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Abstract: Background and Objectives: Oxidative stress resulting from a disturbance of the endogenous
redox system is suspected in numerous diseases of the central nervous system, including epilepsy.
In addition, antiseizure medications (ASMs), especially those of the old generation, may further
increase oxidative stress. To evaluate the effects of ASM generation on oxidative stress, we con-
ducted a cross-sectional study in patients with epilepsy treated with old, new, and polytherapy.
Materials and Methods: The antioxidant activity of superoxide dismutase, catalase, glutathione peroxi-
dase, and glutathione reductase, as well as the concentrations of malondialdehyde, protein carbonyl,
nitrate, nitrite, and glutathione in reduced and oxidized forms, were measured in 49 patients with
epilepsy and 14 healthy controls. In addition, the plasma concentrations of ASMs and metabolites
of carbamazepine and valproic acid were measured in the patients. Results: Patients with epilepsy
showed increased activities of superoxide dismutase and catalase (p < 0.001), concentrations of
glutathione disulfide and markers of nitric oxide metabolism (p < 0.001), and decreased activities
of glutathione peroxidase, glutathione reductase, glutathione, and nitrite concentrations (p < 0.005)
compared to healthy controls. A comparison of ASM generations revealed increased levels of su-
peroxide dismutase and catalase (p < 0.007) and decreased levels of glutathione peroxidase and
glutathione reductase (p < 0.01) in patients treated with old ASMs compared to those treated with
new generation ASMs. In addition, an increase in protein carbonyl and nitric oxide metabolites
(p < 0.002) was observed in patients treated with old generation ASMs compared to those treated
with new generation ASMs. Most oxidative stress parameters in patients receiving polytherapy with
ASMs were intermediate between the results of patients treated with the old and new generations of
ASMs. Conclusions: An increase in oxidative stress markers and modulation of antioxidant enzyme
activities was observed in patients with epilepsy compared to controls. The results of our study
showed significantly higher oxidative stress in patients treated with old ASMs compared to those
treated with new generation ASMs.

Keywords: antiseizure medications; antioxidants; epilepsy; new generation ASMs; old generation
ASMs; oxidative stress; poly-therapy with ASMs

1. Introduction

Epilepsy is one of the most common and heterogeneous neurological diseases, charac-
terized by recurring unprovoked (or reflex) epileptic seizures or a high recurrence risk for
epileptic seizures. It has significant neurobiological, psychological, cognitive, and social
consequences [1].

The International League Against Epilepsy (ILAE) categorizes the etiology of epilepsy
into several distinct groups: structural (characterized by the presence of a lesion potentially
associated with epilepsy), genetic (linked to identifiable mutations), infectious, metabolic,
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immune, and idiopathic origins. In accordance with the ILAE’s 2017 classification, epileptic
seizures are classified into three primary categories: focal onset seizures (originating
in a specific hemisphere), generalized onset seizures (initiating simultaneously in both
hemispheres), and seizures of unknown onset [2]. It has been shown that the formation of
reactive species or the decrease in activity of endogenous antioxidant systems may result in
different forms of epilepsy as well as increased chances of repeating epileptic seizures [3].

Nowadays, the potential role of oxidative stress in central nervous system disorders is
already well established [4]. The brain is more prone to oxidative damage since it has a
high demand for oxygen, its antioxidant defense mechanisms are particularly poor, and it
contains a large amount of easily oxidized unsaturated fatty acids. In addition, the brain is
also rich in iron, which can catalyze reactions with free radicals [5].

Under normal physiological conditions, the endogenous antioxidant defense system,
which includes enzymatic and non-enzymatic antioxidants, is able to successfully control
exposure to reactive species and thus protect biological macromolecules from potential
oxidative damage. The primary antioxidant enzymes are represented by superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and glutathione reductase
(GR). These enzymes act together and simultaneously at different points of the metabolic
pathway of free radicals. A possible failure of this antioxidant defense system can therefore
lead to oxidative stress and, thus, cause damage to biological macromolecules.

To confirm this theory, the potential role of oxidative stress in epilepsy has been
extensively studied in drug-naive patients compared to healthy controls [6-15] and in
patients treated with different antiseizure medications (ASMs) compared to drug-naive
patients or healthy controls [11-14,16-20]. Clinical studies in drug-naive patients with
epilepsy have shown that epilepsy itself can affect the endogenous antioxidative-oxidative
system. Thus, the majority of published studies have confirmed increased oxidative stress
in drug-naive patients compared to healthy controls, particularly through the observed
increase in markers of oxidative damage to biological macromolecules. Most clinical studies
therefore show increased lipid peroxidation markers [9,11-13,21-23], protein carbonyl
(PC) [11,22] and 8-hydroxy-2'-deoxyguanosine [21], the latter two serving as markers of
oxidative damage to proteins and nucleic acids, respectively. On the other hand, there
are only a few studies that show unchanged [7,14,24-26] or even decreased [27] lipid
peroxidation markers. Moreover, the positive correlation between epilepsy and markers of
lipid peroxidation was confirmed by a meta-analysis of the previously mentioned clinical
studies investigating oxidative stress in drug-naive patients with epilepsy [28].

