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ABSTRACT
Pharmacoresistant epilepsy is a phenomenon increasingly affecting a substantial proportion of patients treated with 
current anti-epileptic drugs, who became refractive to therapy. Coincidently, anti-epileptic drugs have been related 
to oxidative stress (OS)-related processes, which could have an impact in further drug development and also disease 
progression. Therefore, this review is aimed to analyzing the OS processes resulting in excitotoxicity, neuroinflammation 
or mitochondrial dysfunction, which have been implicated in numerous neurological disorders, and particularly its role 
in epilepsy. Evidence from clinical data and a variety of animal models of temporal lobe epilepsy (TLE) is discussed, 
regarding damage to proteins, lipids, and antioxidant defenses. An emerging overall picture on the relationship of 
OS with cell and soluble mediators of inflammation and excitotoxicity is presented. Moreover, new therapeutic strat-
egies are discussed, as proposed to complement current therapies or to develop new ones which could effectively 
interfere the chronic changes induced by recurrent seizures for a better control on the progression of the disease.
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RESUMEN

Estrés oxidativo en la epilepsia resistente a fármacos. La epilepsia resistente a fármacos es una condición 
que afecta a una proporción sustancial de pacientes tratados con los fármacos antiepilépticos disponibles, los que 
devienen refractarios a la terapia. Coincidentemente, los fármacos antiepilépticos han sido relacionados con pro-
cesos de estrés oxidativo (OS), lo cual puede impactar en la progresión de la enfermedad  y ser relevante para el 
sucesivo desarrollo de fármacos. En esta revisión se analizan los procesos de OS vinculados a la epilepsia resistente 
a fármacos, que derivan en procesos de excitotoxicidad, neuroinflamación o disfunción mitocondrial, que se han 
manifestado en otros desórdenes neurológicos  y particularmente en la epilepsia. Se muestran evidencias basadas 
en datos obtenidos mediante el estudio de la epilepsia del lóbulo temporal (ELT) en modelos animales, que derivan 
en daño a las proteínas, los lípidos y las defensas antioxidantes. Se incluye una vista general emergente sobre la 
relación del OS y los mediadores solubles involucrados de la inflamación y la escitotoxicidad. Además, se discuten 
nuevos abordajes terapéuticos, como los propuestos para complementar las terapias existentes o incluso nuevas 
estrategias para interferir los cambios crónicos inducidos por los ataques recurrentes para un mejor control de la 
progresión de la enfermedad.

Palabras clave: epilepsia resistente a fármacos, estrés oxidativo, neuroinflamación,  
terapias con fármacos antiepilépticos

Introduction
Epilepsy is one of the most common and serious brain 
disorders. It affects nearly 50 million people world-
wide. It is characterized by recurrent spontaneous 
seizures due to an imbalance between cerebral excit-
ability and inhibition [1]. This leads to uncontrolled 
excitability, which generates an imbalance in the met-
abolic rate of the brain. Nevertheless, the molecular 
mechanisms that lead to seizures and epilepsy are not 
well understood. 

The incidence of epilepsy is about 2 % and approx-
imately 60-80 % of patients can be controlled with 
antiepileptic drugs [2]. In more than 60 % of cases, 
seizures remit permanently. Nevertheless, a substan-
tial proportion of patients (30 %) do not respond to 

antiepileptic drugs (AEDs) medication, despite its 
administration in an optimally monitored regimen. 
Such cases are often loosely termed intractable or 
pharmacoresistant epilepsy [3]. Most of them suffer 
from a focal form of epilepsy. The areas of epilepto-
genesis are usually characterized by cell loss [4, 5]. 
Simultaneously, AEDs could also contribute to the 
established brain damage through their diverse ef-
fects on the antioxidative system [6, 7], some of them 
potentially generating reactive oxygen species (ROS) 
and triggering oxygen-dependent tissue injury [8]. 
Whereas a precise role for ROS in the epilepsies re-
mains to be defined, a general role for ROS in seizure-
induced neuronal death is supported in part by the 

1. World Health Organization. Epilepsy 
Fact Sheet. 2016 Feb [2016 Feb 7]. Avail-
able from: http://www.who.int/mediacen-
tre/factsheets/fs999/en/

2. Hauser WA, Annegers JF, Kurland 
LT. Prevalence of epilepsy in Roches-
ter, Minnesota: 1940-1980. Epilepsia. 
1991;32(4):429-45.

3. Regesta G, Tanganelli P. Clinical aspects 
and biological bases of drug-resistant 
epilepsies. Epilepsy Res. 1999;34(2-
3):109-22.
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observations that repeated seizures result in increased 
oxidation of cellular macromolecules [9]. Moreover, 
there is an intrinsic relationship between oxidative 
stress (OS) and inflammation in epileptic patients, as 
a source of neuronal decline, manifested in a series of 
pathological etiologies and particularly in pharmacor-
resistant epilepsy.

