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A B S T R A C T

Purpose: Anti-epileptic drugs have been widely used in children with epilepsy. Although several studies have
investigated the role of oxidative stress and the effects of antiepileptic drugs on several oxidative markers in
epilepsy, adequate information is not available on this issue. This study aimed to investigate the changes in thiol
disulphide homeostasis in children with epilepsy under two commonly prescribed AED monotherapies, carba-
mazepine and valproic acid.
Methods: A hundred and one children with epilepsy using valproic acid or carbamazepine and 58 healthy
children were included in this study. Of the 101 patients with idiopathic epilepsy, 58 were on valproic acid
monotherapy and 43 patients were on carbamazepine monotherapy. The total thiol, native thiol, and disulphide
levels were measured and the disulphide/native thiol, disulphide/total thiol and native thiol/total thiol ratios
were calculated in both groups.
Results: The total thiol and native thiol levels of the valproic acid treated group were significantly lower than the
control group (p < 0.05). The native thiol level of carbamazepine treated group was lower than the control
group without a significance (p=0.123). Disulphide level, disulphide/native thiol and disulphide/total thiol
ratios were significantly higher and native thiol/total thiol ratio was significantly lower in both valproic acid and
carbamazepine treated group compared with the control group.
Conclusion: Thiol/disulphide homeostasis is impaired in children with idiopathic epilepsy using valproic acid or
carbamazepine. Valproic acid which is frequently used in childhood epilepsy may modify this balance more than
carbamazepine monotherapy. More importantly, the new method used in our study proposes a promising,
practical and daily applicable test for evaluating oxidative stress in these patien

1. Introduction

Epilepsy is a common chronic, neurological disorder and childhood
epilepsies represent about 25% of the whole epilepsy population [1].
Modern advances in diagnostic technology, particularly in neuroima-
ging and molecular genetics, now permit better understanding of the
pathophysiology of epilepsy. Defective ion transportor ion channel
structure in the neuronal membrane, inhibitory–excitatory mechan-
isms, and regulatory modulator systems have been implicated in the
pathogenesis of epilepsy [2–4]. Nowadays, increasing evidence suggest
that oxidative stress is implicated in the underlying mechanism of
epilepsy. In its simplest definition, oxidative stress refers to the

inbalance in oxidant and antioxidant homeostasis leading to the pro-
duction of toxic reactive oxygen and nitrogen species [5]. Excess re-
active oxygen species can cause oxidative damage in vulnerable targets
such as polyunsturated fatty acids, thiol groups and DNA. Several bio-
markers have been evaluated to show the biochemical alterations to
oxidative stress in patients with epilepsy [6,7]. However, clinical stu-
dies evaluating oxidant status in children with epilepsy under drug
treatment are scarce. While some found increased lipid peroxidation,
others found no change in oxidant markers in epileptic patients under
drug treatment. Growing evidence indicates that antiepileptic drug
treatment leads to an increase in oxidative stress which is similar to that
observed during epileptogenesis
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Thiols are sulfhydryl group containing organic compounds found in
albumin and cysteine derived molecules such as glutathione, homo-
cysteine, and γ-glutamylcysteine. Thiols are good reductants. Thiols can
undergo oxidation reaction via oxidant molecules and form disulphide
bonds [8]. Under normal conditions, these disulphide bonds can again
be reduced into thiol groups; so that the dynamic thiol–disulphide
homeostasis is preserved [9]. However, under the conditions of oxida-
tive stress, the oxidation of cysteine residues can lead to the reversible
formation of mixed disulphides between protein thiol groups and low-
molecular-mass thiols. Thiol/disulphide homeostasis has critical roles
in maintaining the oxidative balance, antioxidant protection, detox-
ification, signal transduction, apoptosis, the regulation of enzymatic
activity and transcription factors, and cellular signaling mechanisms
transduction and programmed cell death [10]. Recent researches has
focused on the possible impairment of dynamic thiol–disulphide
homeostasis concept developed by Erel et al. [10] in neurological dis-
eases such as stroke, migraine, febrile convulsion [11–13].

