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Abstract
The multidrug-resistance (MDR) phenotype is typically observed in patients 
with refractory epilepsy (RE) whose seizures are not controlled despite receiving 
several combinations of more than two antiseizure medications (ASMs) directed 
against different ion channels or neurotransmitter receptors. Since the use of 
bromide in 1860, more than 20 ASMs have been developed; however, historically 
~30% of cases of RE with MDR phenotype remains unchanged. Irrespective of 
metabolic biotransformation, the biodistribution of ASMs and their metabolites 
depends on the functional expression of some ATP-binding cassette transport-
ers (ABC-t) in different organs, such as the blood-brain barrier (BBB), bowel, 
liver, and kidney, among others. ABC-t, such as P-glycoprotein (P-gp), multid-
rug resistance–associated protein (MRP-1), and breast cancer–resistance protein 
(BCRP), are mainly expressed in excretory organs and play a critical role in the 
pharmacokinetics (PK) of all drugs. The transporter hypothesis can explain phar-
macoresistance to a broad spectrum of ASMs, even when administered simul-
taneously. Since ABC-t expression can be induced by hypoxia, inflammation, 
or seizures, a high frequency of uncontrolled seizures increases the risk of RE. 
These stimuli can induce ABC-t expression in excretory organs and in previously 
non-expressing (electrically responsive) cells, such as neurons or cardiomyo-
cytes. In this regard, an alternative mechanism to the classical pumping function 
of P-gp indicates that P-gp activity can also produce a significant reduction in 
resting membrane potential (ΔΨ0 = −60 to −10 mV). P-gp expression in neu-
rons and cardiomyocytes can produce membrane depolarization and participate 
in epileptogenesis, heart failure, and sudden unexpected death in epilepsy. On 
this basis, ABC-t play a peripheral role in controlling the PK of ASMs and their 
access to the brain and act at a central level, favoring neuronal depolarization 
by mechanisms independent of ion channels or neurotransmitters that current 
ASMs cannot control.
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1  |   INTRODUCTION

Fifty percent of newly diagnosed epilepsy patients obtain 
complete seizure control with the first antiseizure medica-
tion (ASM) trial, and 13% more enter remission with the 
addition of a second drug. However, despite different com-
binations of ASMs, 30%–40% of the remaining patients 
will not obtain satisfactory seizure control. Although the 
wrong choice of ASMs may be the cause of treatment fail-
ure, this is not drug resistance.

With the correct therapeutic scheme, S. M. Sisodiya 
(2006) proposed that patients considered drug-resistant 
might not remain so as newer ASMs are developed or de-
signed to target previously unappreciated pathophysiolog-
ical mechanisms. Consequently, individuals considered to 
have "drug-resistant” epilepsy may not be so; the appropri-
ate drugs for treatment are not yet available.1

Since the first ASM, bromide, in 1860, the development 
of new ASMs has continued to date, and more than 20 dif-
ferent compounds have been designed and included for 
clinical settings (Figure 1). During the process of drug dis-
covery, a new compound or molecule found could be more 
effective, with high affinity and specificity on a desired 
target in many cases. However, the clinical application of 
this ideal compound will be significantly influenced by 
different mechanisms driving its absorption, biodistribu-
tion, metabolism, excretion, and central nervous system 
(CNS) penetration rate.

The clinical multidrug-resistance (MDR) phenotype, 
commonly observed in patients with RE, indicates that 
once it is settled, whatever the combination of ASMs used, 
a high percentage of cases will still remain with no sei-
zure control. As this percentage has remained unchanged 
over time, new drugs designed against different targets 
destined to suppress the mechanisms that drive the MDR-
phenotype are an urgent necessity.

We think that the transporter hypothesis brings together 
biological and pharmacological factors that may explain 
the clinical phenomenon of MDR in refractory epilepsy 
(RE). It is important to highlight that “the transporters 
hypothesis” is based on the increased expression of some 
ABC-transporters (ABC-t) as P-glycoprotein (P-gp), BCRP 
and MRPs, mainly at the level of the vascular endothelial 
cells (VECs) and cellular elements of the BBB.2,3

In the development of this critical review, we will 
give evidence of the role of ABC-t in the pharamacoki-
netic alteration ASMs, which we consider as a peripheral 

mechanism. On the other hand, we indicate the potential 
epileptogenic role of ABC-t, when they are expressed in 
the neurons, and assuming this as a central mechanism.