The use of AEDs with possible neuroprotective ef-
fects has been investigated in human or animal mod-
els [10, 11]. Furthermore, AEDs pro-oxidative effects 
might lead to the enhancement of seizure activity, 
which can result in loss of AEDs efficacy or apparent 
functional tolerance, pharmacotherapy resistance and 
undesired side effects. Studies have been performed in 
serum, plasma, erythrocytes or leukocytes [12], some 
of their effects on OS markers in epileptic patients 
summarized in the table.

During metabolic processes, numerous AEDs as 
phenobarbitone (PB), phenytoin (PHT), carbamaze-
pine (CBZ) and valproic acid (VPA), produce reactive 
metabolites which can increase the formation of ROS 
that can induce oxidative damage and cause toxicity. 
To support this theory, numerous studies evaluating 
the influence of epilepsy and AEDs on the formation 
of free radicals, show that either of them could be con-
nected to oxidative stress generation [30]. Moreover, 
AEDs may also provoke systemic toxicity, in addition 
to their main inhibitory activity on the epileptic fo-
cuses, either through increased oxidative damage or 
covalent binding of their reactive metabolites to bio-
logical macromolecules [23, 31]. 

Therefore, in this review, we address the picture 
arising from the connection among pharmacoresistant 
epilepsy and OS, and their relation to inflammation 
(Figure). Results in experimental models and in pa-
tients that support the presence of an imbalance in the 
oxidative status in pharmacoresistant epilepsy are also 
discussed, with emphasis on pharmacoresistant tempo-
ral lobe epilepsy (TLE).

Participation of oxidative stress in 
epilepsy
Oxidative stress (OS) is a biochemical state in which 
reactive oxygen species (ROS) are generated, been in-
volved in diverse physiological and pathological condi-
tions, including epilepsy. At high concentrations, ROS 
react readily with proteins, lipids, carbohydrates, and 
nucleic acids, often inducing signaling and redox con-
trol disruption, and irreversible functional alterations 
of molecules or even their complete destruction [32].

ROS have a crucial role in human physiological 
and pathophysiological processes [33]. They were 
originally considered to be exclusively detrimental 
to cells [34], but recent evidence suggests that redox 
regulation involving ROS is essential for the modula-
tion of critical cellular functions such as mitogen-ac-
tivated protein (MAP) kinase cascade activation, ion 
transport, calcium mobilization, apoptosis program 
activation, and other signaling mechanisms. At the 
systemic level they contribute to complex functions 
such as blood pressure regulation, cognitive function 
and immune function. ROS enable the response to 
growth factor stimulation and the generation of the in-
flammatory response [33]. Therefore, OS is involved 
also in acute and chronic CNS through the action of 

free radicals-mediated injury and is a major factor in 
the pathogenesis of neuronal damage [35].

The brain is believed to be particularly vulnerable 
to OS as it contains high concentrations of poly-
unsaturated fatty acids that are susceptible to lipid 
peroxidation, consumes relatively large amounts of 
oxygen for energy production, and has lower antioxi-
dant defenses compared to other organs, making OS 
a likely contributor to neurological disorders [12, 35, 
36]. The central nervous system (CNS) has an ex-
traordinary metabolic rate consuming approximately 
20 % of all inhaled oxygen at rest; however, it only 
accounts for 2 % of body weight. This enormous 

4. Henshall DC, Meldrum BS. Cell death 
and survival mechanisms after single 
and repeated brief seizures. In: Noebels 
JL, Avoli M, Rogawski MA, Olsen RW, 
Delgado-Escueta AV, editors. Jasper’s 
Basic Mechanisms of the Epilepsies. 4th 
ed. Bethesda (MD)2012.

5. Fujikawa DG, Shinmei SS, Cai B. Kainic 
acid-induced seizures produce necrotic, 
not apoptotic, neurons with internucleo-
somal DNA cleavage: implications for 
programmed cell death mechanisms. 
Neuroscience. 2000;98(1):41-53.

Antiepileptic 
drug

Oxidative marker change [reference]

8-OHdG: 8-hydroxydeoxyguanosine; CAT: catalase; GPx: glutation peroxidase; GR: glutation reductase; 
GSH: glutation; MDA: malondialdehyde; SOD: superoxide dismutase;   : decreased;   : increased; N: no 
changes.