In this study, we evaluated dynamic thiol/disulphide homeostasis of
children with idiopathic epilepsy receiving antiepileptic drugs and
compare with age and gender matched healthy children using a novel
automatic and spectrophotometric method developed by Erel and
Neşelioğlu. The aim of this study was to determine the effects of anti-
epileptic drugs on disulphide stress. To the best of our knowledge, this
is the first study to assess the dynamic thiol/disulphide homeostasis of
pediatric patients with idiopathic epilepsy using antiepileptic drugs.
This untargeted method has the potential to identify the relationship
between oxidative stress and antiepileptic drug use in pediatric epi-
leptic patients.

2. Material method

The study was approved by the local ethical committee of Gazi
University School of Medicine. The total thiol content, native thiol and
disulphide levels, disulphide/native thiol, disulphide/total thiol and
native thiol/total thiol ratios were evaluated in the serum plasma of
101 (46 male,55 female) patients with idiopathic epilepsy receiving
valproate or carbamazepine monotherapy and 58 (27 male, 31 female)
healthy children. Of the 101 patients with idiopathic epilepsy, 58 were
on valproic acid monotherapy and 43 patients were on carbamazepine
monotherapy. No significant difference was observed between the
groups in terms of age (p:0.72) and gender (p:0,74). Patients with
symptomatic and syndromic epilepsy, mental motor retardation and
underlying a chronic disorder were not included in the study. The pa-
tients were not taking previous medication trials prior to valproic acid
or carbamazepine use. The patients were not taking other medications
at the time of study. There were no acute medical conditions such as
infection, physical exertion and trauma at the time of blood drawn. All
of the patients were receiving valproic acid or carbamazepine treatment
for at least six months and all patients were seizure-free after valproic
acid or carbamazepine monotherapy. Drug level in plasma was at the
therapeutic concentration (valproic acid, 50–100 μg/ml, carbamaze-
pine, 4–10 μg/ml).

Blood samples were obtained from the patients in the interictal
period. Fasting samples were obtained from the patients and from
healthy controls. The blood samples were then centrifuged at 1500
cycles for 10min. Thereafter, serum samples were separated and kept at
−80 °C until the investigation time. Serum native thiol and total thiol
levels were measured with novel and fully automated tests described by

Erel and Neselioglu [10]. After serum extraction, the test takes about
12min to measure these values with the automated system. Disulphide
concentrations were calculated as the half of the difference between
levels of the total thiol and native thiol. Then, disulphide/total thiol
percent ratio, disulphide/native thiol percent ratio, and native thiol/
total thiol percent ratio were calculated.

Statistical Package for Social Sciences 21.0 (SPSS Inc.; Chicago, IL,
USA) software was used for statistical analysis. Measured values were
evaluated and reported as means ± standard deviation (SD).
Kolmogorov-Smirnov test was used to determine the normal distribu-
tion of variables. Independent samples t-test was used to determine the
differences in variables between the patients and control group. The
chi-Square test was used in the evaluation of the gender distribution of
the groups. A p-value less than 0.05 was considered as significant.

3. Results

A total of 101 subjects were included in the study. The mean age of
patients and distribution of sexes did not differ between the groups
(Table 1).

The total thiol and native thiol levels of the valproic acid treated
group were significantly lower than the control group (p < 0.05)). The
native thiol level of carbamazepine treated group was lower than the
control group without a statistical significance (p=0.123) (Fig. 1)
Disulphide level, Disulphide/Native thiol and Disulphide/Total thiol
ratios were significantly higher and native thiol/ total thiol ratio was
significantly lower in both valproic acid and carbamazepine treated
group compared with the control group (Table 2).

The mean duration of carbamazepine treatment was 16.51 ± 8.12
months [6–33] and the mean duration of valproic acid treatment was
14.58 ± 8.70 months [6–36]. There was no difference between each
group. Next, we have examined correlation of duration of treatment
and total thiol, native thiol and disulphide levels and no significant
correlation was found in either of the drugs.

4. Discussion

In this study, we investigated -for the first time- thiol disulphide
homeostasis in children treated with valproic acid or carbamazepine for
idiopathic epilepsy in the literature. The major findings were that (a)
Total thiol, and native thiol levels were lower in the patients than
controls and (b) Disulphide levels were higher in the patients than
controls (c) native thiol/ total thiol ratio was lower in patients than
controls. Despite the fast-growing literature about the effect of anti-
epileptic drug therapy with several different oxidant markers, they have
not reached the level of evidence for widespread utilization [14–17].