After V. Ling discovered that the induction of P-gp 
expression in tumor cell membrane conferred resistance 
to drugs that had never been presented to those cells,4,5 
the entire engineering of cancer treatment changed in 
search of new drugs capable of overcoming this mecha-
nism, leading to the emergence of the so-called precision 
medicine. This concept becomes even more critical when 
trying to link drug response to the genetic information 
of each patient, known as personalized pharmacogenet-
ics. Therefore, it is relevant to conceive that phenotypic 
modifications are the consequence of genetic or epigen-
etic changes that produce simultaneous up- and down-
regulation in the expression of different genes, changes 
that may be induced by the seizures themselves.6 Thus, 
the longer it takes to achieve seizure control, patients who 
might initially be responders may become drug-resistant 
due to genetic changes and changes induced by the cumu-
lative burden of seizure stress.

Seizure control is directly related to a correct choice 
of ASMs, their dose loading, and frequency of adminis-
tration, which results in the corresponding balance be-
tween doses administered, drug concentrations in blood 
and the cerebrospinal fluid (CSF), and their therapeutic 
response, leading to adequate seizure control. Conversely, 
non-compliance, insufficient doses, and drug interactions 

K E Y W O R D S

central action, membrane depolarization, peripheral action, refractory epilepsy, sudden 
unexpected death in epilepsy (SUDEP), transporter hypothesis

Key points

•	 The 30% of MDR-phenotype in RE is constant, 
suggesting that it is independent to the specific 
action of each ASMs currently in use.

•	 Given the mentioned properties, all the drugs 
described in the pharmacopeia can be sub-
strates of, at least, one of these transporters.

•	 The inducible characteristics and the genetic 
polymorphisms of ABC-t, justify strong interin-
dividual differences in therapeutic responses.

•	 The ability of P-gp to depolarize neuronal mem-
branes and cardiomyocytes could be associated 
with epileptogenesis, and SUDEP, respectively.
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can lead to decreased circulating drug concentrations 
and, a reduced access to the CNS. Indeed, the amount 
of drug entering the CNS must be in equilibrium with 
plasma concentrations, regardless of the route of admin-
istration.7,8 Naturally, the BBB exerts one of the primary 
mechanisms controlling such access. On this basis, “pe-
ripheral” or pharmacokinetics (PK) conditions (decreased 
absorption and biodistribution, or increased metabolism 
or excretion) may lead to a decrease in plasma concentra-
tions of the drug, with inadequate access of ASMs to the 
CNS. Furthermore, mechanisms acting at the level of the 
brain parenchyma, including functional and structural 
modifications of neurons and astrocytes, are considered 
“central” or pharmacodynamic mechanisms.

ATP-binding cassette-transporters (ABC-t) turn out 
to be key protagonists in the development of drug resis-
tance, focusing on their functional inhibition to resolve 
drug resistance. P-gp represents a clinical target in RE, as 
previously suggested9 and according to its involvement 
in central and peripheral changes associated with this 
condition.

2  |   ABC-TRANSPORTERS AND 
THE MDR PHENOTYPE

The MDR phenotype not only imposes a clinical prob-
lem but also raises the exciting scientific question of 

how ABC-t can bind and extrude such a wide range 
of structurally and functionally unrelated compounds. 
Several models have been postulated to explain the 
limited substrate specificity of ABC-t. These models 
were initially based on P-gp observations5 but recently 
extended to account for ABC-t in organisms such as 
bacteria, yeast, and eukaryotes.10 The fundamental find-
ing was that tumor cells become refractory to multiple 
chemotherapeutic agents due to the action of P-gp.4 This 
transporter acts as an energy-dependent pump that ex-
trudes potentially toxic compounds out of cells and can 
confer 1000-fold or greater resistance levels to cells ex-
pressing it. ABC-t constitute a highly conserved super-
family with more than 100 members.10 The functional 
similarity and overlap in substrate “specificity” of the 
different types of ABC-t suggest a universal mode of ac-
tion of these proteins.11

Although more than 48 different ABC-t have been 
identified in the human genome and divided into seven 
different classes (A–G) based on structural similarities, 
only three have been related to the MDR-phenotype.12 In 
particular, P-gp, the multidrug-resistance-associated pro-
teins (MRP1–7), and the BCRP have been associated with 
the MDR-phenotype. While P-gp transports unmodified 
neutral or positively charged hydrophobic compounds, 
the substrates of members of the MRP and BCRP trans-
porter subfamily extend to organic anions and Phase II 
metabolic products12 (Figure 2).