Table. Effects of antiepileptic drugs on oxidative stress markers in patients with epilepsy
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Figure. Main mediators and processes involved in the phenomenon of epileptogenicity, as evidenced 
from studies in animal models and humans. Thick lines correspond to processes deriving in the acti-
vation or increasing the occurrence of the connected processes or elements, and conversely, thin lines 
represent the oposite. Double arrows stand for feedback loops. All the relationships depicted are general 
trends based on experimentally evidenced relationships. OS: oxidative stress; ROS: reactive oxygen 
species; Ca2+: intracellular calcium influx. Glu: Glutamate neurotransmitter. See the text for details.
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metabolic demand is due to the fact that neurons are 
highly differentiated cells and need large amounts of 
ATP in order to maintain ionic gradients across cell 
membranes and for neurotransmission [37].

Recently, accumulating evidence supports the as-
sociation between OS and seizures, in the process of 
their generation, and in the mechanisms associated 
with refractoriness to drug therapy. Alterations in the 
antioxidant enzymes [38-40] and increases in the in-
dicators of oxidative damage to biomolecules, such as 
malondialdehyde (MDA), protein carbonyls and 8-hy-
droxy-2-deoxyguanosine and activation of the nicotin-
amide adenine dinucleotide phosphate oxidase have 
been reported [39, 41]. Similarly, data from animal 
studies suggest that prolonged seizure activity might 
result in the increased production of ROS and genera-
tion of nitric oxide and peroxynitrite preceded neuro-
nal cell death in vulnerable brain regions [42, 43].

Previous studies have demonstrated that seizure-
induced mitochondrial dysfunction and excess free 
radical production cause oxidative damage to cellular 
components and initiate the mitochondrial apoptotic 
pathway [44, 45]. OS is also considered an important 
consequence of excitotoxicity and inflammation, two 
of the proposed mechanisms for seizure-induced brain 
damage [45-48] and finally, there are evidences of the 
changes on oxidative markers when some AEDs are 
consumed [12].  

Oxidative stress and inflammation in 
epilepsy
Inflammation, in turn, appears to play a central role 
among the various mechanisms that have been con-
nected to epileptogenic process [49-53]. The oxida-
tive and nitrosative stress pathways are induced by 
inflammatory responses, and subsequent mitochon-
drial metabolic processes generate highly reactive 
free radical. There are different pathways of ROS 
generation, and one of them is through cellular path-
way like cytokines receptors [54].

Several studies have suggested a link between OS 
and inflammation [55, 56].  Some authors have impli-
cated OS as a major upstream component in the sig-
naling cascade involved in activation of redox-sensi-
tive transcription factors and proinflammatory gene 
expression leading to inflammatory response [57].

Although often overlooked, glial cells, such as as-
trocytes and microglia, play important roles in main-
taining overall CNS homeostasis, providing trophic 
support to neurons, clearing synapses of the released 
neurotransmitters, mediating immune responses in 
the brain, and reducing OS [58]. When CNS regional 
homeostasis is disturbed because of redox shifts or 
other neurodegenerative conditions, astrocytes and 
microglia release various cytokines in an effort to re-
establish regional integrity and repair damaged cells. 
While these glial responses are beneficial to neurons, 
the continuous or repeated activation of astrocytes 
and microglia under conditions of chronic inflamma-
tory stresses can lead to the increased production of 
ROS/RNS, which can lead to severe neuronal dam-
age [59, 60].

In special, evidence of brain inflammation has 
been found to be associated with diverse pathologi-
cal etiologies in patients with epilepsy and in special  

in pharmacorresistant epilepsy. For example, proin-
flammatory molecules, reactive astrocytosis, activat-
ed microglia, and other indicators of inflammation 
have been found in the  hippocampi of patients with 
TLE, in and around epileptic tubers in patients with 
tuberous sclerosis, and in some epileptic cases with 
cortical dysplastic lesions [46, 61-64].

Data collected using tissue of patients with TLE 
suggests that specific inflammatory pathways are 
chronically activated during epileptogenesis and that 
they persist in chronic epileptic tissue, contributing 
to the etiopathogenesis of TLE [62]. Hippocampus 
obtained from patients with hippocampal sclerosis 
(HS) shows microglial activation [61, 62]. Expres-
sion of proinflammatory molecules (IL-1, IL-6 and 
TNF) as well as IL-1α, IL-1β and IL-1 receptor type 
I, NFkB. Also the complement system is augmented 
in epileptic tissue surgically removed from patients 
with pharmacoresistant epilepsy [65]. Systemic IL-6 
levels in peripheral blood are increased immediately 
after seizures and long lasting during post-ictal pe-
riod (24 h after ictal event) in patients with TLE, an 
effect not detected in patients with HS [66]. Expres-
sion of C1q, C3c, and C3d is augmented within re-
gions where neuronal cell loss occurs. Other stud-
ies indicate the activation of complement pathway, 
involving both reactive astrocytes and cells of the 
microglia/macrophage lineage in human HS speci-
mens [61]. These observations suggest the existence 
of a feedback loop between the pro-inflammatory 
cytokine system and components of the complement 
cascade, which may be critical for the propagation of 
the inflammatory response in human TLE with HS 
and therefore consequent OS as a result of the in-
flammation.