Brain injury resulting from seizures is a dynamic process that
comprises multiple factors contributing to neuronal cell death. These
may involve genetic factors, excitotoxicity- induced mitochondrial
dysfunction, altered cytokine levels, and oxidative stress [18]. Seizure-
like activity at the cellular level initiates significant influx of calcium
via voltage-gated and N-methyl-D-aspartate (NMDA)-dependent ion
channels [5]. The brain is particularly susceptible to oxidative stress
because it utilizes the highest amount of oxygen compared with other
bodily organs. The brain also contains high concentrations of poly-
unsaturated fatty acids that are prone to lipid peroxidation, is rich in
iron, which can catalyze hydroxyl radical formation, and is low in CAT
activity [19]. Oxidative stress results in functional cellular disruption

Table 1
Age and sex distribution of groups, showing no difference between neither of the groups.

Carbamazepine treated group (n:43) Valproate treated group (n:58) Control group (n:58) p-Value

Distribution of sexes (male/female) 21/22 25/33 27/31 0.74
Age (years) 7.6 ± 2.8 (3–16) 8.8 ± 2.2 (3–12) 8.2 ± 2.7 (4–17) 0.72
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and cellular damage and may cause subsequent cell death via oxidation
of biomolecules such as proteins, lipids, and nucleotides. Protein oxi-
dation leads to functional changes or deactivation of various enzymes
[20]. Lipid peroxidation causes membrane structure alterations that
affect membrane fluidity and permeability and membrane protein ac-
tivity [21].

Dynamic thiol disulphide homeostasis status has critical roles in
antioxidant protection, detoxification, signal transduction, apoptosis,
regulation of enzymatic activity and transcription factors and cellular
signalling mechanisms [10]. Moreover, dynamic thiol/disulphide
homeostasis is being increasingly implicated in many disorders. There
is also a growing body of evidence demonstrating that an abnormal
thiol disulphide homeostasis state is involved in the pathogenesis of a
variety of diseases, including diabetes [22], cardiovascular disease
[23], cancer [24], rheumatoid arthritis [25], chronic kidney disease
[26], acquired immunodeficiency syndrome (AIDS) [27], Parkinson's
disease, Alzheimer's disease, Friedreich's ataxia (FRDA), multiple
sclerosis and amyotrophic lateral sclerosis [28–30] and liver disorder
[31]. There are no studies on the effect of antiepileptic drugs on thiol
disulphide homeostasis. Therefore, determination of dynamic thiol/
disulphide homeostasis can provide valuable information on various
normal or abnormal biochemical processes in epileptic patients using
antiepileptic drugs. Some papers indicate that long-term treatment with
antiepileptic drugs leads to an increase in oxidative stress which is si-
milar to that observed during epileptogenesis [32–37]. Several first-

choice drugs for various epileptic syndromes, such as valproic acid,
carbamazepine, phenytoin, or phenobarbital, increase lipid peroxida-
tion and nucleic acid oxidation in blood or blood cells [33–36]. How-
ever, the idea was not further confirmed.

Seizure generation may be related to the homeostatic imbalance of
antioxidants and oxidants. To date, various experimental seizure
models have been developed to investigate the role of endogenous
antioxidants in response to excitotoxic oxidative stress. Impairment of
endogenous antioxidant factors against oxidative stress is involved in
seizure generation. Antiepileptic drugs, at least in part, impair anti-
oxidant systems.

Valproic acid is an effective drug for treating simple and complex
epileptic seizures as a monotherapy and as a component of polytherapy.
The effects of valproic acid on oxidant status in children with epilepsy
are conflicting in different studies [37–40]. Chang et al showed that
oxidative stress has a potential role on valproic acid induced hepato-
toxicity [41]. Verrotti et al reported no change in oxidative status in
children with epilepsy during VPA treatment [39]. We previously found
no significant difference in nitric oxide, malondialdehyde and xanthine
oxidase levels in children with epilepsy using valproic acid [14]. Yuksel
et al. found increased serum lipid peroxidation in children with epilepsy
receiving VPA for 13 months when compared to control group and the
pretreatment levels [37]. Michoulas et al. also reported higher urinary
levels of 15-F2T-isoprostane, a marker of oxidative stress in children
with epilepsy treated with VPA [38]. Yiş et al found an increase not

Fig. 1. Native thiol and total thiol levels in epileptic children using valproic acid or carbamazepine and the control group, showing significantly lower total thiol and
native thiol levels of the valproic acid treated group and lower native thiol level of carbamazepine treated group without a statistical significance.