F I G U R E  1   Over time, antiseizure medications have been able to control seizures in most cases. However, without exception, all ASMs 
fail in 30% of cases, even when combination therapy is administered. This observation suggests that, once the MDR phenotype is established, 
the seizure-generating mechanism is no longer the target of the ASM of choice. ASMs: antiseizure medications; MDR: multidrug resistance
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3  |   ABC-T IN THE PERIPHERAL 
MECHANISM OF DRUG 
RESISTANCE EPILEPSY

Based on what is known to date, all biological processes 
related to the drug absorption, biodistribution, metabo-
lism, brain access, and excretion will affect the phar-
macokinetic balance between the administered doses of 
ASMs and their concentration at the site of action. Drug 
absorption is mainly driven by polarized cell layers, a typi-
cal system also observed in excretory organs (liver, kid-
ney, among others) and biological barriers, such as BBB, 
blood-testicular, or the feto-maternal barriers. ABC-t ex-
press constitutively in the gastrointestinal tract, kidney, 
salivary glands, and VECs of the BBB. In these organs, 

the ABC-t plays a central role in drug transport, creating a 
network of “chemoimmunity” that protects the organism 
against the accumulation of xenobiotics, including drugs 
or metabolic compounds.13 It is known that their expres-
sion depends on interindividual differences (genetic poly-
morphisms) and the broad spectrum of stimuli (seizures, 
food, inducing drugs, and the ASMs among others).

The small intestine represents the primary site of con-
trol of absorption of any ingested compound. Indeed, 
oral administration is the most popular route for drug 
administration, as dosing is convenient and noninvasive, 
and many drugs are well absorbed by the gastrointestinal 
tract. At this level, ABC-t located at the apical membrane, 
including P-gp, MRP-2, and BCRP, can drive compounds 
from inside the cell back into the intestinal lumen, pre-
venting their absorption into the blood. Then, drugs are 
submitted to metabolism that is classically divided into 
Phase I (oxidation) and Phase II (conjugation, such as 
glucuronidation or glutamylation). The synergy between 
efflux systems and the metabolizing/conjugating enzymes 
provides a very efficient condition that accounts for rapid 
drug clearance when these systems are overexpressed. 
Moreover, both metabolizing and efflux systems share 
inducers, substrates, and inhibitors. Thus, CYP3A, the 
main Phase I drug-metabolizing enzyme, and P-gp/MDR1 
play complementary roles in intestinal drug metabolism14 
(Figure 3). Although drug metabolism is directly related 
to the enzymatic activity of the CYP/glutathione system, 
ABC-t plays a central role in the amount of drug that is 
absorbed, biodistributed, and excreted. Together, they 
control the balance between administered doses and the 
amount of drug in blood circulation.14,15

Hoffmeyer et al demonstrated, for the first time in 
Caucasian volunteers, a relationship between intestinal 
MDR-1 gene expression and the plasma concentration 

F I G U R E  2   Predicted structure of P-gp (MDR1)/ABCB1, long-
chain MRP 1-7 proteins (ABCC1-7), and BCRP (ABCG2) that need 
to dimerize to be active. ABC: ATP-binding cassette; BCRP: breast 
cancer resistant protein; NBD: nucleotide-binding domains

F I G U R E  3   The functional expression of ABC transporters in excretory organs can modify the stability of drug concentrations in plasma 
and cerebrospinal fluid, a mechanism also related to polymorphisms of these transporters. CYP: cytochrome p450
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of orally administered digoxin (a drug that undergoes 
no metabolic changes but is 100% transported by P-gp). 
These findings indicated that this feature correlates with 
a polymorphism in exon 26 (C3435T), where homozygous 
TT cases had significantly lower duodenal P-gp expression 
and higher plasma digoxin levels compared with CC cases. 
Furthermore, the induction of increased duodenal P-gp 
expression after rifampicin (an inducer of P-gp protein ex-
pression) was only observed in CC cases associated with a 
further decrease in plasma digoxin levels.16