Thus, the mechanisms related to OS and inflam-
mation in epileptic patients must be further explored 
in the clinical management of these conditions.

Oxidative stress and excitotoxicity in 
epilepsy
OS is thought to be an important consequence of glu-
tamate receptor activation and excitotoxicity which 
plays a critical role in epileptic brain damage. There 
is evidence supporting the hypothesis that the neuro-
degenerative changes associated with human epilepsy 
arise from persistent discharges in the glutamate path-
way [36]. The mechanism is relatively simple: excess 
of glutamate release leads to repeated depolarization- 
repolarization cycles in glutamate terminals, until 
glutamate reaches toxic concentrations and, finally, 
the excitotoxic degeneration of post-synaptic neurons 
takes place [67].

In general, excitotoxic damage to the neurons of 
epileptic patients is mediated by excessive calcium 
inflow during seizures. The excessive elevation of the 
cytoplasmic Ca2+ concentration could promote: 1. the 
synthesis of nitric oxide, 2. the generation of free radi-
cals, as superoxide or peroxynitrites, and 3. the loss 
of electrochemical mitochondrial potential, altering 
the oxidative phosphorylation and promoting the free 
radicals generation until complete invalidation of the 
mitochondrial metabolism, which could lead to the 
ending of the energy cellular reserves. Furthermore, 
the rising in Ca2+ cytoplasmic concentration activates 

6. Hamed SA, Abdellah MM, El-Melegy N. 
Blood levels of trace elements, electrolytes, 
and oxidative stress/antioxidant systems 
in epileptic patients. J Pharmacol Sci. 
2004;96(4):465-73.

7. Solowiej E, Sobaniec W. [The effect of 
antiepileptic drug therapy on antioxidant 
enzyme activity and serum lipid peroxida-
tion in young patients with epilepsy]. Neu-
rol Neurochir Pol. 2003;37(5):991-1003.

8. Karikas GA, Schulpis KH, Bartzeliotou 
A, Regoutas S, Thanopoulou C, Papae-
vangelou V, et al. Early effects of sodium 
valproate monotherapy on serum paraox-
onase/arylesterase activities. Scand J Clin 
Lab Invest. 2009;69(1):31-5.

9. Patel M. Mitochondrial dysfunction and 
oxidative stress: cause and consequence 
of epileptic seizures. Free Radic Biol Med. 
2004;37(12):1951-62.

10. Azam F, El-Gnidi BA, Alkskas IA. Com-
bating oxidative stress in epilepsy: design, 
synthesis, quantum chemical studies and 
anticonvulsant evaluation of 1-(substituted 
benzylidene/ethylidene)-4-(naphthalen-
1-yl)semicarbazides. Eur J Med Chem. 
2010;45(7):2817-26.

11. Azam F, Prasad MV, Thangavel N. 
Targeting oxidative stress component in 
the therapeutics of epilepsy. Curr Top Med 
Chem. 2012;12(9):994-1007.

12. Martinc B, Grabnar I, Vovk T. The role 
of reactive species in epileptogenesis and 
influence of antiepileptic drug therapy on 
oxidative stress. Curr Neuropharmacol. 
2012;10(4):328-43.

13. Sobaniec W, Solowiej E, Kulak W, Bock-
owski L, Smigielska-Kuzia J, Artemowicz B. 
Evaluation of the influence of antiepileptic 
therapy on antioxidant enzyme activity 
and lipid peroxidation in erythrocytes of 
children with epilepsy. J Child Neurol 2006 
Jul;21(7):558-62.

14. Safar MM, Abdallah DM, Arafa NM, 
Abdel-Aziz MT. Magnesium supplementa-
tion enhances the anticonvulsant potential 
of valproate in pentylenetetrazol-treated 
rats. Brain Res 2010 Jun 2;1334:58-64.

15. Varoglu AO, Yildirim A, Aygul R, 
Gundogdu OL, Sahin YN. Effects of valpro-
ate, carbamazepine, and levetiracetam 
on the antioxidant and oxidant systems 
in epileptic patients and their clinical 
importance. Clin Neuropharmacol 2010 
May;33(3):155-7.

