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Opinion
P-glycoprotein (P-gp) is the most studied member of ABC-

transporters super-family. It is encoded by the MDR-1 gene 
(ABCB1), and share with BCRP (ABCG2) and MRP1-4 (ABCC1-
4), the expression in the excretory organs and tissue barriers 
as liver, bowel, kidney, blood brain barrier, etc, playing a central 
protective role of the organism against endogenous/circulating 
chemicals, xenobiotics, toxins, organic ions and drugs. However, 
P-gp (as the others mentioned pumps) it is expressed neither in 
normal neurons nor in normal cardiomyocytes [1]. The nature 
of the expression of P-gp, indicates that it can be constitutive in 
mentioned tissues, as well as in stem cells [2], and also it can be 
induced to be expressed, after very wide spectrum of factors as 
different therapeutic agents (chemotherapeutic drugs), hormones, 
oncogenes, and transcription factors evolved in apoptosis, stress, 
inflammation, and hypoxia [3,4].

Early report demonstrated a variable expression of P-gp 
in heart (at the endothelium of both arterioles and capillaries, 
but not in cardiomyocytes) of all samples from 15 human left 
ventricles with non-failing (n=5), dilated cardiomyopathy (n=5), 
and ischemic cardiomyopathy (n=5), where the minor expression 
was observed in cases with dilated cardiomyopathy [5]. Later, 
in a chronically ischemic heart model in pigs, decreased 99mTc-
SESTAMIBI heart retention was documented in the heart insulted 
area, where a high expression of P-gp can be observed in their 
cardiomyocites, as compared with the P-gp negative cells at the 
non-ischemic heart tissue [6]. In this experiment, the reason 
decreased 99mTc-SESTAMIBI heart retention supported by the 
low flow experimentally produced by chronic occlusion on the 
selected artery. Additionally, the high P-gp expression detected 
at cardiomyocytes in the same heart area could be supported 
by the hypoxic conditions that increase the expression of HIF-
1 transcription factor as main driver for the inductor of P-gp 
expression. 

Several techniques to assess the treatment-resistant 
phenotype in cancer, include demonstration of hypoperfusion  

 
with dynamic contrast-enhanced computed tomography and 
magnetic resonance imaging (MRI), depiction of necrosis with 
diffusion-weighted MRI, imaging of hypoxia and tumor adaption 
to hypoxia, and 99mTc-SESTAMIBI imaging of P-glycoprotein 
mediated drug resistance [7].

99mTc-SESTAMIBI is a cationic radiopharmaceutical that 
is widely used for evaluating cardiac function and for tumor 
imaging, in both cases the accumulation of this compound is 
known to occur within cells in response to the physiologically 
negative mitochondrial and plasma membrane potentials [8]. 
Interestingly, 99mTc-SESTAMIBI is substrate for P-gp and it can be 
effluxes in direct proportion to the cellular expression of P-gp [9]. 
This active washout is interpreted as chemoresistance phenotype 
of the tissue expressing P-gp. This functional phenotype can be 
inhibited by several P-gp and multidrug resistance modulators, 
such as PSC-833 and VX-710. Consequently, 99mTc-SESTAMIBI 
tumor washout can be used as clear biomarker for drug-resistant 
phenotype in tumors [10,11].

In bases on mentioned background: Which is the right 
interpretation for the low retention of 99mTc-SESTAMIBI in heart, 
observed in the cardiomyocytes of chronically ischemic pig 
hearts? Is it secondary to limited blood-flow, or secondary to HIF-
1 induced P-gp expression exporting 99mTc-SESTAMIBI outside of 
the heart, or perhaps both mechanisms are contributing to the 
same result? The response to these controversial paradigms was 
later experimentally explained, in a model on conscious sheep 
undergoing acute myocardial ischemia followed by reperfusion. 
In this study similar decreased 99mTc-SESTAMIBI retention was 
documented by SPECT images and observed in all animals at the 
same ischemic-reperfused heart area. The i.v. administration of 
99mTc-SESTAMIBI was performed three hours after reperfusion, 
the time that heart stunning was also documented, and P-gp 
expression was able to be detected in the cardiomyocytes of the 
same the ischemic heart area [12]. Some questions arise from 
these results. 
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a. Can a transient hypoxic condition to explain the 
decreased 99mTc-SESTAMIBI retention in heart without any 
artery occlusion and after the normoxia were restored? 

b. Is the short time of artery occlusion (12 minutes) enough 
to prompt induction of functional P-gp expression? 

c. Are there any relationship between the functional P-gp 
expression in cardiomyocytes and heart stunning?