In this regard, our group documented that the hepatic 
clearance of 99mTc-hexakis-2-methoxy-isobutylisonitrile 
(99m-Tc-SESTAMIBI), a P-gp substrate that behaves simi-
larly to digoxin, was increased in eight patients with RE 
compared to seven normal subjects and four patients with 
drug-responsive epilepsy17 (Figure  4). Interestingly, five 
of these eight cases were treated surgically, and in all of 
them, P-gp was expressed in the neurons of the epilepto-
genic brain area (Figure 5).

Consistent with the previously mentioned report,16 it 
was also shown in Caucasian patients with epilepsy that 
CC homozygotes of the MDR-1-C3435T polymorphism 
had significantly lower CSF and serum phenobarbital 

(PHB) concentrations compared with CT heterozygotes 
and TT homozygotes.18 In contrast, in Asian ethnic 
groups, this genotype-phenotype correlation was exactly 
the opposite, showing that Chinese 3435-TT homozygous 
patients with epilepsy had decreased plasma carbamaze-
pine (CBZ) levels.19,20 This observation was also reported 
in a systematic review and meta-analysis.21

These data indicate the usefulness of the pharmacog-
enetic evaluation of these polymorphisms for appropriate 
therapeutic prescription according to the corresponding 
ethnic group. Additionally, a valuable tool to identify this 
particular pharmacological behavior is therapeutic ASMs 
monitoring showing their persistent decreases in plasma 
levels,22,23 or inversely, detecting their higher salivary ex-
cretion,24 in patients with RE.

In a clinical study of 70 patients treated with oral phe-
nytoin (PHT), the mean plasma concentration of free drug 
was significantly higher in responsive than patients with a 
partial response.25 These and other similar results allowed 
Tang et al to postulate the “pharmacokinetic hypothesis” 
and suggest that increased peripheral expression of ABC-t 
and metabolizing enzymes could play a synergistic effect, 
lowering plasmatic levels of ASMs.2

F I G U R E  4   Representation of the hepatic kinetics of 99mTc-SESTAMIBI in health and epilepsy conditions. Accelerated hepatic washout 
kinetics of 99mTc-SESTAMIBI is observed in patients with refractory epilepsy (c), compared to healthy individuals (a) and responding 
(seizure-free) epileptic patients (b). Two cases with RE, and accelerated kinetics, received nimodipine (2 mg/kg) and recovered similar 
values to nonrefractory patients. These findings suggest that in cases with uncontrolled repetitive seizures, as in patients with RE, increased 
functional expression of P-gp and its possible impact on ASM pharmacokinetics should be suspected
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Our group has also documented a high frequency of 
persistent low levels (PLLs) of the most common ASMs, 
such as PHT, PHB, valproic acid (VA), and CBZ, in a pop-
ulation of pediatric epileptic patients (PEPs). In this study, 
we retrospectively analyzed 21,040 plasma levels of the 
ASMs mentioned above from 3,279 PEPs. In this popu-
lation, PLLs of PHT were detected in inpatients (71.7%) 
and outpatients (74.1%), whereas PLLs of PHB, VA, and 
CBZ were also detected in a smaller proportion. In some 
patients, PLL of at least one ASM during long periods of 
hospitalization was documented as a dominant feature for 
four drugs evaluated.26 This particular observation indi-
cates that PLL is not only a compliance issue but should be 
considered as a pharmacokinetic change related to clinical 
conditions. Unfortunately, some clinical epileptologists do 
not interpret these data as altered pharmacokinetic behav-
ior but as a laboratory error and therefore decide to with-
draw the drug found with PLL in plasma.