Although there is an apparent correlation between epilepsy and markers of oxidative
damage to biological macromolecules, it is difficult to draw a credible and definitive
conclusion about the impact of epilepsy on other markers of oxidative stress, including
the activities of antioxidant enzymes (SOD, CAT, GPx, and GR), nitric oxide (NO) levels,
and glutathione (GSH) concentrations, as the results from a number of published clinical
studies are inconsistent [9,11,13,21].

The primary approach to epilepsy treatment, which is suitable for about 70% of
patients with epilepsy, is pharmacological treatment [29]. A wide variety of ASMs are
generally divided into generations depending on the date of their introduction into clinical
use. The main representatives of the old generation are carbamazepine (CBZ), pheno-
barbital (PB), phenytoin (PHT), and valproic acid (VPA), while lamotrigine (LTG), leve-
tiracetam (LEV), oxcarbazepine (OXC), pregabalin (PGB), topiramate (TPM), vigabatrin
(VGB), and lacosamide are the main drugs of the new generation [4,30]. It has been shown
that treatment with ASMs can additionally influence and even modulate the endogenous
oxidant/antioxidant balance [7,31]. Several clinical studies reported an increase in mal-
ondialdehyde (MDA) levels in the VPA-treated group [25,32,33], while in the CBZ group,
the overall effect of treatment on MDA levels was inconclusive [12,32,34]. Moreover, these
results were further confirmed in our meta-analysis, which showed a significantly increased
level of oxidative stress by measuring lipid peroxidation markers in the case of treatment
with VPA, while no statistically significant changes were observed in the case of treat-



Medicina 2024, 60, 1299

30f15

ment with CBZ [28]. In addition, some other studies with other ASMs, such as PB [7]
and PHT [35,36] have similarly confirmed increased lipid peroxidation. Furthermore, free
radical formation could be a possible cause of numerous side effects of ASMs and even the
failure of seizure control.

However, a major shortcoming of these studies is that in the majority of the published
studies that investigated the influence of various ASMs on oxidative stress in epilepsy,
mainly the above-mentioned representatives of the old generation ASM, mostly CBZ, VPA,
FB, PHT, or their combinations, were investigated, and only a few studies evaluated the
effect of ASMs of the new generation.

Although there is limited data evaluating the effect of the new ASMs, the existing
clinical studies generally show a better oxidative profile. Studies on OXC [26,37], TPM [33],
and LTG [31,36] have shown lower lipid peroxidation compared to untreated patients
with epilepsy or healthy controls. On the other hand, studies in patients treated with LEV
showed increased 8-hydroxy-2’-deoxyguanosine concentration [17] and increased lipid
peroxidation markers [38], compared to untreated controls.

As there is a lack of studies investigating the influence of new generation ASMs
and the difference between old and new generation ASMs on oxidative stress markers
in patients with epilepsy, we decided to conduct a cross-sectional study in patients with
epilepsy treated with different ASMs.

2. Materials and Methods
2.1. Study Population and Clinical Assessments

In this cross-sectional observational study, oxidative stress parameters were investi-
gated in patients with epilepsy and healthy controls. In addition, the effects of different
generations of ASMs on oxidative stress parameters in patients with epilepsy were in-
vestigated. The study compared oxidative stress parameters in patients treated with old
and new generation ASMs and with polytherapy. All patients and healthy volunteers
were required to provide written informed consent prior to enrollment in the study. The
study was approved by the National Medical Ethics Committee of the Republic of Slovenia
(registration number: 152/06/10).

Participants underwent a comprehensive assessment, which included demographic
data, duration of epilepsy, seizure frequency, presence of comorbidities, drug therapy,
concomitant use of over-the-counter medications and dietary supplements, and potential
systemic, neurological, and rare idiosyncratic ASM side effects. The inclusion criteria were
focal or generalized epilepsy, treatment with CBZ, VPA, LEV, PGB, or TPM for at least
3 months, both sexes, age over 18 years, and provision of written informed consent.

The exclusion criteria included advanced neurodegenerative and cerebrovascular
diseases, cancer, endocrinologic disorders, inflammatory diseases, thyroid, liver, kidney,
and heart diseases, chronic diseases such as diabetes, hypertension, hyperlipidemia, and
rheumatoid arthritis, recent surgery, use of anti-inflammatory drugs (non-steroidal anti-
inflammatory drugs and corticosteroids) or antioxidants (vitamins and mineral supple-
ments), smoking, alcohol abuse, and a BMI of over 30 kg/ m2. Pregnant women were also
not included in the study.

The included patients with epilepsy received monotherapy or polytherapy with ASMs.
Based on the generation of ASMs, they were divided into the old generation, the new
generation, and the polytherapy group [30,39]. Patients in the old generation ASM group
received monotherapy with CBZ or VPA, while patients in the new generation group
received monotherapy with LEV, PGB, or TPM. Patients treated with more than one ASM
were assigned to the polytherapy group.

