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Abstract
More than one-third of people with epilepsy develop drug-resistant epilepsy 
(DRE). Different hypotheses have been proposed to explain the origin of DRE. 
Accumulating evidence suggests the contribution of neuroinflammation, modi-
fications in the integrity of the blood-brain barrier (BBB), and altered immune 
responses in the pathophysiology of DRE. The inflammatory response is mainly 
due to the increase of cytokines and related molecules; these molecules have 
neuromodulatory effects that contribute to hyperexcitability in neural networks 
that cause seizure generation. Some patients with DRE display the presence 
of autoantibodies in the serum and mainly cerebrospinal fluid. These patients 
are refractory to the different treatments with standard antiseizure medica-
tions (ASMs), and they could be responding well to immunomodulatory thera-
pies. This observation emphasizes that the etiopathogenesis of DRE is involved 
with immunology responses and associated long-term events and chronic in-
flammation processes. Furthermore, multiple studies have shown that func-
tional polymorphisms as risk factors are involved in inflammation processes. 
Several relevant polymorphisms could be considered risk factors involved in 
inflammation-related DRE such as receptor for advanced glycation end products 
(RAGE) and interleukin 1β (IL-1β). All these evidences sustained the hypoth-
esis that the chronic inflammation process is associated with the DRE. However, 
the effect of the chronic inflammation process should be investigated in further 
clinical studies to promote the development of novel therapeutics useful in treat-
ment of DRE.
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1  |   INTRODUCTION

The World Health Organization estimates that at least 50 
million people worldwide have epilepsy,1 and one-third of 
these patients develop drug-resistant epilepsy (DRE).2 The 
classic hallmark of DRE pathology is two or more antie-
pileptic drugs are being inadequate for seizure control.3 
There is an increase in sudden death by up to 50% in those 
with refractory epilepsy.4 The lack of response in 30% of 
patients to pharmacological treatments has led to the pro-
posal of several hypotheses to explain lack of response. 
The therapeutic target and transporter hypotheses are 
the most widely described theories of resistance to anti-
seizure medication (ASM). We will also mention other 
proposed hypotheses. The therapeutic target hypothesis 
emphasizes that sensitivity to treatment decreases due 
to alterations in the cellular targets of the drugs. For ex-
ample, the α2 subunit of the Na+ channel, encoded by the 
SCN2A gene, is associated with resistance to ASMs.5 The 
transporter hypothesis postulates that the drug resistance 
can be attributed to the overexpression of multidrug ef-
flux transporters. P-glycoprotein (P-gp) is the most inves-
tigated efflux transporter, whose primary function is to 
maintain the integrity of the blood-brain barrier (BBB) by 
decreasing brain accumulation of drugs considered xeno-
biotics in the brain.5

Another critical hypothesis is the neural network 
hypothesis, which proposes that the loss of neurons re-
sults in a remodeling of the synaptic network. In this 
case, the brain's seizure control system is suppressed 
or inhibited, the brain's remodeling of the synaptic net-
work, and is ineffective and drug access to the targets 
is restricted.6 The intrinsic severity hypothesis suggests 
that high seizure rates before treatment are an import-
ant predictor of refractory epilepsy.6 The genetic variant 
hypothesis states that polymorphisms are associated 
with pharmacodynamics, metabolic pathways, enzymes, 
ion channels, and neurotransmitter receptors and block 
drug binding, metabolism, and transport,6 but neither of 
them thoroughly explains the neurobiological basis of 
this phenomenon.6,7

The mechanisms of refractory epilepsy are likely mul-
tifactorial, involving environmental, genetic, and disease- 
and drug-related factors.8 Another factor to consider in 
this complex system is neuroinflammation. Recently, 
Löescher et al (2020) posited neuroinflammation and BBB 
dysfunction as potential mechanisms, because they are 
the primary hallmarks of human epileptogenic foci in var-
ious forms of DRE. Additionally, it has been described in 
animal models of acquired epilepsy.3 It has been shown 
that the inflammatory process triggers hyperexcitability 
due to different cellular and molecular events.6,7 However, 
information regarding inflammation and DRE is limited.

This review provides recent information on the basic 
and clinical aspects of the role of inflammatory media-
tors and other activated molecules in DRE, which could 
be considered as a factor to support inflammation as an 
important component in DRE patients.

