileptic development and
neuronal death (Singhal et al., 2022).

Role of RLIP76 in seizure-induced
neuroinflammation and apoptosis

RLIP76 functions essentially in controlling
OS processes along with cellular signaling
and apoptosis, yet its imbalanced
expression  stimulates  seizure-induced
neuroinflammation and neuronal death (Li
et al., 2022). Excessive neuronal activity
during seizures creates metabolic stress on
neurons, which damages mitochondria
while generating excessive ROS (Patel
2004). However, the dysregulation of
RLIP76 in epilepsy patients causes
increased ROS accumulation that results in
severe oxidative harm to cell components
and starts inflammatory signals and
apoptotic  processes (Niftullayev and
Lamarche-Vane 2019). Nuclear factor-
kappa B (NF-kB) activation reaches higher
levels among cells with RLIP76
dysfunction as a result of OS conditions,
which activates IkB kinase that further
phosphorylates 1kB, resulting in its
degradation. Thus, they regulate elevated
production of pro-inflammatory cytokines
TNF-0, interleukin-1p (IL-1B), and IL-6
(Sagai and Bocci 2011). The excessive
levels of these cytokines intensify neuronal
hyperexcitability because they alter the
activity of ion channels, especially voltage-
gated sodium (SCN1A) and potassium
(KCNQ2), disturbing the balance between
excitatory as well as inhibitory
neurotransmission (Jaworski 2020). After
NF-xB activation occurs, it induces
excessive production of inducible nitric
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oxide synthase (iNOS), cyclooxygenase-2
(COX-2), enhancing the production of
excessive prostaglandins and nitric oxide
because of OS and neural damage (Sorokin
2016).  Neuroinflammation  becomes
persistent because it activates microglia and
astrocytes, releasing more ROS and
inflammatory mediators, which establishes
a recurrent cycle that allows
neuroinflammation to continue and
increase seizure frequency (Sanz and
Garcia-Gimeno 2020). RLIP76 serves as a
negative JNK regulator because it transfers
JNK-phosphorylated  substrates, which
prevents apoptotic cascade activation
(Wang et al., 2013). The protective
functioning of RLIP76 helps decrease
neural cell deaths that develop from OS
conditions (Mattson 2009). The activation
of INK begins when upstream kinases such
as mitogen-activated protein kinase kinase
4 (MKK4), along with MKK7, respond to
both OS and inflammatory signals. The
activated JNK molecule transits to the
nucleus before phosphorylating
transcription factors like c-Jun, which then
activate pro-apoptotic genes Bim and FasL
(Uddin et al., 2021), as shown in Figure 3.
In addition, through JNK-mediated Bcl-2
family proteins, phosphorylation of Bim
and Bax activity gets enhanced, which
drives MOMP, eventually releasing
cytochrome ¢ and triggering caspase
activation (Singh et al., 2019). RLIP76
protects cells by removing phosphorylated
JNK substrate proteins from the cytosol,
which limits both JNK nuclear entry and its
pro-apoptotic effects. Neuronal survival
during seizures becomes protected because
RLIP76 reduces both OS-induced JNK
hyperactivation and damaging cellular
effects on the neurons (Dalleau et al.,
2013).
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On the other hand, RLIP76 dysregulation
results in  seizure-induced  neuronal
apoptosis occurring through intrinsic
(mitochondrial) and extrinsic  (death
receptor) mechanisms (Reddy et al., 2023).
Excessive accumulation of ROS triggers
mitochondrial breakdown by activating
death-promoting Bcl-2 proteins Bak and
Bax, thereby antagonizing protective Bcl-2
elements Bcl-2 and Bcl-x. simultaneously
(Reed 2006). The alteration in
mitochondrial membranes results in
cytochrome c release into cytosol, which
activates apoptotic protease activating
factor-1 (Apaf-1) leading to production of
apoptosome that activates caspase-9 from
apoptosome, starts the caspase cascade that
results in effector caspase activation, that is
associated with vital protein cleavage and
DNA fragmentation that finally causes
apoptosis in neurons (Henshall et al., 2001).
Moreover, the ROS activation of poly
(ADP-ribose) polymerase-1 (PARP-1)
depletes cellular nicotinamide adenine
dinucleotide (NAD™) while disrupting
mitochondrial functioning and intensifying
energy deficiencies in neurons, which
subsequently increases their apoptotic
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vulnerability (Khatri and Man 2013). The
extrinsic apoptotic pathway becomes
activated through the neuroinflammatory
effects of seizures that result in increased
numbers of membrane-bound TNF
receptor-1 death receptors. Activation of
caspase-8 begins after TNF-a or FasL
ligand binds to receptors along with adapter
proteins, including the Fas-associated death
domain (FADD) (Henshall and Simon
2005). Stimulation of caspase-8 leads this
protease to execute two different functions:
it activates effector caspases directly, or it
breaks down Bid (BH3-interacting domain
death agonist), a BH3-only protein, linking
exterior apoptotic pathologies with interior
apoptotic pathways (Delgado 2014).
Moreover, the elevated ROS production
from RLIP76 simultaneously raises
neuronal sensitivity to death receptor
signals because it modifies key apoptotic
proteins through oxidative alterations,
which results in reduced resistance against
programmatic cell death (Singhal et al.,
2011). The influence of RLIP76 on mTOR
signaling represents an  essential
mechanism in seizure-induced neuronal
apoptosis because this pathway functions as
a major regulator for neuronal growth and
survival and also plays a key role in
epilepsy development (Zhang et al., 2017).
RLIP76 dysfunction during OS activates
mTORC1 by oxidatively damaging the
TSC1/TSC2 complex, which normally
controls mTORCL1 activity. This activation
of the mTORC1 pathway results in
increased protein synthesis while inhibiting
autophagy, which degrades damaged
components and prevents neuron apoptosis.
Furthermore, the hyperactivated mTORC1
creates synaptic homeostasis disruptions
through the regulation of essential synaptic
proteins, such as GABRAL and STXBP1,
thus producing abnormal excitatory and
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inhibitory neurotransmission (Gourmaud et
al., 2022).