2.2. Blood Sampling and Assays

Venous blood was collected in EDTA- and heparin-coated Vacutainers and centrifuged.
Whole blood, plasma, and cell samples were aliquoted into separate tubes and stored at
—80 °C for further analysis.
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The oxidative stress parameters analyzed were MDA, PC, NO metabolites, glutathione,
and antioxidant enzymes.

Oxidative damage to biological macromolecules was assessed by measuring MDA and
PC. Lipid peroxidation was estimated by measuring MDA levels using liquid chromatog-
raphy with tandem mass spectrometry (LC-MS/MS). The MDA content was determined
after alkaline hydrolysis of protein-bound MDA and subsequent derivatization with 2,4-
dinitrophenylhydrazine to a hydrazone product in acidic medium according to a previously
published method [40]. Based on the same reaction mechanism, PC concentrations were
determined using the Cayman Chemical Company Protein Carbonyl Assay Kit (Ann Arbor,
MI, USA). The concentrations of MDA and PC were expressed as pmol per liter of plasma.

NO metabolism was determined by measuring the total nitrate/nitrite and nitrite
levels in plasma using the Cayman colorimetric nitrate /nitrite kit (Ann Arbor, MI, USA).

The concentrations of reduced (GSH) and oxidized (GSSG) forms of glutathione
were determined in whole blood samples using the LC-MS/MS method according to the
published method with some minor modifications [41].

The activities of endogenous antioxidant enzymes were measured in whole blood
using the Ransel® kit for GPx and in blood cells using the Ransod® kit for SOD and
Glutathione reductase kit for GR. All kits are from Randox® (Crumlin, UK). Catalase (CAT)
activity was determined in blood cells according to the modified method described by
Aebi [42]. The activities of the antioxidant enzymes were expressed in units per ml or 1 of
whole blood or plasma.

The concentrations of ASMs were determined in plasma samples according to previ-
ously published methods for CBZ and its main metabolite carbamazepine-10,11-epoxide [43],
LEV [44], PGB [45], TPM [45], and VPA and its metabolite 2-propyl-4-pentenoic acid [46].

2.3. Statistical Analysis

The data are presented as medians, frequencies, or percentages. The comparison
between the two groups was made using the Fischer exact test for categorical variables and
the Mann—Whitney U test for continuous variables. The comparison between the three
groups was carried out using the Kruskal—Wallis test and the Mann—Whitney U test with a
Holm—Bonferroni correction for multiple comparisons. Spearman’s rank-order correlation
coefficient was used to assess the relationships between the biomarkers of oxidative stress.
The correlation between the concentration of ASMs or metabolites, expressed as Z-score,
and the biomarkers of oxidative stress was assessed using Pearson’s correlation coefficient.
Zi-scores were calculated using the equation Z; = (XE_DX) , where x; is the concentration of
the ASM or its metabolite, X is the mean concentration, and SD is the standard deviation.
The linear regression and Person’s correlation coefficient were calculated for each ASM.
A p-value of less than 0.05 was considered statistically significant. IBM SPSS Statistics for
Windows version 27 (IBM, Armonk, NY, USA) was used for statistical analysis.

3. Results
3.1. Demographic and Clinical Data

Demographic characteristics and clinical data of patients and controls are shown in
Table 1. The study included 49 patients with epilepsy (29 men, 20 women) and 14 healthy
controls (7 men, 7 women). The median age of the patients and control subjects was 40 and
40.5 years, respectively. The median duration of epilepsy was 18 years.

The patients were divided into a monotherapy and a polytherapy group, whereby
the monotherapy group was additionally divided into groups according to treatment with
the ASM generation. 43% of patients with epilepsy were treated with monotherapy and
57% with polytherapy. The first group included patients treated with the old generation
of ASMs (n =9), the second group included patients treated with the new generation of
ASMs (n = 12), and finally, the third polytherapy group included patients treated with more
than one ASM (n = 28). In the group of patients treated with the old generation ASMs, five
patients were treated with CBZ and four patients with VPA. In the group of patients treated
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with the new generation of ASMs, eight patients were treated with LEV, two patients with
PGB, and two patients with TPM. In the polytherapy group, twelve patients were treated
with the combination of CBZ and one of the new ASMs (lacosamide, LTG, LEV, PGB, or
TPM), six patients with the combination of LEV and one of the new ASMs (lacosamide,
LTG, or OXC), six patients with the combination of VPA and one of the new ASMs (LEV or
LTG), three patients with the combination of TPM and one of the new ASMs (LTG, OXC,
or PGB), and one patient with the combination of CBZ, PHT, and TPM. The doses of CBZ,
VPA, LEV, PGB, and TPM used in the treatment of the patients are listed in Table 1.

Table 1. Demographic characteristics of patients with epilepsy treated with different ASMs and controls.