One interesting condition could help to answer these 
questions, is the neurogenic stunned myocardium which is 
characterized by myocardial injury-dysfunction of a sudden onset, 
as a result of an imbalance in the autonomic nervous system. 
Sometimes it is secondary to different acute brain injuries as 
stroke, seizures, status epilepticus; panic attacks, etc. A spectrum 
of clinically abnormalities includes acute left ventricular failure 
could progress to cardiogenic shock with hypotension, pulmonary 
oedema and various arrhythmias, that include prolonged QT 
interval, ST segment changes, T-wave inversion, etc. [13]. Because 
the occurrence of neurogenic stunned myocardium can increases 
the death risk, several conditions related with high catecholamine’s 
release, has been suggested as potential inducers of these 
condition as pheochromacytoma and exogenous catecholamine 
administration. Furthermore, the Takotsubo Syndrome (TKS) was 
included into this spectrum of stress-related cardiomyopathies, 
where heart stunning was documented [14], and heart hypoxic-
ischemia was postulated [15]. It was recently described that 
clinical presentation and pathophysiology of Takotsubo Syndrome 
differ from typical cardiomyopathies, and it was proposed that 
this syndrome must not be referred as a cardiomyopathy, it 
should be included within the spectrum of ischemic heart disease 
and considered as an acute syndrome, where the typical feature 
of stress, may imply that the catecholamine surge is essential to 
produce the typical transient myocardial injury [16]. 

It is known that TKS occurs after a stressful condition that 
including severe seizures and status epilepticus. Furthermore, 
after recompilation of several cases with TKS related to epileptic 
seizures, a possible relationship between TKS and sudden 
unexplained death in epilepsy (SUDEP) was suggested [17]. One 
more extensive analysis of this hypothesis suggest that sudden 
cardiac death can occur after exposure to extreme stress and 
sometimes as a complication of acute neurologic disease as 
severe seizures or status epilepticus. In this context, TKS could 
result from an excessive adrenergic stimulation of the heart 
that can also explain the sudden cardiac death. The sympathetic 
overstimulation could trigger a neurocardiogenic injury affecting 
the electrical properties of myocardium and leading to heart 
failure and fatal arrhythmia [18]. If it is the cases, TKS secondary 
to seizures, could be harbor a high risk of SUDEP. In more recent 
analysis of all reports of TKS related with epilepsy, it was detected 
that 60% of patients had generalized tonic clonic seizures, 32% 
had generalized status epilepticus, and only 3 cases had complex 
partial seizure, and fatal outcome was observed only in 2 cases 
(3%), suggesting that TKS does not seem to play a major role in 

the pathogenesis of SUDEP [19]. 

However, an important limitation of these considerations is 
the lack of opportunity to detect in real time, the TKS syndrome 
in patients that dead by SUDEP, so TKS could be an aborted-
SUDEP. Sudden death was defined as the death that occurs 
naturally, unexpectedly and instantaneously or within the first 
hour of the onset of premonitory symptoms. It is one of the most 
important challenges of the modern cardiology and at date, 
several molecular studies have discovered different mutations 
related with the risk of sudden death. Recently were identified 4 
major cardiac channelopathy genes mutations in KCNQ1, KCNH2, 
SCN5A, and RYR2 genes, which were classified as cardiac genetic 
predisposition in sudden infant death syndrome (SIDS) [20]. 

Sudden unexpected death in epilepsy (SUDEP) is the major 
cause of death in those patients suffering from refractory epilepsy 
(RE), with a 24-fold higher risk relative to the normal population. 
This catastrophic risk of epilepsy is not totally understood, and 
also is imprecisely detected. In spite several mutations on ion 
channels has been described to be related with - epilepsy, the above 
mentioned genes were not listed in a complete recent revision 
of genetics of epilepsy and refractory epilepsy [21]. A panel of 
experts from American Academy of Neurology (AAN), developed a 
multicenter survey of the incidence of SUDEP in different epilepsy 
populations, indicating that SUDEP risk in children with epilepsy 
is 0.22/1,000 patient-years, while the SUDEP risk increases 
in adults in patients (mainly aged between 20 and 40 years) to 
1.2/1,000 patient-years. Additionally, subtherapeutic levels or 
interruption of AEDs, are also an important risk factor of SUDEP 
[22]. By far the most important clinical risk factor is frequency of 
GTCS, but nocturnal seizures, early age at epilepsy onset (before 
the age of 16 years), male gender, and long duration of epilepsy 
(over 15 years) have been identified as additional risk factors. 
If the seizure frequency is higher, the risk of SUDEP is greater. 
It is important to remark that refractory epileptic (RE) patients 
usually receive politherapy, but develop a multi-drug resistant 
phenotype due to brain overexpression of ABC-transporters, 
mainly P-glycoprotein, which was signed as potential therapeutic 
target y RE [23,24]. 

In spite that authors indicates that there is considerable 
uncertainty regarding the estimates of the real adult risk, the 
higher value of risk rate in adults, will not decrease with future 
more complete studies. So, in the clinical setting, the incidence 
of SUDEP in epileptic children is truly rare. Taking together, and 
in spite that mutations above mentioned are clearly related with 
SIDS, they could not be directly associated with SUDEP according 
with the epidemiological data described in the study from the 
AAN. An additional important recommendation also described in 
this mentioned AAN study, is that the major risk factor for SUDEP 
is the occurrence of generalized tonic-clonic seizures (GTCS), and 
it increase more secondary to the increasing frequency of GTCS. 
Which is the physiological meaning of this assertion? A very 
recent report describes a young woman with postictal apnea and 
generalized EEG suppression after a GTCS that was accompanied 
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by severe bradycardia. The episode was followed by a ventricular 
tachycardia with subsequent recovery of spontaneous breathing, 
without any cardio-respiratory resuscitation maneuver [25]. 