Table 2
The values of thiol and disulphide levels of the epileptic children and the control group ;showing statistically significant higher Disulphide level, Disulphide/Native
thiol and Disulphide/Total thiol ratios and significantly lower native thiol/ total thiol ratio in both valproic acid and carbamazepine treated group compared with the
control group.

Variables Carbamazepine
treated group (n:58) (mean ± SD)

Valproate
treated group
(n:43) (mean ± SD)

Control group (n:58) (mean ± SD) p< 0.05

Native thiol, μmol/L 245,05 ± 36,21 227,17 ± 42,41 266,65 ± 43,24 b-c
Total thiol, μmol/L 273,80 ± 35,27 256,99 ± 44,31 288,75 ± 48,77 b-c
Disulphide, μmol/L 14,37 ± 4,44 14,90 ± 6,36 11,04 ± 4,92 a-c, b-c
Disulphide /Native thiol (%) 6,07 ± 2,38 6,85 ± 3,51 4,10 ± 1,55 a-c, b-c
Disulphide/Total thiol (%) 5,34 ± 1,82 5,87 ± 2,48 3,75 ± 1,31 a-c, b-c
Native thiol/Total thiol (%) 89,31 ± 3,65 88,24 ± 4,96 92,49 ± 2,63 a-c, b-c
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reaching a pathological level in lipid peroxidation during valproic acid
treatment [17]. In this study, the seizures of the patients were under
control with valproic acid monotherapy and none of them had symp-
tomatic epilepsy. In this study, we found that the total thiol and native
thiol levels of the patients under valproic acid treatment were sig-
nificantly lower than the control group group. Disulphide level, dis-
ulphide/native thiol and disulphide/total thiol ratios were significantly
higher, native thiol/ total thiol ratio was significantly lower in children
with epilepsy using valproic acid. The oxidation of cellular thiol-con-
taining compounds, such as glutathione and protein cysteine residues,
is considered to play an important role in many biological processes.
Depending on the oxidant-antioxidant balance of the organism, the
reversible disulphide bonds can be reduced to thiol. Thiols are affected
by oxidation and converted to disulphides. As an oxygen scavenger
during oxidative stress, thiols maintain the redox balance. The de-
creased levels of thiol groups of proteins are associated with decreased
serum antioxidant power.

Taken together, this situation suggests that valproate treatment may
significantly effect thiol disulphide homeostasis and induce oxidative
injury in children with epilepsy. This may represent an altered capacity
to prevent various nonspecific forms of injury that occur through drug
metabolism. Changes in this homeostasis may also be expressed as an
indicator of risk for toxicity in diverse clinical applications of valproate.
Therefore, in the light of this new knowledge, a prospective study could
be performed to sensitize clinicians towards this effect.

Carbamazepine is among the most commonly used and earliest drug
licensed for the treatment of focal epileptic seizures. The effects of
carbamazepine on oxidative stress have been investigated only in a few
studies. Carbamazepine has been shown to induce disturbances in en-
zymatic antioxidant status and lipid peroxidation to a lesser extent than
valproic acid or phenytoin [33,34,40,42]. Cengiz et al. evaluated the
effects of sodium valproate and carbamazepine therapy on erythrocyte
GSH, GSH-Px, SOD, and lipid peroxidation in children with epilepsy.
They found that GSH levels were reduced and GSH-Px increased in the
sodium valproate and carbamazepine groups [43]. Yuksel et al. in-
vestigated changes in the antioxidant system in children with epilepsy
receiving long-term valproic acid and carbamazepine treatment. They
didn’t find any significant difference in SOD and GSH-Px levels, but a
slight increase in lipid peroxidation levels in children receiving carba-
mazepine, concluding that antioxidant systems in children with epi-
lepsy on carbamazepine therapy are better regulated in comparison
with children with epilepsy on sodium valproate therapy [37]. Similar
to these previous reports, our report revelaed lower levels of native
thiol levels without a statistical significance. Disulphide level, dis-
ulphide/native thiol and disulphide/total thiol ratios were higher and
native thiol/ total thiol ratio was also lower in patients using carba-
mazepine. We used a novel method for evaluation and our findings
were in aggreement with previous reports. Review of the results sug-
gested a better regulation of oxidant antioxidant system in children
receiving carbamazepine and it may be concluded that the treatment
had mild effects on the antioxidant system. Thus, further biochemical
evidence should be considered and certainly, this novel method; thiol/
disulphide homeostasis; might be one of the considerations.