Patients with Monotherapy
Epilepsy 0Old ASMs New ASMs Poly-Therapy Controls

Subjects, n 49 9 12 28 14
a Age [years], median (Q;-Q3) 40 (31-51) 42 (35-50.5) 43 (28-57.5) 37 (29.3-48.3) 40.5 (30-53.8)
b Gender
Male, n (%) 29 (59) 5 (56) 7 (58) 17 (61) 7 (50)
Female, n (%) 20 (41) 4 (44) 5 (42) 11 (39) 7 (50)
2 Body weight (kg), median (Q;-Q3) 68 (63-82) 75 (63-86) 64 (60.3-79.3) 69 (62.0-82.8) 72 (62.3-81.3)

2 BMI (kg/m?), median (Q;-Qs)

2 Duration of illness [years], median

(Q1-Q3)

2 Seizure frequency, [seizure
number/month], median (Q;-Q3)
ASM dose [mg/day]

CBZ median, (Q1—-Qs3)

VPA median, (Q;-Qs)

LEV median, (Q1-Qj3)

PGB median, (Q1-Q3)

TPM median, (Q;-Qj3)

244 (21.9-26.6) 259 (22.2-28.5) 23.7 (20.0-25.9) 245(21.8-264)  25.0 (21.9-27.1)
18 (10.5-24.5) 20 (17-32) 11 (7-18.3) 19 (14-26) /
0.7 (0-2) 0.1 (0-1) 0.4 (0-1.5) 2.5 (0-10) /
800 (400-1600) 800 (600-1600) / 800 (800-1300) /
1250 (875-1625) 1000 (625-1375) / 1500 (875-2250) /
1500 (1000-3000) / 1000 (625-1000) 2000 (1500-3000) /
338 (300-600) / 600 (/) 300 (300-356) /
225 (150-263) / 175 (/) 250 (175-288) /

ASMs—antiseizure medications; old ASMs—carbamazepine (CBZ), valproic acid (VPA); new ASMs—levetiracetam
(LEV), pregabalin (PGB), topiramate (TPM). ? Data presented median and Q;—first quartile (25th percentile);
Q3—third quartile (75th percentile); b Categorical data reported as number, percentage of patients.

There was no statistically significant difference between patients and controls in terms
of body weight (p = 0.888), body mass index (p = 0.597), age (p = 0.921), or gender (p = 0.577).
In addition, there were no significant differences between patients on old ASMs, new ASMs,
or polytherapy in terms of age (p = 0.613), gender (p = 0.917), body weight (p = 0.765), BMI
(p = 0.538), or seizure frequency (p = 0.466). However, there were statistically significant
differences between patients on old ASMs, new ASMs, and polytherapy in the duration of
epilepsy (p = 0.024).

3.2. Biomarkers of Oxidative Stress in Patients Compared to Controls

The summarized data on oxidative stress parameters in patients and controls are
shown in Table 2.

In patients, the enzyme activities of SOD and CAT were higher compared to controls
(p <0.001). On the other hand, the enzyme activities of GPx (p = 0.003) and GR (p < 0.001)
were lower compared to controls.

Moreover, significantly increased levels of NO3™ + NO,™ and PC were observed
compared to controls (p < 0.001). While NO3~ + NO, ™ levels were increased, NO, ™ levels
were significantly lower in patients with epilepsy compared to controls (p = 0.005). On the
other hand, MDA levels were not statistically significantly increased in the patient group
compared to controls.

In addition, the observed GSH, GSSG, and GSH to GSSG ratios were significantly lower
in the patients compared to the controls (p < 0.001, p = 0.014, and p = 0.032, respectively), as
seen in Table 2.

SOD and CAT activities were positively correlated with MDA (r = 0.367, p = 0.014
and r = 0.391, p = 0.009, respectively), PC (r = 0.688, p = < 0.001 and r = 0.543, p < 0.001,
respectively), and NO3 ™ + NO, ™ (r = 0.622, p < 0.001 and r = 0.539, p < 0.001, respectively)
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levels, as shown in Table 3. In addition, a positive correlation was observed between SOD
and CAT activities (r = 0.695, p < 0001), GPx and GR activities (r = 0.659, p < 0001), MDA
and PC levels (r = 0.374, p = 0.012), and PC and NO3~ + NO, ™ levels (r = 0.440, p < 0.002).
On the other hand, SOD and CAT activities as well as MDA, PC, and NO3 ™ + NO, ™ levels
were negatively correlated with GPx (r = —0.822, p < 0.001, r = —0.739, p < 0.001, r = —0.360,
p=0.018, r = —0.711, p < 0.001 and r = —0.522, p < 0.001, respectively) and GR activities
(r=-0.730, p < 0.001, r = —0.586, p < 0.001, r = —0.337, p = 0.025, r = —0.501, p < 0.001
and r = —0.431, p = 0.002, respectively).

Table 2. Oxidative stress parameters in patients with epilepsy and control group.