Neuroinflammation, a complex inflammatory response 
in the brain, is characterized by activation of the resident 
immune cell system, biosynthesis of inflammatory me-
diators, and release of related molecules in response to 
inflammatory challenge.9-14 Recently, neuroinflamma-
tion has been considered to trigger epilepsy, epileptic sei-
zures, and an inflammatory cascade response within the 
brain.12,13

Inflammatory responses in the central nervous system 
(CNS) have been differentiated into acute and chronic neu-
roinflammation. The acute neuroinflammatory response 
results in a phagocytic phenotype, activation of resident 
glial cells, release of inflammatory mediators such as re-
active oxygen and nitrogen species, cytokines and chemo-
kines, and the recruitment and infiltration of peripheral 
blood cells into the brain.9,11 Conversely, chronic neuroin-
flammation is a long-standing inflammation in the CNS 
that implies the persistence of an inflammatory stimulus 
long after an initial injury or failure of the normal reso-
lution mechanisms. Sustained release of inflammatory 
mediators implies increased oxidative stress, activation 
of microglia, promotion of cellular damage, and neurode-
generation.15,16 Additionally, inflammatory processes are 
involved in a wide variety of diseases and conditions in 
the CNS.

On the other hand, several studies have provided 
evidence of the activation of innate and adaptive im-
mune responses, primarily observed in brain biopsies of 

Key Points

•	 Inflammatory proteins are involved in the 
pathophysiology of seizures in patients with 
drug-resistant epilepsy.

•	 Seizure activity modifies the structure of the 
blood-brain barrier and activates inflamma-
tory, oxidative stress, and efflux proteins such 
as P-gp.

•	 HMGB1 via Toll-like receptor (TLR) pathway 
triggers inflammatory responses and plays an 
important role in epilepsy

•	 Genetic studies in DRE have shown a weak re-
lationship between inflammation and DRE in 
different ethnic groups.
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patients with temporal lobe epilepsy (TLE).17,18 This im-
mune response can occur in response to factors that in-
crease neuronal activity, as in the case of seizures. Thus, 
inflammatory mediators, such as cytokines, chemok-
ines, and prostaglandins secreted by brain cells during 
epileptic activity, not only promote inflammation 
but also act as neuromodulators that affect neuronal 
function and increase excitability.19 The pathological 
relevance of neuroinflammation is reinforced by the 
finding that it is a common feature of epilepsy in var-
ious drug-resistant forms with different etiologies and 
is not only related to autoimmune disorders or active 
CNS infections.12,20-22 In addition, inflammatory medi-
ators are endowed with CNS-specific neuromodulatory 
functions that may contribute to hyperexcitability and 
excitotoxicity.23

In addition, many other factors and patterns of refracto-
riness play critical roles in DRE and are likely to contribute 
to the complicated multifactorial pathology. Cumulative 
evidence from various studies has demonstrated that the 
pathogenesis of epilepsy is linked to neuroinflammation 
and cerebrovascular dysfunction.8,24,25 Nevertheless, in-
creasing evidence from clinical and experimental studies 
supports the idea that inflammatory pathways at the BBB 
might be associated with DRE.2,26,27

1.1  |  Neuroinflammation and blood-
brain barrier dysfunction in drug-
resistant epilepsy

The BBB, a dynamic and complex interface between the 
circulating blood and the CNS, is established by brain 
endothelial cells closely associated with pericytes and as-
trocytic endfeet forming a neurovascular unit (NVU), sur-
rounded by the basal lamina and organized by different 
extracellular matrix (ECM) proteins that are crucial for its 
establishment and integrity.28-30

Brain endothelial cells, characterized by a lack of fenes-
trae combined with low pinocytotic activity, are connected 
by tight junctions (TJs), which are the critical morpholog-
ical component of the BBB.28,30 These intercellular TJs 
(occludin, claudins, and junctional adhesion molecules) 
primarily exclude macromolecules such as proteins and 
small lipid-insoluble molecules from entering the brain.31 
These proteins are linked to the cytoskeleton by the zonula 
occludens family (ZO-1, ZO-2, and ZO-3).28,32,33 These re-
strictive properties of the BBB due to tight junctions re-
duce the permeation of ions and other small hydrophilic 
solutes through the paracellular pathway. Thus, essential 
molecular flux must use predominantly transcellular bi-
directional transport pathways, which may only enter via 
a series of membrane transporters (solute carriers, SLCs) 