Role of RLIP76 in BBB dysfunction and
drug resistance

In epilepsy, RLIP76 plays a crucial role in
regulating both AED resistance and BBB
integrity. Selective transport between the
blood and brain is normally maintained by
the blood-brain barrier (BBB), but epilepsy
is characterized by its failure. Redox
equilibrium is maintained by RLIP76,
which increases endothelium export of
ROS, lipid-peroxidation products such as 4
HNE and MDA, and GSH conjugated
xenobiotics. Nevertheless, through
RhoA/Racl-mediated actin rearrangement,
increased RLIP76 expression causes
cytoskeletal and tight-junction protein
(occludin, claudins) disruption, enhancing
BBB permeability, neuroinflammation, and
seizure susceptibility (Ganta et al., 2010;
Song et al., 2020). Similar to an ABC
transporter, RLIP76 effluxes AEDs from
endothelial and neural cells via
collaborating with P-gp and MRP proteins.
Phenytoin, carbamazepine, and valproate
are important AEDs whose intracellular
concentrations are markedly decreased in
vitro by RLIP76, which diminishes their
therapeutic  effectiveness. Interestingly,
RLIP76 plays a dominating role in epileptic
BBB endothelial cells, accounting for
roughly 72% of phenytoin efflux, while P-
gp contributes for 27%. This transport
capacity is modulated by genetic variations
in RLIP76, suggesting that AED resistance
may be overcome by targeted RLIP76
inhibition  (Soranzo et al., 2005).
Glutamate-conjugate  efflux is  also
facilitated by RLIP76, which increases
excitotoxicity and interferes with neuronal
survival pathways. BBB  disruption
increases excitability and seizure thresholds
by allowing serum proteins and peripheral
inflammatory mediators to enter brain
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tissue  (Makrides et al., 2017),
diagrammatically explained in Figure 4.

Cell membrane
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Fig 4: Role of RLIP76 in BBB dysfunction
and drug resistance in epilepsy

RLIP76 as a potential biomarker for
epilepsy

RLIP76 has been studied for its
involvement in epilepsy, more notably drug
resistance. High BBB endothelial cell
expression of RLIP76 might be associated
with lower AED bioavailability, inadequate
seizure control, and increased doses or
another drug (Ferraro et al., 2006).
Nevertheless, reduced RLIP76 expression
may keep the AED in the brain to enhance
seizure control. Hence, RLIP76 can act as a
potential candidate for the prediction of
AED response and individualization
treatment selection (Kesavan et al., 2011).
The clinical relevance of RLIP76 as a
biomarker consists of predicting response
to AED, selection of drugs, and disease
progression monitoring. Brain tissue or
peripheral blood levels of RLIP76 can be
quantified to evaluate response risk in
typical AED treatment (Fricke-Galindo et
al., 2016). Clinicians must know that
greater numbers of patients with higher
RLIP76 expression are more susceptible to
drug resistance and should initiate
consideration ~ of  increased  doses,
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polytherapy, or other treatment modalities
at the early stage of the disease, ideally
before the treatment initiation (Alvarez et
al., 2007). The highly active patients would
preferentially use AEDs less subject to the
action of transporters such as levetiracetam
and lacosamide, and if RLIP76
preferentially efflux drugs like phenytoin
and carbamazepine (Panthan et al., 2010).
Biomarker-based selection of drugs would
help control seizures and lower the number
of inappropriate drug trials. Interpretation
of serial measurement of RLIP76
expression may suggest how drug
resistance changes over time and serve to
monitor changes in drug resistance that may
mandate treatment adjustments. Regular
screening of RLIP76 levels in epileptic
patients under AED treatment might be
useful for optimal selection and dosage
modification of AEDs. However, for life-
threatening, severe, drug-resistant cases,
epilepsy surgery (such as focal resection)
may be considered. Measuring RLIP76
expression in resected brain tissue may be a
valuable means to assess the post-surgical
drug response to optimize postoperative
AED doses (Cascino and Brinkmann 2021).