Patients with

Parameter Epilepsy Controls p Value
(n=14)
(n =49)
SOD (U/mL) 202 (173-227) 142 (138-150) <0.001
CAT (U/L) 14.1 (12.5-16.8) 11.7 (11.0-12.3) <0.001
GR (U/L) 545 (452-595) 669 (651-702) <0.001
GPx (U/L) 6003 (3925-9038) 8834 (7940-11,712) 0.003
GSH (umol /L) 898 (574-1282) 1558 (1441-1826) <0.001
GSSG (umol/L) 199 (163-249) 264 (240-301) 0.014
GSH/GSSG 4.20 (3.33-5.96) 6.36 (5.39-7.07) 0.032
MDA (umol/L) 4.39 (3.90-4.83) 4.35 (3.78-4.99) 0.757
PC (nmol/L) 42.5 (36.6-49.2) 21.0 (16.3-24.3) <0.001
NO3;~ + NO,~
(umol /L) 54.3 (42.2-68.5) 23.3 (19.9-25.0) <0.001
NO;~ (umol/L) 1.96 (1.05-2.81) 3.08 (2.35-3.62) 0.005

CAT—catalase, GPx—Glutathione peroxidase, GR—Glutathione reductase, GSH—glutathione, GSH/GSSG—
glutathione to glutathione disulfide ratio, GSSG—glutathione disulfide, MDA—malondialdehyde, NO3;~ +
NO;, ~—nitrate and nitrite, NO, ~—nitrite, PC—protein carbonyl, SOD—superoxide dismutase. Data are pre-
sented as median and first (25th percentile) and third quartile (75th percentile) between the parenthesis.

Table 3. Bivariate rank-order correlations between various biomarkers of oxidative stress in patients
with epilepsy treated with different ASMs. All values are Spearman’s rank-order coefficient, with
p-value in parentheses.

GSH/

SOD CAT GR GPx GSH GSSG  ~occ MDA PC NO,~ +NO3~ NO,
SOD -
0.695
CAT (<0.001)
—0.730  —0.586
GR (<0.001)  (<0.001)
GPx —0.822  —0.739 0.659
(<0.001)  (<0.001) (<0.001)
GSH ns ns ns ns -
GSSG ns ns ns ns (8328)
GSH/ ns ns ns ns 0.860 ns -
GSSG (<0.001)
0.367 0.391 —0.337  —0.360
MDA 0.014)  (0.009)  (0.025)  (0.018) ns ns ns -
PC 0.688 0.543 —0501  —0.711 s s s 0.374
(<0.001)  (<0.001) (<0.001) (<0.001) (0.012)
NO,— + NO~ 0.622 0.539 —0431  —0522 ns ns s s 0.440
2 3 (<0.001)  (<0.001)  (0.002)  (<0.001) (0.002)
NO, ns ns ns ns ns ns ns ns ns ns -

CAT—catalase, GPx—Glutathione peroxidase, GR—Glutathione reductase, GSH—glutathione, GSH/GSSG—
glutathione to glutathione disulfide ratio, GSSG—glutathione disulfide, MDA—malondialdehyde, NO3;~ +
NO, ~—nitrate and nitrite, NO, ~—nitrite, PC—protein carbonyl, SOD—superoxide dismutase. All values are
Spearman’s rank-order correlation coefficient with p-value in parenthesis. ns—non-significant (p > 0.05).



Medicina 2024, 60, 1299

7 of 15

3.3. Biomarkers of Oxidative Stress in Patients Treated with Different ASMs

Table 4 shows the comparison of oxidative stress parameters in patients treated with
different generations of ASMs. The activity of SOD was the highest in the old generation of
ASMs and the lowest in the new generation of ASMs. Statistical significance was observed
between all compared groups (p < 0.001 in all comparisons). A similar response to ASM
therapy was observed for CAT, but a significant difference was only found between the old
and new generation ASMs and the old generation of ASMs and polytherapy (p < 0.007 in
both comparisons). In contrast to SOD and CAT activities, GR and GPx activities were the
lowest in the old group and the highest in the new ASM group. Statistical significance was
observed between all compared groups (p < 0.01 in all comparisons).

Table 4. Oxidative stress parameters in patients treated with old ASMs, new generation of ASMs, or
their combination (polytherapy).

Old ASMs New ASMs Polytherapy

Parameter (=9 (@ =12) (0 = 28) pPGIG

SOD (U/mL) 292 (255-308) 173 (164-180) 206 (180-220) O/N, O/P,N/P
CAT (U/L) 17.0 (16.5-18.4) 12.9 (11.4-14.0) 14.2 (12.4-16.9) O/N,O/P
GR (U/L) 411 (388-469) 597 (583-655) 524 (452-591) O/N,O/P,N/P

8976

GPx (U/L) 2049 (1526-3414) (7697-12,396)

5572 (4161-8553) O/N,O/P,N/P

GSH (umol/L) 870 (790-1486) 961 (583-1320) 899 (566-1222) ns
GSSG (umol/L) 222 (182-244) 192 (150-237) 199 (159-268) ns

GSH/GSSG 4.00 (3.30-8.00) 4.32 (3.59-6.25) 4.23 (3.01-5.96) ns
MDA (umol/L) 4.64 (4.17-6.35) 4.11 (3.67-4.41) 4.39 (3.95-5.01) ns

PC (nmol/L) 53.8 (48.4-58.6) 344 (31.1-42.9) 39.0 (37.2-47.3) O/N,O/P,N/P
NO3~ + NO, ™~

(umol /L) 97.3 (73.6-106) 51.8 (40.6-55.5) 51.1 (42.1-64.0) O/N,O/P

NO,~ (umol/L) 1.66 (1.41-3.62) 1.96 (0.70-2.79) 2.02 (1.21-2.80) ns

CAT—catalase, GPx—glutathione peroxidase, GR—glutathione reductase, GSH—glutathione, GSSG—glutathione
disulfide, MDA—malondialdehyde, N—new ASMs, NO3;~ + NO, ~—mnitrate and nitrite, NO, ~—mnitrite, ns—non-
significant (p > 0.05), O—old ASMs, P—poly-therapy, PC—protein carbonyl, p;,c—significant difference between
two generation of ASMs, SOD—superoxide dismutase. Data are presented as median and first (25th percentile)
and third quartile (75th percentile) in the parenthesis.