Apart from the mechanisms that regulate drug absorp-
tion, ABC-t hepatic and renal expression plays a central 
role in regulating drug plasma levels, metabolism and 
excretion. In addition, ASMs can modify the ABC-t ex-
pression. It is known that chronic treatment with ASMs 
such as PHT can induce a transient overexpression of 
P-gp in the rat liver, which can be reversed if the ASM 
is removed from the body.27 Similarly, different stimuli, 
such as hormones, oncogenes, and transcription factors, 
known to be involved in apoptosis, stress, inflammation, 

and hypoxia (eg, p53, NFkB, NF-IL6, AP-1, HIF-1α), can 
induce overexpression of ABC-t at the level of excretory 
organs. Interestingly, some of these factors can also in-
duce a simultaneous de novo expression of ABC-t in 
previously nonexpressive cells, such as neurons and car-
diomyocytes.28 Previous experimental studies have shown 
that seizures induce P-gp expression not only at the brain 
level (neurons, astrocytes, VECs)29 but also in peripheral 
organs directly related to drug clearance, such as the liver 
and kidney,30 or related to sudden unexpected death in ep-
ilepsy (SUDEP), such as the heart.28,31

According to the previous information, the change 
in the functional expression profile of ABC-t in periph-
eral organs may produce a new scenario and gener-
ate pharmacoresistance by reducing the available ASM 
concentrations.

4  |   ABC-T IN THE CENTRAL 
MECHANISM OF DRUG-
RESISTANCE EPILEPSY: IS P-
GP EXPRESSION IN NEURONAL 
MEMBRANES AN EPILEPTOGENIC 
FACTOR?

P-glycoprotein is normally expressed in brain VECs.32,33 
However, this expression could be downregulated under 
different conditions (eg, in Parkinson's disease and in the 
advanced stages of neurodegenerative processes such as 
Alzheimer's disease).34,35 In contrast, other studies have 
indicated that high levels of P-gp transcripts or elevated 
P-gp immunoreactivity have been detected in endothelial 
and glial cells of brain samples surgically removed from pa-
tients with RE.36-38 The first description of P-gp expression 
in abnormal neurons from epileptogenic brain areas was 
reported in dysplastic neurons from a child with RE due to 
tuberous sclerosis.23 This particular neuronal expression 
was subsequently described in another report of a pediatric 
case of drug resistance.22 Interestingly, both cases shared 
the PLL of ASMs. Additionally, other reports have demon-
strated that P-gp, MRP, BCRP, and a NOT-ABCt, such as 
the major vault protein, were overexpressed in brain sam-
ples from some other PEPs with RE39,40,41,42 (Figure 6) and 
adult patients with temporal lobe epilepsy.43-45

Similar results were also described in a pediatric 
case with focal cortical dysplasia,46 in another case with 
transmantle cortical dysplasia,47 and some patients with 
epilepsy due to brain tumors.48,49 Consistent with these 
clinical findings, neuronal expression of P-gp was also 
observed in different experimental models of seizures29,50 
and brain hypoxia,51 where administration of nimodipine 
restored PHT PK in the hippocampus, with complete re-
covery of protection against induced seizures.52

F I G U R E  5   Microphotography of a P-gp positive dysplastic 
neuron detected in the epileptogenic area of a case with refractory 
epilepsy and accelerated hepatic washout of 99mTc-SESTAMIBI 
(courtesy of Dr Gustavo Sevlever; Head of the FLENI Pathology 
Department-Buenos Aires, Argentina). The same immunostaining 
result was observed in all 5 surgically treated cases. (P-gp 
immunostaining with JSB-1 monoclonal antibody; bar indicates 
200μm; Primary magnification 400X)
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Because most ASMs act by binding to receptors present 
on the outer side of neuronal membranes, the presence of 
P-gp on these membranes should not alter the binding of 
ASMs to their therapeutic targets. Therefore, we should 
ask what role P-gp plays in these membranes. Regardless 
of the active efflux role of P-gp—exporting drugs outside 
of cells and organs—its expression in neuronal mem-
branes is not consistent with this transport function, so 
another role should be postulated. This intriguing ques-
tion arose when our experimental findings showed that 
100% of animals were resistant to PHT only after 7 days of 
3-mercapto-propionic acid–induced seizures, which was 
associated with P-gp predominantly expressed in the neu-
rons29 (Figure 7).