and ATP-binding cassette (ABC) proteins and vesicular 
system transport.30,34,35

In particular, the ABC transporter family is a trans-
membrane protein superfamily that uses the energy re-
leased by adenosine triphosphate hydrolysis to transport 
various substrates through the cell membrane.3,36,37 In 
the BBB, the multidrug resistance (MDR) gene encodes a 
family of proteins, including P-gp (ABCB1, MDR1), mul-
tidrug resistance-associated protein 1 (MRP1, ABCC1), 
and breast cancer resistance protein (BCRP), which are 
involved in the regulation of brain uptake and removal of 
toxic lipophilic metabolites into the blood.3,36,37

Chronic neuroinflammatory conditions may regulate 
the intracerebral expression of ABC transporters through 
several inflammatory signaling pathways. Overexpression 
of P-gp and MRP1 in epileptogenic brain tissue38,39 and 
overexpression of MRP1 in dysplastic neurons, glia, and 
around intracerebral blood vessels in focal cortical dyspla-
sia have been shown to cause refractory epilepsy.25,40

Likewise, much evidence has shown that neuroinflam-
mation significantly contributes to the disruption and dys-
function of the BBB, triggering a chain of events leading 
to DRE.3,8,25 Löscher et al3 proposed three primary mecha-
nisms for how inflammatory mediators may contribute to 
drug-resistant seizures: (i) induction of BBB dysfunction 
by promoting TJ disruption or induction of transcytosis, 
(ii) aberrant angiogenesis generating "leaky" vessels, and 
(iii) oxidative stress (Figure 1). Any changes in BBB per-
meability can promote the expression of inflammatory 
molecules by astrocytes. This vicious cycle contributes to 
recurrent seizures, cell loss, and maladaptive plasticity of 
the neuronal network, contributing to the intrinsic sever-
ity of the disease.3

Bazhanova et al41 are in agreement with these mech-
anisms involved in DRE through inflammatory medi-
ators. Additionally, they mentioned that lack of BBB 
functional integrity increases permeability and the direct 
consequences include penetration of albumin and neu-
roinflammatory molecules that affect the drug binding. 
This mechanism supports the stimulation of P-gp activity 
by proinflammatory mediators. In fact, activation of cyto-
kine receptors on neurons rapidly alters their excitability 
through post-translational modifications of voltage-gated 
or receptor-coupled ion channels, inducing presynap-
tic changes in neurotransmission. A peculiar feature of 
these alterations is their rapid onset (seconds/minutes) 
and their long-term persistence in vivo (hours/weeks).42 
Upon activation of receptor-mediated pathways on neu-
rons, these molecules induce extensive neuromodulatory 
effects that are distinct from their canonical activation 
of immune functions, and the neuromodulatory actions 
of some inflammatory molecules such as tumor necrosis 
factor alpha (TNF-α) contribute to the hyperexcitability 
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of the neuronal networks underlying seizures.43-45 For in-
stance, interleukin-1β (IL-1β), endogenous nucleoprotein 
high mobility group box protein 1 (HMGB1) and TNF-α 
affect seizure susceptibility, a fact demonstrated in animal 
models, as shown by pharmacological interventions that 
mimic cytokine action or block TNFR1 (p55) or TNFR2 
(p75) receptor signaling.46-48

Furthermore, TNF-α can induce neuronal channelopa-
thies by affecting both the assembly and synaptic cluster-
ing of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (AMPA) receptors as well as neuronal membrane 
expression of GABA-A receptors. In particular, TNF-α 
induces the expression of GLUR2 receptors lacking Ca2+-
permeable AMPA receptors, a mechanism implicated in 
excitotoxicity and synaptic scaling.49-51 TNF-α also pro-
motes the induction of neuronal NMDA-NR1 receptors52 
and endocytosis of GABA-A receptors, decreasing inhib-
itory activity and enhancing excitability.50 Activation of 
protein kinases, such as phosphatidylinositol 3-kinase 
(PI3K) and protein kinase C (PKC), mediates TNF-α and 

IL-1β modifications in the function of ion channel and 
voltage-activated receptors in neurons.17