In contrast to the enzymatic antioxidants, glutathione showed no response to the
studied ASM therapy, neither in its reduced nor in its oxidized form.

The trend of higher oxidative damage to lipids was observed with the old generation
ASM, although statistically insignificant. The MDA concentration was 13% higher in the
old generation ASM group compared to the new generation (p = 0.061). However, oxidative
damage to proteins was statistically different between all three ASM groups (p < 0.03 in all
comparisons). We observed the highest PC concentrations in the old generation and the
lowest in the new ASM group.

In addition, NO3~ + NO; ™~ concentrations were significantly different between the
old and new generation ASMs and the old generation ASMs and polytherapy (p < 0.002
in both comparisons). We observed the highest concentrations in the old and comparable
concentrations in the new generation ASMs and polytherapy groups. No differences were
observed between the nitrite concentrations in the studied group of patients.

Plasma concentrations of CBZ, carbamazepine-10,11-epoxide, LEV, PGB, TPM, VPA,
and 2-propyl-4-pentenoic acid were determined in patients with epilepsy treated with dif-
ferent ASMs. The mean plasma concentrations of CBZ (4.08 mg/L; range: 2.22-5.56 mg/L),
carbamazepine-10,11-epoxide (0.71 mg/L; range: 0.22-1.41 mg/L), LEV (25.8 mg/L; range:
7.68-104 mg/L), PGB (2.80 mg/L; range: 1.58-3.95 mg/L), TPM (11.7 mg/L; range:
5.84-20.1 mg/L), VPA (76.7 mg/L; range: 24.0-140 mg/L), and 2-propyl-4-pentenoic acid
(1.67 mg/L; range: 0.60-2.38 mg/L) were within the therapeutic range for CBZ (4-12 mg/L),
LEV (12-46 mg/L), TPM (5-20 mg/L), and VPA (50-100 mg/L) [39]. The therapeutic range
for PGB is not defined; however, the mean plasma concentrations of PGB determined in our
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study were clearly in the range (0.29-14.2 mg/L) determined in various published clinical
studies [47,48].

The concentrations of ASMs or their metabolites, expressed as Z-scores, were asso-
ciated with oxidative stress parameters (see Table S1). A trend of lower CAT activity
with increasing carbamazepine-10,11-epoxide concentration was observed (p = 0.090). In
addition, higher concentrations of the VPA metabolite 2-propyl-4-pentenoic acid were asso-
ciated with a decrease in MDA concentrations (p = 0.003). The associations of all studied
ASMs and metabolites with CAT activities or MDA concentrations are shown in Figure 1.
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Figure 1. Correlation between catalase activity (A) or concertation of malondialdehyde (B) and
concentrations of ASMs or their metabolites in patients with epilepsy.

Zcbc, Zcbz-epo, Zvpa, Zvpa-de, and Zlev are Z-scores for carbamazepine, carbamazepine-
10,11-epoxide, valproic acid, 2-propyl-4-pentenoic acid, and levetiracetam concentrations,
respectively. The linear regression equation and coefficients of determination (r?) are
reported for each ASM and metabolite.

4. Discussion

Oxidative stress is a potential cytotoxic mechanism in epilepsy, particularly in neu-
rodegenerative diseases, due to the vulnerability of neurons to reactive species [49]. It
can contribute to epilepsy progression independently through mitochondrial dysfunction,
leading to neuronal damage or death, which may propagate epileptic states [50-52]. En-
dogenous antioxidant systems are crucial in managing disease progression and treatment-
related toxicities. SOD, CAT, GPx, and GR, along with glutathione (GSH), form the primary
defense against reactive oxygen species. SOD converts superoxide radicals into hydrogen
peroxide (HyOy), which CAT and GPx then neutralize. GPx oxidizes GSH to GSSG, which
GR reduces back to GSH. Incomplete neutralization of H,O, can cause oxidative damage
to macromolecules that is detectable in vivo [53].