According to these results, we suggest that P-gp in 
neurons might play a role in the development of more 
severe seizures. In this regard, an alternative mechanism 
to the classical pumping function of P-gp was observed 
in tumor cells expressing the MDR-1 gene. These cells 
have a significantly low membrane potential (ΔΨ0 = −10 
to −20) compared with the physiological potential 
(ΔΨ0  =  −60  mV)53,54 and facilitating neuronal depolar-
ization (Figure  8). Consistent with this hypothesis, our 
group demonstrated that overexpression of brain P-gp 
contributes to progressive depolarization seizure-related 

membranes in the hippocampus and neocortex in a rat 
model of pentylenetetrazole (PTZ)-induced repetitive sei-
zures, and only the combined administration of PHT and 
nimodipine (a P-gp antagonist) restored normal mem-
brane potential.55 However, the intimate mechanism of 
this depolarizing property of P-gp, observed in both tumor 
cells and brain tissue sections, has not yet been elucidated.

Seizures could induce P-gp expression through differ-
ent mechanisms. In the early 1970s, cerebral hypoxia was 
described as causing seizures,56 a condition that induces 
mechanisms of either rescue and survival of eukaryotic 
cells or death by apoptotic pathway.

This dual response to hypoxia (acute or chronic) is 
mediated by the transcription factor HIF1α (hypoxia-
inducible factor 1-α), which was initially described by 
Greg L. Semenza, who won the 2019 Nobel Prize for this 
discovery. HIF-1α plays a master role in the stimulation 
or repression of an extensive list of genes that modify 
the functionality of cells under conditions of hypoxia.57 
Among these genes, erythropoietin (EPO) and eryth-
ropoietin receptor (EPO-R) genes are also upregulated 
by HIF-1α.58 P-gp can be induced not only by seizures 
through glutamate and cyclooxygenase-2 signaling59 but 
also by HIF-1α,60 and hypoxic neurons will also express 
both P-gp and EPO-R.58,61

F I G U R E  6   Upper panel: computed tomography and magnetic resonance images of the brain showing a cortical dysplasia lesion. 
Lower panel: a) immunostaining showing the major vault protein detected in a ballooned neuron; b) high expression of breast cancer–
resistant protein is detected in the blood–brain barrier, and in c) several ballooned neurons from the epileptogenic brain area of a child with 
refractory epilepsy due to cortical dysplasia
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However, we have been able to show the overexpres-
sion of P-gp and EPO-R in neurons after convulsive stress, 
accompanied by a translocation of HIF-1α at the nuclear 
level, and EPO administration protected against ischemic 
brain damage and inhibited P-gp-mediated Rho-123 trans-
port.62 This information leads to support EPO adminis-
tration as a novel strategy to control disorders associated 
with the overexpression of P-gp such as hypoxia and RE.63

5  |   BRAIN INFLAMMATION, ABC 
TRANSPORTERS, AND BLOOD -
BRAIN BARRIER DYSFUNCTION

Sequential mechanisms including excitotoxicity, depolari-
zation, inflammation, and apoptotic death can be observed 
after different brain insults, such as trauma, hypoxia, sei-
zures, among others.64 In all cases, immunological and 
inflammatory mechanisms may also be involved in the 
pathogenesis of epilepsy, where critical mediators of this 

F I G U R E  7   Microphotography showing high detection in 
neurons of P-gp immunostaining with monoclonal antibody (clone 
C494-Signet Laboratories, Dedham, MA). Notice the neuronal 
expression of P-gp after repetitive induced experimental seizures. 
Similar images can also be observed in hypoxia-induced brain 
samples (bar indicates 200μm; Primary magnification 400X)