In addition to the rapid effects on neuronal excit-
ability described above, which are mediated by post-
translational modifications in neuronal channels, a 
transient increase in IL-1β and TNF-α in microglial cells 
resident in seizure-prone brain areas can induce long-
lasting and profound synaptic changes in the brain. This 
chain of events contributes to the generation and estab-
lishment of a hyperexcitable neuronal network that con-
tributes to seizure mechanisms, the neuropathology of 
epilepsy and likely drug resistance.10,17,42,53,54

Experimental evidence supports a link related with the 
neuroinflammatory process and P-gp induction, such as 
cyclooxygenase-1 and -2 (COX-1, COX-2), inducible forms 
of the enzyme that catalyzes the first step in prostanoid 
synthesis. It has been reported that P-gp regulation is de-
pendent on COX-2 activity in rat brain capillaries.55 The 
highly selective COX-2 inhibitors, SC-58236 and NS-398, 
decrease P-gp expression in the parahippocampal cortex 

F I G U R E  1   Potential mechanisms related to drug-resistant epilepsy. The blood-brain barrier (BBB) at the brain endothelial cells is the 
essential structure interface that regulates a bidirectional exchange of inflammatory cells and inflammation process in pharmacoresistant 
epilepsy. The neurovascular unit includes endothelial cell, pericyte, and endfeet astrocyte. HMGB1 is actively released by neurons, microglia 
and glia, and activates Toll-like receptor 4 (TLR4) and the receptor for advance glycation end products (RAGE), mediating pro-inflammatory 
activities on target cells. Therefore, there is an increased expression of pro-inflammatory molecules interleukin IL-1β (IL-1β) and nuclear 
factor kappa light chain enhancer of activated B cells (NFkB). IL-1β and NFkB rapidly enhances seizure generation. Neuroinflammation 
signaling activation results in brain vessels in areas of serum albumin extravasation which denotes BBB dysfunction. The influx of Ca2+ 
activates the phospholipase A2 (PLA2), catalyzing the arachidonic acid (AA) pathway, and synthesizes prostaglandin E2 (PGE2) by 
cyclooxygenase-2 (COX-2). Receptors of the nuclear membrane are stimulating, where the transcription of the ABCB1 gene that synthesizes 
P-glycoprotein (P-gp) in response to excessive glutamate is released by recurrent epileptic activity
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and ventral hippocampus.15 In another report, the authors 
measured COX-1 and COX-2 expression in microglia, as-
trocytes, and neurons from patients with drug-resistant 
mesial temporal lobe epilepsy (MTLE) brain tissue. They 
found that COX-1 was expressed in microglia, and COX-2 
was expressed in microglia and neurons.48 In this regard, 
celecoxib, a COX-2 inhibitor, reduces seizure frequency 
and severity and prevents increased expression of P-gp in 
animal models of MTLE.56 These results recognize COX 
as a critical factor in the transcriptional activation of the 
gene encoding P-gp in the epileptic brain.55 The EP1 recep-
tor (EP1R) for PGE2 appears to be a key factor mediating 
COX-2-induced P-gp upregulation. Indeed, increased P-gp 
in the hippocampus of a rat model of SE was excluded 
in animals treated with an EP1R antagonist, despite the 
aroused seizures.57

An important proinflammatory mediator, HMGB1 is 
an abundant nonhistone DNA-binding protein that regu-
lates the transcriptional activity of genes and the mainte-
nance of nucleosome structure.58,59 HMGB1 is considered 
a representative damage-associated molecular pattern 
(DAMP), because it consists of molecules that are released 
upon cellular stress or tissue injury, that generate inflam-
matory responses by activating the innate immune system. 
HMGB1 is released extracellularly from different types of 
brain cells, including neurons and glia, under different 
stress conditions, such as hypoxia, ischemia, and cytokine 
stimulation as sensor molecule that responds to a diverse 
range of stimuli.60-63 Orchestrating the inflammatory and 
immune response, HMGB1 promotes the pathophysiology 
of many CNS diseases, such as epilepsy (Figure 1).