16. Niketic V, Ristic S, Saicic ZS, Spasic 
M, Buzadzic B, Stojkovic M. Activities of 
antioxidant enzymes and formation of 
the glutathione adduct of hemoglobin 
(Hb ASSG) in epileptic patients with long-
term antiepileptic therapy. Farmaco 1995 
Nov;50(11):811-3.

17. Johannessen SI, Landmark CJ. Anti-
epileptic drug interactions - principles and 
clinical implications. Curr Neuropharmacol 
2010 Sep;8(3):254-67.

18. Cengiz M, Yuksel A, Seven M. The ef-
fects of carbamazepine and valproic acid 
on the erythrocyte glutathione, glutathione 
peroxidase, superoxide dismutase and se-
rum lipid peroxidation in epileptic children. 
Pharmacol Res 2000 Apr;41(4):423-5.

19. Ono H, Sakamoto A, Sakura N. Plasma 
total glutathione concentrations in epileptic 
patients taking anticonvulsants. Clin Chim 
Acta 2000 Aug;298(1-2):135-43.
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various intracellular signaling pathways dependent on 
protein kinases and phosphatases that could promote 
proteolysis of the cellular content [47, 68, 69]. Final-
ly, procaspases are activated likewise, and neuronal 
death eventually takes place by necrosis, apoptosis or 
autophagy [48].

Taken these evidences together, it is now clear that 
excitatory amino acid and ROS may cooperate in the 
pathogenesis of neuronal damage, involving loss of 
cellular calcium homeostasis. Excitatory events may 
stimulate ROS, and there is evidence that ROS can 
lead to release of excitatory amino acid, suggesting a 
bidirectional relationship.

Experimental and clinical evidences 
of oxidative stress and mitochondrial 
dysfunction in pharmacoresistant 
epilepsy

Experimental models  
The use of animal models has made important con-
tributions to our understanding of seizures. The most 
popular models of excitotoxicity employing adult ani-
mals are those based on the use of kainic acid (KA) 
and pilocarpine. These are models of TLE, induced 
by the unilateral or systemic injection of these com-
pounds at convulsant doses, causing excitotoxic dam-
age at the pyramidal neurons of hippocampus and 
the hilar region. The models based on systemically 
administering KA or pilocarpine are widely used for 
studying generalized tonic-clonic convulsions or the 
epileptic state, whose neuroanatomical substrate is 
temporal mesial sclerosis [70]. Liang et al. have dem-
onstrated that 16 hours after KA injection, the enzyme 
aconitase becomes inactive decreasing the availabil-
ity of reducing agents for the mitochondrial electron 
transport chain and compromising ATP synthesis [71].

During other experiment in which KA was injected 
directly into the CA3 area of the hippocampus, an 
increase in nitric oxide synthesis was demonstrated, 
contributing to cell death by apoptosis in the CA3 
area of the hippocampus after the induction of a status 
epilepticus [42]. Therefore in the KA induction model 
there is an increase in ROS production, mitochondrial 
dysfunction, and apoptosis of neurons in several areas 
of the brain, especially those in the hippocampus [72].

Other recent research have shown an acute increase 
in mitochondrial hydrogen peroxide production, an 
index of mitochondrial OS, and oxidative damage 
to mitochondrial DNA  up to 96 h following KA and 
lithium pilocarpine induced epileptogenesis [73-75]. 
Lipid peroxidation is a pathway suggested as a mech-
anism of epileptic activity [76]. Whereas the MDA 
has been used to identify oxidative damage to lipids 
acutely following seizure events [77] and their levels 
have been reported to be increased up to 16 h follow-
ing KA treatment in the hippocampus [78], up to 24 h 
in an amygdala kindling model of epilepsy [79], and 
2 h post-pilocarpine-induced status epilepticus in the 
cortex [80].

There is evidence to support an increase in ROS pro-
duction in epilepticus induced by pilocarpine or KA, 
producing considerable amounts of superoxide and 
overloading endogenous protection mechanisms (GPx, 
SOD, and CAT). This results in oxidative damage to 

proteins, phospholipids, and mitochondrial DNA [81]. 
Other authors reported hydroperoxide to be increased 
at 1 h post-pilocarpine treatment [82]. A large increase 
in stable arachidonic acid derived prostaglandin prod-
ucts of lipid oxidation, including F2-isoprostanes and 
isofurans has been shown early after status epilepticus 
in hippocampal subregions [83].

On the other hand, Kudin et al. [84] have shown 
a mitochondrial dysfunction several weeks after pi-
locarpine-induced status epilepticus. The activities of 
complexes I and IV of the electron transport chain de-
crease and complex II increases 1 month after pilocar-
pine status epilepticus. They found also lowered mi-
tochondrial membrane potential in the CA1 and CA3 
areas. These changes may be attributed to decreased 
mitochondrial DNA copy number that results in down 
regulation of oxidative phosphorylation enzymes en-
coded by mitochondrial DNA [84].