We have failed to demonstrate a significant effect in favour of either
valproic acid or carbamazepine for the duration of the treatment. This
result is surprising given the strong impression that antiepileptic drugs
cause an increase in oxidative stress similar to epileptogenesis process.
This outcome may be influenced by both the short duration of drug use,
as well as the failure of the analysis to detect an interaction. The longest
duration of drug treatment was 36 months in our groups. It may well be
that an interaction does not exist. To better comment on this finding, it
will be better to examine these both in the pretreatment and post-
treatment period. However, we are aware that in studies of long
duration, the assumption of these values over time is unlikely to be
appropriate, so if more data can be made available to us for updates of
this study, we would like to perform a more appropiate time follow up

which allow for treatment effects to vary over time.
The most obvious limitation to the current study is the cross sec-

tional design of this study. Therefore, prospective randomized con-
trolled studies are needed to confirm our findings. Future studies should
be directed in determining how different antiepileptic drugs play a role
in thiol homeostasis. Nevertheless, the novelty of our study is that it is
the first study to investigate the thiol/disulphide homeostasis in anti-
epileptic drug using children as there are very limited data on this
system

In conclusion, the evidence from this study indicate impaired thiol
disulphide homeostasis in children with epilepsy using antiepileptic
drugs. This system is better regulated in children on carbamazepine
monotherapy compared with children with epilepsy on valproate
monotherapy. Therefore, antioxidant replacement like vitamin or food
supplementation may be helpful for these patients. We think that these
findings enhance our understanding of the relationship between oxi-
dative stress and antiepileptic drugs.

References

[1] Guerrini R. Epilepsy in children. Lancet 2006;11:499–524.
[2] Dichter MA. Models of epileptogenesis in adult animals available for anti-

epileptogenesis drug screening. Epilepsy Res 2006;68(1):31–5.
[3] Pitkänen A, Kharatishvili I, Karhunen H, Lukasiuk K, Immonen R, Nairismägi J,

et al. Epileptogenesis in experimental models. Epilepsia 2007;48(Suppl. 2):13–20.
[4] Najm I, Ying Z, Janigro D. Mechanisms of epileptogenesis. Neurol. Clin.

2001;19(2):237–50.
[5] Shin EJ, Jeong JH, Chung YH, Kim WK, Ko KH, Bach JH, et al. Role of oxidative

stress in epileptic seizures. Neurochem. Int. 2011;59(2):122–37.
[6] Nemade ST, Melinkeri RR. Effect of antiepileptic drugs on antioxidant status in

epilepsy. Curr. Neurobiol. 2010;1(2):109–12.
[7] Ercegovac M, Jovic N, Simic T, Bumbasirevic LB, Sokic D, Radojevic AR.

Antiepileptic drugs affect protein, lipid and DNA oxidative damage and antioxidant
defense in patients with epilepsy. J. Med. Biochem. 2013;32(2):121–30.

[8] Cremers CM, Jakob U. Oxidant sensing by reversible disulfide bond formation. J.
Biol. Chem. 2013;288:26489–96.

[9] Jones DP, Liang Y. Measuring the poise of thiol/disulfide couples in vivo. Free
Radic. Biol. Med. 2009;47:1329–38.

[10] Erel O, Neselioglu S. A novel and automated assay for thiol/ disulphide home-
ostasis. Clin. Biochem. 2014;47:326–32.

[11] Kurt ANC, Demir H, Aydin A, Erel Ö. Dynamic thiol/disulphide homeostasis in
children with febrile seizure. Seizure 2018;59(July):34–7.