After being released into the extracellular space, 
HMGB1 stimulates multiple receptors, including ad-
vanced glycation end products (RAGE) and Toll-like re-
ceptor 4 (TLR4).64,65 In addition, HMGB1 binds IL-1α, 
IL-1β, C-X-C motif chemokine 12 (CXCL12), DNA, RNA, 
and lipopolysaccharide (LPS) when these molecules coex-
press HMGB1, leading to increased activation of related 
receptors for each factor.49 HMGB1 has also been reported 
to exhibit a chaperone-like function, whereby it transports 
LPS and nucleic acids into cells.38 Similarly, HMGB1 has 
been characterized as a proinflammatory molecule and a 
key cytokine, because it activates inflammatory responses 
through multiple pathways by activating microglia and 
astrocytes, as well as disrupting of the BBB.63,66 HMGB1 
directly affects BBB cells, particularly endothelial cells 
and pericytes, which induce increased BBB permeability, 
that is inhibited by the neutralizing monoclonal antibody 
(mAb) which reduces the inflammatory responses and sei-
zures by HMGB167,68 (Figure 1).

Nass et al (2020)67 determined the plasma levels of 
HMGB1, MMP-9, and ICAM-1 after a single general-
ized convulsive seizure in epileptic patients. The authors 

observed a significant elevation of all these factors that 
suggest the presence of brain inflammation with BBB al-
teration, even after a single seizure that is marked by the 
release of MMP-9. Also, Kamaşak et al69 observed a cor-
relation between serum levels of HMGB-1, TLR4, IL-1β, 
IL-1R1, and TNF-α and the severity of epilepsy, and their 
data demonstrated that the serum levels of these cyto-
kines were higher in cases of drug-refractory epilepsy. The 
authors note that signs of inflammation, neuronal dam-
age, and transitory disruption of BBB following seizures 
underscore the widespread and likely detrimental effects 
of recurrent seizures on brain properties. HMGB1 might 
be involved in P-gp expression during status epilepticus, 
which is related to drug resistance.70

1.2  |  Is inflammation a condition for 
drug-resistant epilepsy?

Evidence of brain inflammation has been observed in pa-
tients with DRE of various etiologies. Proinflammatory 
molecules, reactive astrocytosis, activated microglia, and 
other indicators of inflammation have been reported in 
hippocampal biopsies from TLE patients, around the tu-
bercles in patients with tuberous sclerosis, and in some 
cases in biopsies from patients with epilepsy due to corti-
cal dysplasia, which is a developmental disorder.71-82

These findings obtained in tissue from patients with 
TLE suggest specific inflammatory pathways that are 
chronically activated during epileptogenesis and persist 
in epileptic tissue, contributing to the etiopathogenesis 
of TLE.82,83 In hippocampal biopsies from patients with 
drug-resistant TLE and hippocampal sclerosis (HS), mi-
croglial activation,73,80 increased expression of proin-
flammatory molecules (IL-1, IL-6, and TNF-α), IL-1β, 
nuclear factor kappa light chain enhancer of activated 
B cells (NFkB) and complement receptor have been ob-
served.75,79 Similarly, systemic IL-6 levels in peripheral 
blood increase immediately after seizures and are long-
lasting during the postictal period (24  hours after the 
ictal event) in patients with TLE, an effect that is not de-
tected in patients with HS.72 Expression of complement 
cascade proteins (C1q, C3c, and C3d) is increased within 
regions where neuronal cell loss occurs,75 as well as in 
reactive astrocytes and microglia/macrophages.71 These 
observations suggest the existence of a feedback loop be-
tween the proinflammatory cytokine system and compo-
nents of the complement cascade, which may be critical 
for the propagation of the inflammatory response in TLE 
patients with HS. The functional implications of these 
findings are unknown but support the idea that inflam-
mation may be intrinsic to the epileptogenic process and 
related to drug resistance.13,78
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Elevated levels of proinflammatory cytokines have been 
detected, which are decreased in the serum of patients 
with drug-resistant temporal lobe epilepsy one year after 
surgical treatment compared to presurgical evaluation.78 
Serum levels of IL-1β and IL-6 after surgery in patients 
with DRE were decreased and associated with reduced sei-
zures after surgery. This follow-up study was related to the 
clinical course of these patients in terms of the presence 
or absence of seizures one and two years after surgery. The 
decrease in IL-1β and IL-6 concentrations one year after 
surgery and the fact that most patients were seizure-free 
during this period supports the idea that seizures are the 
cause of the inflammatory disorders observed in patients 
with DRE. Evaluation of the involvement of inflammatory 
processes in DRE indicates that once the epileptogenic tis-
sue associated with seizure reduction is resected, the ob-
served inflammation disappears.78 This finding supports 
the hypothesis that inflammation could primarily be a 
consequence of epileptogenic processes.