Recently, Waldbaum et al. investigated whether 
acute lesions induced by ROS formation contribute 
to the formation of chronic epilepsy [85]. They have 
questioned whether mitochondrial and cellular altera-
tions might occur during the ‘latency period’ between 
the initial brain lesion and the appearance of recur-
ring spontaneous seizures, inducing progression to 
chronic epilepsy. An adaptive increase of mitochon-
drial DNA repair occurs immediately after ROS in-
crease induced by acute status epilepticus. However, 
chronic increase in ROS production is accompanied 
by failure in the induction of mitochondrial DNA re-
pair [73]. OS markers as glutation and specific mark-
ers of redox status in the mitochondrion (coenzyme 
A) have recently been demonstrated to decrease in the 
hippocampus after lithium pilocarpine induced status 
epilepticus and to become permanently damaged dur-
ing epileptogenesis and chronic epilepsy, even when 
hydrogen peroxide production measurements and 
mitochondrial DNA  damage return to control levels 
[74]. This may contribute to significant mitochondrial 
dysfunction, harming neuronal excitability through 
electron transport chain dysfunction and decreased 
ATP production.

In summary, status epilepticus and other epilep-
togenic injuries result in mitochondrial dysfunction, 
increased ROS formation and oxidative damage to 
proteins, lipids and DNA in different experimental 
models of epilepsy.

Clinical evidences
Evidences of mitochondrial dysfunction and OS dur-
ing chronic epilepsy have been recently found in TLE 
patients [86, 87]. For example, Kunz et al. have been 
finding mitochondrial complex I deficiency in the sei-
zure foci [88].

Previously studies found increased activities of 
SOD, CAT, markers of lipid peroxidation  and de-
creased activities of GPx in pharmacoresistant TLE 
patients [24, 89]. Sudha et al. reported in 2001 de-
creased glutathione reductase activity. The lipid per-
oxidation and percentage haemolysis were higher 
compared to controls. Furthermore, erythrocyte glu-
tathione reductase and plasma ascorbate and vitamin 
A concentrations were lower [86]. Meanwhile, many 
different studies were noted increased markers of lip-
id peroxidation [39, 89, 90].

20. Liu CS, Wu HM, Kao SH, Wei YH. Serum 
trace elements, glutathione, copper/zinc 
superoxide dismutase, and lipid peroxida-
tion in epileptic patients with phenytoin or 
carbamazepine monotherapy. Clin Neuro-
pharmacol 1998 Jan;21(1):62-4.

21. Mahle C, Dasgupta A. Decreased total 
antioxidant capacity and elevated lipid 
hydroperoxide concentrations in sera of 
epileptic patients receiving phenytoin. Life 
Sci 1997;61(4):437-43.

22. Karabiber H, Yakinci C, Durmaz Y, 
Temel I, Mehmet N. Serum nitrite and 
nitrate levels in epileptic children using 
valproic acid or carbamazepine. Brain Dev 
2004 Jan;26(1):15-8.

23. Schulpis KH, Lazaropoulou C, Regoutas 
S, Karikas GA, Margeli A, Tsakiris S, et al. 
Valproic acid monotherapy induces DNA 
oxidative damage. Toxicology 2006 Jan 
16;217(2-3):228-32.

24. Yis U, Seckin E, Kurul SH, Kuralay F, 
Dirik E. Effects of epilepsy and valproic 
acid on oxidant status in children with 
idiopathic epilepsy. Epilepsy Res 2009 
Apr;84(2-3):232-7.

25. Arhan E, Serdaroglu A, Ozturk B, Oz-
turk HS, Ozcelik A, Kurt N, et al. Effects of 
epilepsy and antiepileptic drugs on nitric 
oxide, lipid peroxidation and xanthine 
oxidase system in children with idiopathic 
epilepsy. Seizure 2011 Mar;20(2):138-42.

26. Kurekci AE, Alpay F, Tanindi S, Gokcay 
E, Ozcan O, Akin R, et al. Plasma trace 
element, plasma glutathione peroxidase, 
and superoxide dismutase levels in epi-
leptic children receiving antiepileptic drug 
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On the other hand, there are also other studies have 
not detected changes in SOD, CAT, GPx and glutation 
reductase activities [86, 89, 91, 92].

Our group has been investigating the impact of the 
epilepsy surgery on serum markers of oxidative dam-
age in pharmacoresistant TLE patients [39]. Before 
surgery, we found increased activities of SOD, CAT, 
markers of lipid peroxidation and decreased activities 
of GPx. An interesting finding was the positive cor-
relation between duration of the disease and advanced 
oxidation protein product levels. This result suggests 
the early presence of oxidative damage to proteins 
in initial stages of the illness. This could be due to 
protein repairing mechanisms that do not act as effi-
ciently as in other biomolecules.