F I G U R E  8   Diagram showing the hypothetical role of P-gp in the resting membrane potential under normal and epileptic conditions. 
Similar to that demonstrated in tumor cells, we suggest that normal neurons and cardiomyocytes have a resting membrane potential 
of −60 mV, but seizures/hypoxia damage will induce P-gp expression in both cell types. The P-gp expression will lead to a depolarized 
membrane potential of −20 mV. Therefore, the higher the P-gp expression in the membrane of neurons and cardiomyocytes, the higher will 
be the risk of status epilepticus and heart failure, resulting in sudden unexpected death in epilepsy (SUDEP)
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process include interleukin IL-1β, IL-6, tumor necrosis 
factor-α, as well as oxidative stress.65, 66,67 Interestingly, 
induced overexpression of P-gp at the BBB and neuronal 
levels has been documented in these scenario.61 In addi-
tion, alterations of the brain functional expression of some 
other transporters have been reported, such as the glucose 
transporter GLUT1, with decreased brain glucose uptake 
and hypometabolism in the epileptic area.68 Similarly, 
altered expression of aquaporin-4 (AQP4) has also been 
demonstrated in both human temporal lobe epilepsy 
and experimental seizure models. Typically, AQP4 is ex-
pressed at the astrocyte end feet in the BBB. In addition, 
parenchymal expression of AQP4 is increased in sclerotic 
hippocampi but reduced in the BBB. Lack of AQP4 in the 
BBB contributes to water efflux and impaired K+ buffer-
ing. Interestingly, impaired K+ buffering affects brain 
energetics and homeostasis via an ATP-dependent mecha-
nism. In rodent and human epileptic brains, K+ buffering 
is compromised due to reduced expression of Kir 4.1.67 In 
a recent review, the relationship between neuroinflamma-
tion, BBB dysfunction, brain overexpression of ABC-t, and 
RE was updated.69

The first evidence showing transient expression of P-gp 
in astrocytes was reported after intracerebroventricular in-
jection of kainate, and immunostaining was detected as 
early as 1 day postinjection, with a peak at 2 weeks, and 
still visible up to 10 weeks postinjection.70 Moreover, the 
first transient neuronal P-gp expression was reported in 
a rat model of ischemia by partial cortical devasculariza-
tion. This transitory expression showed a changing pat-
tern in the course of time with a maximum at 7 days after 
injury and subsequently reduced to undetectable levels at 
28 days after injury.71 These two pioneering experiments 
strongly suggested that inducible P-gp expression can be 
reversed as long as normality is restored and the initial 
short-term insult is not repeated. Consequently, repetitive 
inducing insults are expected to generate a long-lasting 
increasing level of P-gp expression,28,29,55 as a window of 
therapeutic resistance.

6  |   EXPRESSION OF P-
GLYCOPROTEIN IN THE HEART 
AND ITS POTENTIAL ROLE IN 
SUDEP DEVELOPMENT

Sudden unexpected death in epilepsy, by definition, is a 
sudden and unexpected death in a person with epilepsy 
for which no obvious cause has been found to date72 and 
is one of the most feared and catastrophic complications 
of epilepsy. It is urgent to identify the biological mecha-
nisms that can trigger this condition and therefore define 
the predictive biomarkers of SUDEP.

Evidence suggests that SUDEP may be a consequence 
of heart failure due to elevated hypoxic stress secondary to 
ictal hypoxemia (IH), and excessive sympathetic overstim-
ulation triggering neurocardiogenic injury. The severity 
of IH appeared independent from the age group and from 
seizure type and is probably the major clinical concern for 
its correlation with potentially life-threatening cardiore-
spiratory alterations and SUDEP.73

Several risk factors have been associated with SUDEP, 
most notably the severity and frequency of generalized 
tonic-clonic seizures (GTCS). In this regard, the concept of 
“epileptic heart” has recently been reported as “…a heart 
and coronary vasculature damaged by chronic epilepsy 
due to repeated hypoxemia and increased catecholamines 
leading to electrical and mechanical heart dysfunction.”74 
These repetitive injuries would be affecting the electrical 
properties of the myocardium, causing heart failure with 
fatal arrhythmia (bradycardia).

It is important to emphasize that under normal con-
ditions, P-gp is low expressed in the endothelial cells of 
capillaries and arterioles in the healthy heart, but absent 
in cardiomyocytes.75,76 On the other hand, it has been as-
sumed that seizures can act as hypoxic stress and induce 
overexpression of P-gp and EPO-R in a HIF-1α dependent 
manner, not only in the brain (neurons, astrocytes, VECs 
of BBB)61 but also in cardiomyocytes.77,78 Experimental 
evidence suggests that the highly cumulative burden of 
convulsive stress (high frequency of GTCS or status ep-
ilepticus) results in a hypoxic cardiac insult, where P-gp 
expression79,80 could play a depolarizing role in cardio-
myocyte membranes.31