It has been proposed that anti-inflammatory treat-
ments could be an additional therapeutic intervention in 
treating DRE in humans, especially in children with epi-
leptic encephalopathies such as Rasmussen encephalitis 
(RE). These include broad-spectrum immunosuppressive 
steroids, human immunoglobulin, and immunosuppres-
sive drugs such as rituximab a chimeric mouse-human 
monoclonal anti-CD20 antibody, which in some cases 
is combined with a ketogenic diet.84 Many of these anti-
inflammatory drugs clinically used for autoinflammatory 
and autoimmune diseases. Specific anti-inflammatory 
drugs that penetrate the brain with an acceptable safety 
profile could be tested for reuse in controlled clinical tri-
als in drug-resistant epilepsies. Indeed, anti-inflammatory 
drugs are being used to treat drug-resistant focal epilep-
sies and in rare epileptic syndromes with encouraging 
results. For example, anakinra and canakinumab inhibit 
IL-1β, tocilizumab inhibits IL6, and adalimumab inhib-
its TNF-α. These treatments could be extended to epilep-
tic encephalopathies,85 refractory status epilepticus, or 
drug-resistant structural epilepsies suspected or known 
to be associated with brain inflammation,86 but are not 
indicated to treat drug-resistant epilepsy, because not all 
cases of epilepsy. Nevertheless, it has been observed that 
these anti-inflammatory treatments (Table 1) temporarily 
improve the control of seizures. These treatments could 
not be extended over a long period of time, because the pa-
tients may present adverse effects or not respond to treat-
ment. Currently available data come from case reports and 
retrospective analyses of small series or registry data and 
include heterogeneous groups of patients.

In recent decades, autoantibodies have emerged as 
underlying causes of otherwise unexplained epilepsy, 
and a link between autoimmunity and epilepsy has been 

suggested.76 In addition to the increased susceptibility to 
seizures caused by inflammation, a direct epileptogenic 
role has been recognized for many specific autoantibodies, 
mostly directed against neuronal cell surface antigens.87 
The International League Against Epilepsy (ILAE) intro-
duced the new concept of "epilepsy of immune etiology" 
to refer to patients whose epilepsy “is the direct result of 
an immune disorder in which seizures are a central symp-
tom.”88 The basis of the relationship between epilepsy 
and neuroinflammation has been studied in the context 
of RE for many years. Recently, it has been reported that 
epilepsy is caused by antibody-mediated conditions such 
as N-methyl-D-aspartate receptor (NMDAR) encephalitis 
and disorders triggered by innate immunity for instance 
febrile infection-related epileptic syndrome (FIRES). An 
increase in inflammatory markers has been observed in 
infantile spasms, suggesting that neuroinflammation 
plays a role in the development or propagation of certain 
epileptic syndromes previously thought to be solely of ge-
netic etiology.89

Autoimmune encephalitis (AIE) is a group of brain 
disorders and inflammation caused by antibodies against 
neuronal receptors and cell surface proteins involved in neu-
ronal excitability The pathophysiology of autoimmune en-
cephalitis can be explained by antibodies against the NMDA 
receptor that target the NR1 subunit and cause selective 
cross-linking and internalization of NMDA receptors, lead-
ing to reduce of NMDA-mediated synaptic currents. Unlike 
T cell–mediated processes, this does not lead to cell death, 
and the effects can be reversed once the antibody is no lon-
ger present.90 It is accepted that the appearance of these 
antibodies is likely a secondary pathological process of this 
disease and not a central element of the pathogenesis of au-
toimmune disease (AID). At present, the antibody theory 
does not seem to explain the pathogenic process.