4.1. The Influence of ASMs Treatment on Oxidative Stress

ASMs are known to have various effects on the endogenous antioxidative system [54,55].
In addition, long-term use of some ASMs is thought to increase free radical formation and
cause oxidative damage in neurons [18]. The impact of ASM treatment on oxidative stress
has been extensively studied in patients with epilepsy compared to untreated patients
or healthy controls [12-14,16-20,24-27,32,34,35,37,54-57]. However, the main limitation
of most of these studies is that only old generation ASMs were included, in particular
CBZ, PB, PHT, and VPA [12-14,18,19,24,25,27,32,34,35,54-57]. These ASMs have already
been shown to induce oxidative stress either alone or via their metabolites [58]. Indeed,
in in vitro models, these ASMs have been shown to produce reactive metabolites during
metabolism that can covalently bind to various endogenous macromolecules or increase
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the formation of reactive oxygen species that can induce oxidative damage and cause
toxicity [59,60]. This is particularly evident from the increased lipid peroxidation markers
that were most noticeable with VPA treatment [16,25,27,34,54,55,57,61] and, to some extent,
with CBZ [34,54,55], PB [7], and PHT [35,36]. In addition, Varoglu et al. reported increased
8-hydroxy-2'-deoxyguanosine levels in patients treated with CBZ and VPA compared to
healthy controls [17]. Furthermore, there is also a lack of clinical studies in the litera-
ture investigating the effects of ASM polytherapy on oxidative stress levels in patients
with epilepsy. Finally, it should be considered that approximately 30-40% of patients
with epilepsy do not respond to monotherapy and therefore need to be treated with a
combination of different ASMs, most commonly old and new generation ASMs [62].

In the proposed study, patients with epilepsy treated with CBZ, lacosamide, LEV,
LTG, OXC, PGB, PHT, TMP, VPA, or their combinations showed an increased marker of
biological macromolecule damage (PC), increased markers of NO metabolism (elevated
NO3~ + NO; 7, decreased NO, ), decreased glutathione concentration and ratio of reduced
to oxidized glutathione form, and altered antioxidant enzyme activities in the entire patient
group compared to healthy controls (Table 2).

The observed significant increase in SOD and CAT activities represents an enhanced
endogenous enzymatic antioxidant response designed to increase endogenous free rad-
ical production. GPx is known to efficiently reduce H,O, to water, but only when low,
physiologically available amounts of HyO, are present. When the amounts of HyO, are
higher, CAT plays a greater role in HyO, removal [63,64]. This may explain the significant
increase in CAT levels achieved. Since the main role in the degradation of H,O; is assigned
to CAT, it can be assumed that the GPx enzymatic antioxidant system plays a lesser role in
the destruction of H,O, and free radical scavenging. However, it can be expected that the
activity of GPx will nevertheless increase [65]. Since GR is responsible for the reduction
of GSSG and subsequent reactivation of oxidized GSH, an increase in GR activity is also
expected. However, our results showed decreased GPx and GR activities, which could be
due to increased protein inactivation or degradation [64]. The body’s antioxidant system
is always striving to maintain the balance between superoxide radicals and H,O, in cells,
which is a result of normal metabolism [65]. Therefore, SOD and CAT activities, as well as
GPx and GR activities, are expected to be linked for the reasons mentioned above. This
was confirmed by the positive correlation observed between SOD and CAT on the one
hand and GPx and GR on the other. Therefore, it can be assumed that the balance between
SOD and CAT on the one hand and GPx on the other is more important than the absolute
amount of the individual antioxidant enzymes [65].

Since the sum of NO3; ™~ and NO, ™~ represents a marker for NO metabolism and thus
the source of reactive nitrogen species (RNS), increased levels of NO3;~ + NO, ™~ further
confirm increased RNS and thus a possible cause for the development of oxidative stress. It
has already been shown that prolonged exposure to elevated NO concentrations suppresses
the mitochondrial respiratory chain and can also induce apoptosis and cell death [66]. On
the other hand, the observed NO, ™ levels were lower, suggesting increased consumption
in patients with epilepsy compared to control subjects. NO, ™ represents a biochemical NO
reservoir that appears to be crucial for NO, ™ derived cytoprotective effects, as confirmed
by the abrogation of cytoprotective effects in animals pre-treated with NO scavengers [67].
Moreover, NO, ™ has already been confirmed to have potent cytoprotective effects in
ischemia and hypoxia, leading to cardiac, liver, brain, and kidney injury [68-71]. Therefore,
NO appears to play a critical role in a number of physiological and pathophysiological
processes in the brain, including modulation of neuronal plasticity, cerebral blood flow,
cognitive and behavioral functions, and involvement in neurological disorders such as
epilepsy [26].

Moreover, in our study, we observed a negative correlation of GPx and GR activity
with SOD and CAT activity, as well as NO3~ + NO,~, MDA, and PC levels (Table 3),
confirming the influence of oxidative stress on impaired action of the GPx and GR an-
tioxidant defense systems, leading to an increase in markers of biological macromolecule
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oxidative damage. In addition, our study also confirmed a positive correlation between
NO3;~ + NO; ™~ concentrations and PC concentrations, as well as between PC and MDA
concentrations, confirming the possible damaging effect of increased RNS on proteins
and the joint increased oxidative damage to biological macromolecules. The observed
positive correlation between the observed increase in SOD and CAT activities and MDA
and PC concentrations indicates the ability of the endogenous enzyme antioxidant system
to respond to increased oxidative stress. As mentioned above, SOD and CAT appear to
be the main antioxidant enzymes responsible for maintaining the balance between the
production of reactive species and the endogenous defense system in epilepsy. However,
the negative correlation between the observed decrease in GPx and GR activities and the
increase in MDA and PC concentrations indicates that the entire glutathione system is
unable to combat the increased oxidative stress. This is also evident from the decrease
in GSH concentrations in patients with epilepsy compared to control subjects. All these
findings confirm the presence of increased oxidative stress in patients with epilepsy treated
with ASMs (Table 2).