[12] Bektas H, Vural G, Gumusyayla S, Deniz O, Alisik M, Erel O. Dynamic thiol-disulfide
homeostasis in acute ischemic stroke patients. Acta Neurol. Belg. 2016;116:489–94.

[13] Gumusyayla S, Vural G, Bektas H, Neselioglu S, Deniz O, Erel O. Novel oxidative
stress marker in migraine patients: dynamic thiol-disulphide homeostasis. Neurol
Sci 2016;37:1311–7.

[14] Arhan E, Serdaroglu A, Ozturk B, Ozturk 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;20(2):138–42.

[15] Finkel T, Holbrook NJ. Oxidants, oxidative stress and the biology of ageing. Nature
2000;408:239–47.

[16] Jeding I, Evans PJ, Akanmu D, Dexter D, Spencer JD, Aruoma OI, et al.
Characterization of the potential antioxidant and pro-oxidant actions of some
neuroleptic drugs. Biochem. Pharmacol. 1995;49(3):359–65.

[17] Yiş U, Seçkin E, Kurul SH, Kuralay F, Dirik E. Effects of epilepsy and valproic acid on
oxidant status in children with idiopathic epilepsy. Epilepsy Res. 2009;84(2-
3):232–7.

[18] Ferriero DM. Protecting neurons. Epilepsia 2005;46(Suppl.7):45–51.
[19] Jellinger KA. General aspects of neurodegeneration. J. Neurol. Transm.

2003;65:101–44.
[20] Stadtman ER. Protein oxidation in aging and age-related diseases. Ann. N Y Acad.

Sci. 2001;928:22–38.
[21] Wong-ekkabut J, Xu Z, Triampo W, Tang IM, Tieleman DP, Monticelli L. Effect of

lipid peroxidation of lipid bilayers: a molecular dynamic study. Biophys. J.
2007;93:4225–36.

[22] Matteucci E, Giampietro O. Thiol signalling network with an eye to diabetes.
Molecules 2010;15(12):8890–903.

[23] Go YM, Jones DP. Cysteine/cystine redox signaling in cardiovascular disease. Free
Radic. Biol. Med. 2011;50(4):495–509.

[24] Suma HR, Prabhu K, Shenoy RP, Annaswamy R, Rao S, Rao A. Estimation of salivary
protein thiols and total antioxidant power of saliva in brain tumor patients. J.
Cancer Res. Ther. 2010;6(3):278–81.

[25] Tetik S, Ahmad S, Alturfan AA, Fresko I, Disbudak M, Sahin Y, et al. Determination
of oxidant stress in plasma of rheumatoid arthritis and primary osteoarthritis pa-
tients. Indian J. Biochem. Biophys. 2010;47(6):353–8.

[26] Rodrigues SD, Batista GB, Ingberman M, Pecoits-Filho R, Nakao LS. Plasma cy-
steine/cystine reduction potential correlates with plasma creatinine levels in
chronic kidney disease. Blood Purif. 2012;34(3-4):231–7.

[27] Sbrana E, Paladini A, Bramanti E, Spinetti MC, Raspi G. Quantitation of reduced

E. Arhan et al. Seizure: European Journal of Epilepsy 65 (2019) 89–93

92

http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0005
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0010
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0010
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0015
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0015
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0020
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0020
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0025
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0025
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0030
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0030
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0035
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0035
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0035
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0040
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0040
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0045
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0045
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0050
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0050
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0055
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0055
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0060
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0060
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0065
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0065
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0065
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0070
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0070
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0070
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0075
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0075
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0080
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0080
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0080
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0085
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0085
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0085
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0090
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0095
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0095
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0100
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0100
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0105
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0105
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0105
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0110
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0110
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0115
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0115
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0120
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0120
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0120
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0125
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0125
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0125
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0130
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0130
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0130
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0135


glutathione and cysteine in human immunodeficiency virus-infected patients.
Electrophoresis 2004;25(10-11):1522–9.

[28] Calabrese V, Lodi R, Tonon C, D’Agata V, Sapienza M, Scapagnini G, et al.
Butterfield DAOxidative stress, mitochondrial dysfunction and cellular stress re-
sponse in Friedreich’s ataxia. J. Neurol. Sci. 2005;233(1-2):145–62.

[29] Smeyne M, Smeyne RJ. Glutathione metabolism and Parkinson’s disease. Free
Radic. Biol. Med. 2013;62:13–25.