Moreover, cellular immune mechanisms are implicated 
in these cases of encephalitis. Recent studies have primar-
ily focused on the role of cytotoxic T cells in the pathogen-
esis of Rasmussen disease (RD). Pathological examination 
of the affected cerebral hemisphere revealed that cytotoxic 
CD8+ T cells occupy the majority of infiltrating T cells 
and, more importantly, that in inflammatory lesions, ap-
proximately 10% are granzyme B-positive CD8+ T cells. T 
cells gravitating to the neuronal membrane exhibit charac-
teristics of cytotoxic granules,91 which are associated with 
neuronal death and seizure induction.92 The expansion 
of CD8+ T cell clones in the peripheral blood was related 
to disease severity in RD, so restricting the infiltration of 
these cells into the brain was considered a likely way to 
improve symptoms.93

Cohort studies have shown that 11% to 20.5% of patients 
with epilepsy of unknown etiology tested positive for spe-
cific antibodies.94-96 As a consequence of the continuous 
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discovery of autoantibodies related to epileptic symptoms, 
the antibody screening panel used in this context has pro-
gressively increased in the last two decades, thus making 
the comparison of the results of different studies more 
complicated. A great diversity of neuronal and glial pro-
teins has been suggested, making the diagnosis more diffi-
cult. Several parameters have been considered, including 
the response to immunotherapy, imaging studies, clinical 
symptoms, and refractory seizures.95 Much remains to be 
learned about this condition, which should be considered 
one of the hypotheses for refractory epilepsy.

These results all highlight the need for further research 
on the role of inflammation and the immune response in 
the CNS, particularly in DRE, to gain an understanding of 
the mechanisms in this clinical entity and to identify new 
immunomodulatory treatments, particularly for those 
cases in which surgery is not a therapeutic alternative. 
Most of the work in the pathogenic area is dedicated to 
the activation of infiltrating CD8+ T cells and microglia to 
explore better non-surgical treatments. Immunotherapy, 
including tacrolimus and adalimumab treatment, appears 
to be effective in the early phase of the disease in some 
cases. However, use of these pharmacological treatments, 
mentioned previously (Table  1), regulates the immune 
response, but they are not recognized as definite anticon-
vulsant treatments. The reports yielded partial and incon-
clusive results.

Inflammation should be considered a therapeutic tar-
get, resolving inflammatory processes in the brain, raises 
the threshold of hyperexcitability, decreasing the likeli-
hood of seizure recurrence, hopefully providing a means 
of disease modification rather than mere symptomatic sei-
zure control.53

1.3  |  Are genetic variants in key 
inflammatory molecules associated with 
drug-resistant epilepsy?

Reports of genetic factors related to the immune system 
have been achieved due to the identification of clinical 
manifestations in patients with DRE (eg, autoimmune en-
cephalitis)90 or adverse drug effects (eg, toxic epidermal 
necrolysis).97

In epilepsy, the most robust genetic variability stud-
ies in DRE patients are those that have associated carba-
mazepine (CBZ)-induced hypersensitivity reactions due 
to the presence of genetic variants in the HLA gene in 
different populations. CBZ-induced hypersensitivity re-
actions appear to be immunologically mediated through 
an interaction of the drug or a drug-related compound 
with major histocompatibility complex (MHC) immune 
receptors leading to stimulation of immune cells such as D
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T lymphocytes and eosinophilic granulocytes.98 In Asian 
populations from China and Malaysia, an association of 
CBZ-induced Stevens-Johnson syndrome (SJS) and toxic 
epidermal necrolysis (SJS/TEN) with the HLA-B*1502 
polymorphism has been demonstrated.99,100 In another 
population with ancestral European and Japanese lin-
eages, the HLA-A*1301 allele presented an association 
with drug resistance to CBZ92.99

Other studies have attempted to identify a relationship 
between polymorphisms of inflammatory molecules and 
the development of DRE, but the results are controversial 
or questionable, since no other similar studies have been 
reported in these or other populations. Kanemoto et al101 
associated polymorphisms in the IL-1B (−500, +13953), 
IL-1A (−889), and IL-1RA (86 bp VNTR region in intron 
2) genes with DRE. These authors determined that the 
−500 polymorphisms present in the promoter region of 
the IL-1B gene were significantly different among tempo-
ral lobe epilepsy with hippocampal sclerosis (TLE-HS+) 
patients and TLE without HS (TLE-HS−) in Japanese 
population. In a similar study performed in Chinese pa-
tients, the authors did not observe significant differences 
in the IL-1B -500 polymorphism between TLE-HS+ and 
TLE-HS− groups.102 The IL-1β cytokine is an essential 
mediator of the inflammatory response and is produced 
by activated macrophages and glial and neural cells as a 
proprotein and that is subsequently processed to its active 
form by caspase 1.