After surgery, the patients showed a tendency to 
normalization of the studied variables, except for 
SOD activity. The outlying redox state of the patients 
markedly improved after surgery, which is clearly 
evidenced by an important decrease in MDA and ad-
vanced oxidative protein products levels two years 
after surgery. The recovery in GPx activity was also 
notorious, as it contributes to a decrease in oxidative 
damage and a better redox balance [39]. On the other 
hand, we can speculate that the sustained increase 
in superoxide dismutase activity could recede if the 
epileptoid activity in the remaining regions eventually 
disappears in these patients. Finally, the increase in 
CAT activity levels seems to be a cellular response 
to the intense ROS production triggered by seizure 
episodes.

Other recent results from our group showed al-
terations in oxidative markers in tissue from 16 TLE 
pharmacoresistant patients who received surgical 
treatment. There are increases of lipid peroxidation 
measured in terms of tissue MDA and altered antixo-
dative defenses (SOD, GPx, unpublished data).

When we evaluated the cellular immunity (CD8+, 
CD25+ and HLA-DR+ cells) and inflammatory mark-
ers (IL-1β, IL-6) in the same patients before surgical 
treatment, both parameters were found increased. One 
year after surgical treatment, we have detected a de-
crease in all markers (cellular immunity and inflam-
matory response) when compared with presurgical 
values [46]. A previous study of brain tissue from the 
same patients evidenced an increase in immunoposi-
tivity to Anexin-V [93] and this correlated positively 
with the IL-6, and IL-1β [94]. This finding supports 
a relationship between the inflammatory process in 
epilepsy and the neuronal death observed in neocorti-
cal tissue from these patients. These results indicate 
that once the epileptogenic zone is resected and sei-
zure activity is decreased, there is a reduction in pro-
inflammatory cytokines suggesting that seizures are 
the cause of the inflammatory disorders observed in 
patients with drug-resistant epilepsy [46, 94]. It is of 
particular interest to note that one year after surgery 
75 % of these patients were free of seizures and the 
rest of the patients showed a significant decrease in 
the number of episodes [95].

In summary, our results indicate altered antioxi-
dative defenses and damage to biomolecules, im-
munological and inflammatory alteration in patients 
with pharmacoresistant TLE [39]. Further studies are 
needed to ascertain whether ROS are involved in the 

pathogenesis of pharmacoresistant TLE and the as-
sociation with inflammatory mechanisms that take 
place in the pathophysiology of this type of epilepsy. 
Considering this knowledge would be interesting to 
correlate the oxidative markers in TLE pharmacore-
sistant patients and levels of proinflammatory media-
tors in order elucidate the relationship between oxida-
tive imbalance described for these patients and these 
mechanisms.

Therapeutic potential for pharmaco-
resistant epilepsy
Therapies supplementary to AEDs have been pro-
posed to increase their effectiveness and their testing 
is underway, most of them counteracting the action 
of ROS through the enhancement of antioxidant de-
fenses or by providing antioxidant-rich supplemen-
tary diets. 

Such strategies are based on the distribution of pro-
tective antioxidants in the body, which shows some 
interesting features: there is a relatively high concen-
tration of the water-soluble antioxidant vitamin C in 
the brain, while vitamin E concentrations in CNS are 
not remarkably different from those in other organs. 
The concentrations of antioxidants also vary within 
the different regions of the brain itself. For instance, 
the lowest concentration of vitamin E is found in the 
cerebellum. It was also shown that enzymatic antioxi-
dants, such as CAT, are at lower concentrations in the 
brain than in other tissues [96].

Antioxidants are exogenous (natural or synthetic) 
or endogenous compounds acting in several ways 
including removal of superoxide, scavenging ROS 
or their precursors, inhibiting ROS formation and 
binding metal ions needed for catalysis of ROS gen-
eration [97]. Among those showing enzymatic ac-
tivity, CAT, SOD, GPx), glutathione reductase and  
thioredoxin exhibit biological value [98]. Particu-
larly, SOD has been shown to protect against pro-
grammed cell death [99]. The non-enzymatic antioxi-
dants are actually the scavengers of ROS and reactive  
nitrogen species (RNS). These include glutathione, 
vitamins E and C (inhibits oxidation of membrane 
lipid). Uric acid is the scavenger of peroxynitrite in 
plasma, albumin, bilirubin, N-Acetylcysteine, mela-
tonin which directly reacts with ROS and form di-
sulfides.