[30] Steele ML, Fuller S, Patel M, Kersaitis C, Ooi L, Münch G. Effect of Nrf2 activators on
release of glutathione, cysteinylglycine and homocysteine by human U373 astro-
glial cells. Redox. Biol. 2013;12(September (1)):441–5.

[31] Kuo LM, Kuo CY, Lin CY, Hung MF, Shen JJ, Hwang TL. Intracellular glutathione
depletion by oridonin leads to apoptosis in hepatic stellate cells. Molecules
2014;19(3):3327–44.

[32] Chuang YC, Chen SD, Liou CW, Lin TK, Chang WN, Chan SH, et al. Contribution of
nitric oxide, superoxide anion, and peroxynitrite to activation of mitochondrial
apoptotic signaling in hippocampal CA3 subfield following experimental temporal
lobe status epilepticus. Epilepsia 2009;50(4):731–46.

[33] 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.

[34] Yüksel A, Cengiz M, Seven M, Ulutin T. Erythrocyte glutathione, glutathione per-
oxidase, superoxide dismutase and serum lipid peroxidation in children with epi-
lepsy with valproate and carbamazepine monotherapy. J Basic Clin Physiol
Pharmacol 2000;11(1):73–81.

[35] Schulpis KH, Lazaropoulou C, Regoutas S, Karikas GA, Margeli A, Tsakiris S, et al.
Valproic acid monotherapy induces DNA oxidative damage. Toxicology

2006;217(2-3):228–32.
[36] Varoglu AO, Yildirim A, Aygul R, Gundogdu OL, Sahin YN. Effects of valproate,

carbamazepine, and levetiracetam on the antioxidant and oxidant systems in epi-
leptic patients and their clinical importance. Clin. Neuropharmacol.
2010;33(3):155–7.

[37] Yüksel A, Cengiz M, Seven M, Ulutin T. Changes in the antioxidant system in
children with epilepsy receiving antiepileptic drugs: two-year prospective studies. J.
Child Neurol. 2001;16(8):603–6.

[38] Michoulas A, Tong V, Teng XW, Chang TK, Abbott FS, Farrell K. Oxidative stress in
children receiving valproic acid. J. Pediatr. 2006;149(5):692–6.

[39] Verrotti A, Scardapane A, Franzoni E, Manco R, Chiarelli F. Increased oxidative
stress in children with epilepsy treated with valproic acid. Epilepsy Res. 2008;78(2-
3):171–7.

[40] Sobaniec W, Solowiej E, Kulak W, Bockowski 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;21(7):558–62.

[41] Chang TK, Abbott FS. Oxidative stress as a mechanism of valproic acid-associated
hepatotoxicity. Drug Metab. Rev. 2006;38(4):627–39.

[42] Liu CS, Wu HM, Kao SH, Wei YH. Serum trace elements, glutathione, copper/zinc
superoxide dismutase, and lipid peroxidation in epileptic patients with phenytoin or
carbamazepine monotherapy. Clin. Neuropharmacol. 1998;21(1):62–4.

[43] Cengiz M, Yüksel A, Seven M. The effects of carbamazepine and valproic acid on the
erythrocyte glutathione, glutathione peroxidase, superoxide dismutase and serum
lipid peroxidation in children with epilepsy. Pharmacol. Res. 2000;41(4):423–5.

E. Arhan et al. Seizure: European Journal of Epilepsy 65 (2019) 89–93

93

http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0135
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0135
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0140
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0140
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0140
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0145
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0145
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0150
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0150
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0150
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0155
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0155
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0155
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0160
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0160
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0160
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0160
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0165
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0165
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0165
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0170
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0170
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0170
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0170
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0175
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0175
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0175
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0180
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0180
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0180
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0180
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0185
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0185
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0185
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0190
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0190
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0195
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0195
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0195
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0200
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0200
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0200
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0200
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0205
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0205
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0210
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0210
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0210
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0215
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0215
http://refhub.elsevier.com/S1059-1311(18)30652-6/sbref0215

	Effects of antiepileptic drugs on dynamic thiol/disulphide homeostasis in children with idiopathic epilepsy
	Introduction
	Material method
	Results
	Discussion
	References