He et al103 found that a chemokine C-C motif ligand 2 
(CCL2) genetic polymorphism is associated with DRE. In 
this study, they reported that the rs1024611 AA genotype 
in the CCL2 gene was associated with a greater suscepti-
bility to DRE in a Chinese pediatric population, consisting 
of 386 patients with controlled epilepsy and 98 patients 
with DRE.103 CCL2 is a chemokine considered a potent 
chemoattractant of monocytes and macrophages that is 
expressed in the central nervous system in microglia, as-
trocytes, and some neurons.104

Other variants have been studied for instance RAGE, 
encoded by the AGER gene, which is a type I single-pass 
transmembrane protein member of the immunoglobulin 
superfamily of cell surface molecules to able to transduce 
the effects of advanced glycation end products (AGEs) to 
generate robust proinflammatory responses in many cell 
types. RAGE binding to the cell surface results in rapid and 
sustained cell activation through multiple intracellular 
signaling pathways, leading to the propagation of inflam-
matory responses through the nuclear factor kB (NF-kB) 
pathway.105,106 Several polymorphic sites of the AGER 
gene have been identified, which may affect the expres-
sion or function of RAGE and the course of inflammation-
related disease. The relevant functional polymorphisms of 
RAGE were analyzed in a case-control study in an Asian 

population. A total of 274 healthy adults and 280 adult 
patients with epilepsy (140 patients controlled epilepsy 
and 140 with DRE) were evaluated.107 In this study, the 
results were analyzed are included −429 C/T (rs1800625), 
−374 T/A (rs1800624), and G82S (rs2070600). They found 
that the homozygous and heterozygous (T/T  +  C/T) T 
allele of the genetic variant G82S (rs2070600) exhibited 
significant differences between healthy individuals and 
drug-resistant epileptic patients, identifying it as a risk 
factor for DRE.107 The structural change of glycine to ser-
ine may display higher affinity for ligands, resulting in in-
creased inflammatory mediators after RAGE activation.108 
This polymorphism has also been identified in patients 
with multiple sclerosis and Alzheimer's disease, but sig-
nificant differences were found only in the Chinese pop-
ulation.109,110 Notably, this polymorphic change (C>T) is 
higher in East Asian populations than in African (0.0053), 
European (0.0517), American (0.016), or South Asian 
(0.074) populations. Therefore, differences are associ-
ated with population characteristics rather than with the 
disease.

Therefore, evidence shows that only in some cases, 
the genetic variants in molecules of the immune system, 
directly or indirectly related to resistance to antiepilep-
tic drugs, be considered in patients examining epilepsy. 
Studies should be performed in DRE patients with this 
type of association where the immune system is affected.

2  |   CONCLUSIONS

Clinical and experimental data support the involvement 
of inflammation in the epileptic process, suggesting that 
specific inflammatory pathways are chronically activated 
in epileptogenic brain regions. Accumulating evidence 
suggests that inflammatory and immune reactions may 
play an important role in promoting increased neuronal 
excitability, thereby lowering the seizure threshold and 
promoting a chronic inflammatory state in the brain that 
is invariably associated with the involvement of various 
signaling pathways and primarily BBB damage. BBB dys-
function increases the severity of chronic epilepsy; due 
to the increase in P-gp in brain capillaries, and in cells 
near the vessels, such dysfunction also produced an in-
crease in inflammatory mediators. The inflammatory 
molecules contributing to neuronal hyperexcitability in-
duce enhanced seizure activity, which in turn produces 
excitotoxic damage to neurons and consequently changes 
neuronal networks, supporting the idea that neuroinflam-
mation could be associated with the drug transporter and 
intrinsic severity hypothesis.

On the other hand, although that new drugs have 
been released and that, in some cases, target the immune 
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response and are effective, such as autoimmune enceph-
alitis and some pediatric presentation syndromes, drug 
resistance remains unresolved. Therefore, it is necessary 
to continue working to investigate each of the hypotheses 
that have been described and integrate them, with the ul-
timate goal of developing more effective and comprehen-
sive treatments for epilepsy, taking into account primarily 
the clinical factors, the history of the disease, the tempo-
ral response to drugs and inflammation as a factor that 
should be included in the new vision for the treatments.
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