In addition, the Kir channels are molecular regulators 
of the membrane potential in cardiomyocytes to control 
heart rate, and whose genetic variants have been related 
to epilepsy81 and cardiac dysfunction.82 Kir controls cel-
lular excitability in the heart by acting toward the repo-
larization phase of the cardiac action potential. Notably, 
a significant decrease in cardiac Kir channel mRNA and 
protein expression was observed in PTZ-kindled rats.83 By 
using the same PTZ-epileptic model, seizures increased 
P-gp and reduced Kir expression, producing a collabora-
tive action to stabilize cardiomyocyte membrane depolar-
ization.6 Accordingly, we suggest that repetitive convulsive 
events (assumed as repetitive ischemic events) could gen-
erate long-lasting P-gp expression at the cardiac level as a 
window of susceptibility to functional heart failure.

Based on the above, we have reported that repet-
itive status epilepticus induces a hypoxic condition in 
the heart with low retention of 99m-Tc-MIBI associated 
with severe bradycardia and a high rate of spontaneous 
death.79 Pioneering experimental evidence described that 
cardiac hypoxia was directly related to high P-gp expres-
sion in cardiomyocytes in the ischemic area, associated 
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with low retention of 99m-Tc-MIBI.78,79 Recently, our 
group suggested that the intimate pathophysiological 
relationship between seizures and hypoxia affects the 
brain and the heart, elevating the risk of SUDEP.84 We 
hypothesize that an acute fatal heart rhythm alteration 
could result from severe hypoxic stress produced by re-
petitive seizures, where P-gp plays a depolarizing role in 
cardiomyocytes.

Therefore, we suggest a vicious circle: cardiac disorders 
may induce BBB alterations, status epilepticus, seizures, 
and epilepsy. In contrast, seizures, status epilepticus, and 
uncontrolled epilepsy may induce cardiac dysfunctions, 
recalling the “chicken and egg” puzzle concept coined 
by Friedman,85 with a high risk of death (SUDEP). The 
potential use of 99mTc-SESTAMIBI cardio-SPECT, both in 
resting and effort conditions, could represent noninvasive 
technologies to detect the risk of acute cardiological fail-
ure, and thus, be the telltale heart (Edgar Allan Poe) of 
SUDEP, in patients with RE.86

Finally, it is essential to highlight recent advances in 
using cannabinoids for the treatment of RE.87 Several 
mechanisms have been proposed by which cannabinoids 
could exert their beneficial effects for the most severe 
types of epilepsy.88,89 By docking studies, our group re-
cently demonstrated that cannabidiol has binding sites 
on P-gp and induces an inhibitory effect on the efflux 
transport of Rho-123 (a P-gp substrate) in cultured 
cells,90 such as that induce by nimodipine.52 This finding 
gives molecular consistency to the efficacy of cannabi-
diol (as adjuvant therapy) in the control of most severe 
refractory epilepsies.91

7  |   CONCLUSIONS AND 
REMARKS

Based on what has been described, central ABC-t expres-
sion in neurons could play a role at central level in the epi-
leptogenesis. Additionally, peripheral induction of ABC-t 
in the small intestine may decrease drugs absorption, 
whereas in the liver, kidney, and BBB may increase drug 
clearance, all affecting their PK, decreasing plasma drug 
levels, and reducing access of ASMs to the brain.92,93 In ad-
dition, induction of P-gp expression in the heart may have 
a potential role in heart failure and SUDEP. Both central 
and peripheral mechanisms may occur independently but 
may be also concomitants according with the severity and 
frequency of seizures. Therefore, we suggested that P-gp 
and the other ABC-t related to MDR phenotype should be 
new targets for the treatment of RE.9

In summary, we propose that the transporter hypoth-
esis for drug-resistance epilepsy should consider the fol-
lowing conditions:

a.	 At the peripheral level, the increased expression of 
ABC-t induces PK alterations by changes ASM ab-
sorption, biodistribution, brain access, and excretion.

b.	 At the central level, ABC-t (particularly P-gp) could 
play a pivotal role by modifying neuronal functional 
properties associated with membrane depolarization. 
This situation results in pharmacodynamic altera-
tions related not only to the drug-resistance phenotype 
but also to epileptogenesis, heart failure and SUDEP, 
which represents a peripheral fatal phenomenon.
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