Other antioxidant compounds such as lipoic acid, 
ascorbic acid and alphatocopherol can protect the 
brain against OS [100-102].  In animal models of 
TLE, the OS and neuronal damage, but not behavioral 
seizures induced by kainate can be ameliorated by 
at least two types of SOD mimetics, the manganese 
porphyrin MnTBAP [71] and the compound EUK134 
[103]. Other compounds with antioxidant properties 
that inhibit seizure-induced brain injury include the 
hormone melatonin. Melatonin stimulates gene ex-
pression for the antioxidant enzymes and increases 
their activity. Additionally, it neutralizes the hydroxyl, 
superoxide and peroxyl radicals, peroxynitrite anion, 
singlet oxygen, hydrogen peroxide, nitric oxide, and 
hypochlorous acid [104]. 

Kong et al. have investigated the role of RNA  
oxidation in epileptogenesis. Using pilocarpine to in-
duce SE, they observed a significant increase in RNA 
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oxidation in vulnerable neurons in rat brains imme-
diately after SE followed by neuronal death [105]. 
However, a daily supplement of antioxidants (coen-
zyme Q10) significantly reduced RNA oxidation and 
protected rats from status epilepticus and neuronal 
loss [105].

In the case of Vitamin E (as α-tocopherol), it dis-
plays beneficial effects in epilepsy, mainly ascribed 
to its antioxidant properties. Ambrogini et al. showed 
that α-tocopherol oral supplementation before induc-
ing status epilepticus, markedly reduces astrocytic 
and microglial activation, neuronal cell death and 
oxidative stress in the hippocampus from kainic acid-
induced epilepsy rats [106]. However, clinical trials of 
vitamin E as an add-on therapy for refractory epilepsy 
have been controversial, with largely failed attempts 
to influence the occurrence of epileptic seizures in pe-
diatric patients [9].

Additionally, Creatine supplementation has been 
effective in reducing hypoxia-induced seizures in 
animal models [107]. The finding that newer anti-
epileptic drugs such as zonisamide possess antioxi-
dant properties raises the possibility that free radical 
scavenging may in part support their antiepileptic  
actions [108].

On other hand, ketogenic diets (i.e., high-fat, low 
carbohydrate diet) are used as another therapy for in-
tractable epilepsy, although its mechanism of action 
is unknown. The proposed mechanism relies on the 
change of energy metabolism to utilization of fatty 
acids and their metabolites, ketonic bodies [109-111]. 
Recent works suggest that chronic consumption of a 
ketogenic diet may alter mitochondrial function by 
chronically decreasing production of ROS, increasing 
the expression of uncoupling proteins, promoting mi-
tochondrial biogenesis, and stimulating GSH biosyn-
thesis [112, 113]. Jarret et al. have demonstrated that 
the ketogenic diet specifically enhances the antioxi-
dant capacity of brain mitochondria and showed evi-
dence that GSH synthesis is up-regulated in ketogenic 
diet fed rats [112].

Studies have shown that this diet is as good as, or 
better than, any of the newer medications in reducing 
seizure frequency. However, concerns about adverse 
effects have been raised. Zamani et al. showed in an 
open label trial the effects of this diet on serum lipid 
profile. Results of this study indicate that a classic keto-
genic diet in children with refractory seizures is effec-
tive in seizure reduction, but leads to development of 
hypercholesterolemia and hypertriglyceridemia [114].

Finally, development of therapies influencing mi-
tochondrial energetic and OS for the epilepsies will 
ultimately depend on unraveling their role in the dis-
ease process.

Concluding remarks
Clinical and preclinical data support the participation 
of OS and mitochondrial dysfunction in the epileptic 
process, suggesting that specific inflammatory path-
ways are chronically activated in the epileptogenic 
brain tissue. These results highlight the need for re-
search that enables us to understand the role of the 
OS in the pathogenesis of pharmacoresistant epilepsy 
and particularly, to clarify the relationship between 
OS, inflammation and immunological deficit as phys-
iopathological mechanism in TLE. OS and mitochon-
drial dysfunction occur as a consequence of prolonged 
epileptic seizures and influence seizure-induced brain 
injury. Conversely, OS can render the brain more 
susceptible to epileptic seizures. Therefore, OS and 
mitochondrial dysfunction may be both an important 
cause and a consequence of prolonged seizures.

Insight into the mechanisms by which seizures 
initiate OS and mitochondrial dysfunction and vice 
versa may provide novel therapeutic approaches for 
the treatment of epilepsies.

Further investigations into the role of inflamma-
tion and the immune response in CNS, particularly 
in pharmacoresistant epilepsy may add important 
insights in the understanding of the epileptogenic 
mechanism and open new ways of neuromodulatory 
treatment of epilepsy.
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