Therapeutic Implications of Targeting
RLIP76

Researchers have focused on RLIP76 as an
epilepsy drug target, especially for drug
resistance mechanisms (Emich-Widera et
al., 2013). It acts as a transporter at the
BBB, which moves out AEDs, including
phenytoin and carbamazepine, from brain
tissue, therefore promoting drug-resistant
conditions and lowering intracellular
concentrations. The collective evaluation of
several studies that explore the function of
RLIP76 in epilepsy, highlighting key
findings and their associated limitations, is
mentioned in Table 1. Experiments show
that RLIP76 exists upon the luminal surface
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of endothelial cells of the brain, particularly
in regions that were removed from epileptic
foci. Experimental assays confirmed that
RLIP76 functions as an energy-dependent
transport system for AEDs, and RLIP76-
deficient mice responded more strongly to
phenytoin treatment because of improper
drug removal efficiency at the BBB
(Singhal et al., 2006). However, some
recent research has produced findings that
contradict RLIP76's involvement in
epilepsy. Genetic studies have determined
that RLIP76 genetic variations show no
relationship to epilepsy vulnerability or
AED medication effectiveness. The
prediction models indicate that RLIP76
lacks both transmembrane behavior and
ATPase activity, which are fundamental
features of membrane-spanning transport
proteins (Manguoglu et al., 2011).

Further research must explore both drug
resistance involvement and the therapeutic
target potential of RLIP76. Despite these
limitations, targeting RLIP76 is a
promising avenue to enhance AED efficacy
for resistant patients, who are typically non-
responsive to conventional treatments
(Kasperaviiute and Sisodiya 2009). It may
be feasible in promoting drug delivery
across the BBB and elevating AED
concentration in the CNS through RLIP76
activity (Edafiogho et al., 2007). RLIP76
pharmacological inhibitors are promising
as a treatment strategy to enhance treatment
for epilepsy, especially in patients
intolerant of standard AEDs. Small
molecule RLIP76 inhibitors such as
sunitinib, sorafenib, vincristine,
doxorubicin, vinblastine, and colchicine
offer an encouraging approach that
enhances existing AEDs by inhibiting these
AEDs from effluxing out of neuronal cells
in various mechanisms (Singhal et al.,
2017). One of the methods is competitive
inhibition, where inhibitors compete for
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AED binding to RLIP76 sites and inhibit it
from exporting these drugs out of the CNS.
These inhibitors can be structured such that
they can specifically inhibit the action of
RLIP76 without affecting other essential
transporters or cell functions (Kamel 2023).
An increase in concentrations of AEDSs in
neuronal tissues can result in increased
strength of their therapeutic effects.
Allosteric inhibitors bind to sites located at
the substrate binding sites of RLIP76 that
cause conformational changes to reduce
transport activity but will not compete with
AEDs directly (Colabufo et al., 2010). In
addition, pharmacological agents
downregulate leads to the degradation or
internalization of RLIP76, resulting in a
reduction of the cell surface and inhibiting
its drug efflux functions (Singhal et al.,
2011).

Moreover, downregulation of RLIP76 in
certain neuronal cells can be possible
through using putatively revolutionary

ARTICLE ID: BTS0326011

together  with  clustered  regularly
interspaced short palindromic
repeats/CRISPR-associated  protein 9

(CRISPR/Cas9) technology (Singhal et al.,
2021). They may increase the sensitivity of
AED by reducing the capacity of the
transporter for effluxing drugs from cells.
Surgical removal of epileptic foci in non-
responsive patients with elevated RLIP76
expression can be an option. Drug
resistance patterns after surgery will assist
in the analysis of RLIP76 expression in
resected neuronal tissue. Synergistic
interactions of combination therapy could
be a target for therapeutic intervention for
RLIP76. Conventional ~ AEDs in
combination with RLIP76 inhibitors could
have synergistic action, particularly in the
case of pharmacoresistance, since high
levels of this transporter are observed. This
strategy could be applicable for lower doses
of AEDs without loss of efficacy
(Boughrara and Chentouf 2022).