However, the sudden and unexpected death in epilepsy 
(SUDEP) is a high challenge for the neurology, epileptogoly and 
cardiology. Some reports identified ion-channels mutations 
that could links between epileptic syndromes with Brugada 
Syndrome [26]. One very complete multicentric study, can detect 
mutations in genes related with cardiac arrhythmia, respiratory 
control, and epilepsy, in 46% of 61 SUDEP cases. The study was 
developed by complete exome sequencing compared with 2,936 
control exomes, and in an additional focus was putted on cardiac 
arrhythmia, respiratory control, and epilepsy genes which were 
screened for variants with frequency of <0.1% and predicted to 
be pathogenic with multiple in silico tools. Positive results were 
detected in 28 of 61 (46%) cases, and divided in three different 
categories defined a as: de novo mutations, previously reported 
pathogenic mutations, or candidate pathogenic variants. In four 
cases LQTS gene mutations were detected and in which SUDEP 
may occur as a result of a predictable and preventable cause [27]. 

Is this study covering completely all the genetic possibilities 
that could explain the phenomenon SUDEP? Which could be the 
genetic marker for the remaining 54% of the studied cases? Are 
there differences between germ line and somatic mutations as 
recently reported in atrial fibrillation an abnormal condition also 
described in SUDEP? [28,29]. According with these observations 
some electric heart alterations are commonly found during or 
after seizure, particularly in patients with refractory epilepsy, 
and they can offer a key answers for our questions [30-32]. 

One alternative mechanism can be the presence of a previously 
absent protagonist in this stressing scenario. So, transcriptome 
unbalance, with both up and down-regulation of several genes, 
could change the rules of the game in the functionality of cells, 
particularly in their pro or antiapoptotic tools, as well as their 
membrane electrical properties. In this regard, stress-induced 
expression in heart of genes related to cell salvage against the 
danger of oxidative stress, nutrient demand or hypoxia, could 
play a central roles in changing the these functional activity of the 
organ, but trying to save the cells.

HIF-1α is the master transcriptional regulator of cellular and 
developmental response to hypoxia in all tissues, and seizures 
induce hypoxic-ischemic events, nor only in brain but also in 
the systemic level, depending on their severity, duration and/or 
frequency. Our group can demonstrate a simultaneous induction 
of P-glycoprotein over expression in brain (neurons) and heart 
(cardiomyocytes), in a model of repetitive induced-seizures, 
and related with pharmacorresistant epilepsy and final fatal 
status epilecticus [33]. (Figure 1) We need to remember that 
P-gp is normally absent in these type of cells, and we must to 
think that these induced expressions are not only related to its 
pharmacoresistant property. At this - regards we should point out 
that pioneer studies have demonstrated that P-gp can modify the 
resting membrane potential, producing depolarization with values 
from -70 to -10mV in the expressing cells [34,35]. This specific 
observations is in total concordance with the mechanistic property 
of 99mTc-SESTAMIBI, that bind to mitochondrial membrane but it is 
released out off the cell by P-gp under membrane depolarization 
as above mentioned [8].

Figure 1: The repetition of seizures and / or epileptic status induces the expression of P-gp in neurons and cardiomyocytes. This expression 
generates depolarization of the membranes, facilitating the fall of the convulsive threshold and inducing heart stunning and bradycardia. In 
the face of a new cataract of crisis the stunned and bradycardic heart will not be able to respond to the demands of convulsive stress, and 
SUDEP will be develop.
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In these sense, P-gp expressed in neurons could be 
responsible at least in part, for the reduction of the convulsive 
threshold and facilitating the recurrence of new crises. In an our 
previous study, we demonstrated that increased expression of 
P-gp in hippocampus after repetitive induced-seizures, correlated 
progressive membrane depolarization that was not reversed 
by phenytoin, but it was do it by phenytoin plus a P-gp blocker 
nimodipine [36]. More recently, our group also demonstrated 
that repetitive sever convulsive stress as pilocarpine-induced 
status epilepcticus, resulted in a progressive high expression of 
HIF-1 and P-gp in cardiomyocites, detected during a period away 
from the acute convulsive episode, and accompanied by a severe 
bradycardia, longer QT interval, and high rate of spontaneous 
death. Interestingly, a low retention of 99mTc-SESTAMIBI in heart 
was also detected [37]. We could hypothesize that a fatal acute 
heart rhythm alteration could be the consequence of a severe 
hypoxic stress produced by  repetitive seizures, where P-gp plays 
a depolarizing role on the cardiomyocytes. The potential use of 
non-invasive technologies as 99mTc-SESTAMIBI cardio-SPECT at 
both rest and effort conditions, could help to detect the risk of 
acute cardiological failure, and so, to be the telltale heart (EA Poe) 
for SUDEP in patients with refractory epilepsy.
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