methods, such as RNA interference
Table 1. Role of RLIP76 in Epilepsy
S.No Type of Methods used Major findings References
study
1. |In vivo | Immunohistochemistry, | RLIP76 is expressed in | (Awasthi et
experimental | Transport Assays, | brain tissue, particularly | al., 2005)
study Knockout Mouse Model | on the luminal surface of
endothelial cell
membranes. Its

expression  is  most
prominent in BBB tissue
from excised epileptic
foci. It mediates the
transport of AEDs like
phenytoin and
carbamazepine. RLIP76
knockout mice exhibited
increased sensitivity to
phenytoin, suggesting a
role in drug resistance.
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2. | Genetic Double-labeling Found no substantial | (Soranzo et
association fluorescent evidence supporting | al., 2007)
study immunohistochemistry, | RLIP76's role in drug
population genetics, | resistance or epilepsy
comparative protein | susceptibility.
structure modeling Immunoreactivity ~ was
cytoplasmic and did not
localize with endothelial
markers.
No association was found
between RLIP76 genetic
variations and  drug
response phenotypes.
3. | Experimental | Immunohistochemistry, | RLIP76 is the | (Mancini et
study Western blot, | predominant transporter | al., 2005)

pharmacokinetic assays

for phenytoin at the BBB,
surpassing MDR1 (P-gp).

mediated mitochondrial
fission and 4-HNE efflux
following SE suggesting
that increased RalBP1
expression/activity may
be one of the considerable
targets to protect neurons
from SE.

4. | Prospective | genotyping There was also no effect | (Leschziner
cohort study | 23 common RLIP76 pol | in a subgroup of patients | et al., 2007)
ymorphisms on carbamazepine, which
using PCR is thought to be an
RLIP76 substrate,
although two
polymorphisms were
associated with time to
first seizure.

5. | Genetic denaturing high- | RLIP76 gene variants | (Manguogl
Association | performance liquid | were not associated with | u et al.,
Study chromatography drug response in Turkish | 2011)

(HPLC) and sequencing | epilepsy patients.
analysis techniques

6. | In . Vvivo EEG, CDD.O-Me may | (Kim et al.,
experimental Immunohistochemistry, amellorate_ CALl neuronal | 2022)
study Western Blot degeneration by

’ accelerating RalBP1-
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7. | Observationa
| Cross-
sectional
pharmacogen
etic study.

Genetic analysis

All studied alleles of the | (Fricke-
RALBP1 gene were | Galindo et
present in the Mexican- | al., 2016)
Mestizo population.

The allele and genotype
frequencies of RALBP1
showed differences when
compared to European,
Asian, and  African
populations. Allele
frequencies greater than
30% were observed in ten
genes, including
RALBP1.

CONCLUSION AND
DIRECTIONS

This review concludes that due to its
controls on neuronal functions and
contributes to medication resistance,
RLIP76 is important in epilepsy. Stress
tolerance, clathrin-mediated endocytosis
and exocytosis, neurotransmitter release,
and redox balance are all processes that are
necessary for preserving synaptic plasticity
and neuronal health. These mechanisms
frequently break down in epilepsy,
increasing the risk of seizures. By
facilitating glutathione conjugate transport,
RLIP76 also lessens neuronal damage and
oxidative stress. Research indicates that
mice with RLIP76 deficiency are more
prone to seizures, underscoring the
potential for treatment. The CNS has high
concentrations of RLIP76, particularly in
neurons and at the blood-brain barrier. This
makes it a potential biomarker for both
acquired and hereditary causes of epilepsy.
Targeting RLIP76 may enhance synaptic
and cellular function, which could improve
anti-epileptic drug (AED) responses,
especially in drug-resistant instances. Its
functions in drug transport, redox
regulation, and cellular stress response
imply a wider relevance in brain health,

FUTURE

© BTS Pharma Empire All Rights Reserved

notwithstanding the paucity of studies on
RLIP76 in neurodegeneration. Its impact on
synaptic transmission and brain excitability
needs more research. Understanding the
variety of AED response may be enhanced
by looking into RLIP76 modulators and
expression levels among patient groups.
Combining RLIP76 with additional
biomarkers could improve understanding of
medication resistance and open the door to
individualized care. In the end, RLIP76
targeting may make precision medicine
approaches to epilepsy treatment possible.
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