4.2. The Influence of Old and New Generation ASMs on Oxidative Stress

There are few studies in the literature investigating the influence of the new generation
ASMs on oxidative stress markers in patients with epilepsy. They evaluate the effects of
OXC [26,37], LTG [36], LEV [17,38], or TPM [33]. In addition, only a few studies have been
published evaluating the impact of the combination of old and new generation ASMs,
including CBZ, VPA, PB, PHT, clobazam, LTG, LEV, OXC, TPM, and VGB [11,16]. However,
these studies do not provide results for individual ASM generations, but only for the entire
group of patients using old and new generation ASMs. In this way, they do not allow a
direct comparison and assessment of the potential differences between the two generations
of ASMs in terms of oxidative stress [11,16]. In addition, some studies only evaluate one
or at most two of the biomarkers of oxidative stress that we monitored [14,18,57,61,72],
which is even more important in the case of a limited number of studies including the new
generation of ASMs [17,33,36,38].

In our study, we observed increased levels of SOD and CAT and decreased levels of
GPx and GR in patients treated with old or new generation ASMs (Table 4). Regarding
markers of biological macromolecule damage, our study showed a significant increase
in PC levels in patients treated with the old generation ASMs compared to those treated
with the new generation ASMs. In addition, a trend towards elevated lipid damage was
observed in patients treated with old generation ASMs versus new generation ASMs.
Finally, our study showed a significant increase in NO3~ + NO, ™ concentrations in patients
treated with the old compared to the new generation ASMs.

The results of antioxidant enzyme activities, biological macromolecule damage marker
concentrations, and NO3;~ + NO, ™~ concentrations in the polytherapy group of patients
with epilepsy are intermediate between those of patients treated with old generation ASMs
and new generation ASMs (Table 4). The majority of patients in the polytherapy group
were treated with a combination of both generations of ASMs. Based on the results of
patients treated with only the old or the new generation, polytherapy is expected to result
in a mixed effect of both generations. Moreover, epilepsy is known to have an impact on
oxidative stress, and since there is a marked difference in the duration of epilepsy in the
groups of patients treated with old and new generation ASMs (Table 1), it can be speculated
that the observed differences in oxidative stress levels between these two groups could be
a consequence of epileptic condition itself only. However, since the observed differences
in oxidative stress markers (endogenous antioxidant enzyme activities of SOD, CAT, GPx,
and GR, as well as markers of oxidative damage such as PC and NO metabolism—NO3~
+ NO,~ concentration) between the polytherapy group and the group treated with old
generation ASMs were confirmed, these results support the additional influence of ASM
therapy on oxidative stress markers in addition to epilepsy itself. It is important to note
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that there were no statistically significant differences in the duration of epilepsy between
the polytherapy group and the group treated with the old generation ASMs.

The novelty of the present study is also the association of oxidative stress param-
eters with concentrations of ASMs and their metabolites. We hypothesize that higher
concentrations of carbamazepine-10,11-epoxide are associated with a decrease in CAT
activity (Figure 1 and Table S1). Yip et al. showed that carbamazepine and carbamazepine-
10,11-epoxide plasma concentrations were positively correlated with the formation of CBZ
metabolite adducts on serum albumin in patients receiving CBZ therapy [73]. The proposed
formation of protein adducts in patients on CBZ therapy indicates a possible mechanism of
CAT inactivation. In addition, a negative correlation was found between VPA metabolite
concentration and MDA plasma concentration, which is not the expected result since many
studies have found increased MDA concentrations in patients on VPA therapy. However, in
these studies, patients receiving VPA therapy were compared to healthy adults or patients
receiving other ASM therapies, and since no concentrations of ASMs were measured, no
correlation could be established between MDA concentration and the concentration of VPA
or VPA metabolites.

It is important to consider that the observed inconsistency of the results obtained
in our study with the results of published studies could be due to different analytical
methods used to determine lipid peroxidation levels. For example, thiobarbituric acid
reactive substances (TBARS) are a less reliable method than direct measurement of MDA
due to the artificial formation of TBARS-like products under very “aggressive” conditions
during the sample preparation procedure [74]. In addition, studies comparing oxidative
stress parameters in patients with epilepsy largely differ in the population studied with
respect to age [14,16,19,24-27,32,54,56] and type of epilepsy [22,32]. Menon et al. reported
unchanged PC levels in patients with epilepsy treated with different ASMs compared to
drug-naive patients with epilepsy, demonstrating that ASMs have no effect on biological
macromolecule markers of oxidative stress [11]. We hypothesize that this discrepancy with
the results of our study may be mainly due to a large age difference in the population
studied. The average age of our patients and control group was about twenty years older
than in the study designed by Menon et al. Since oxidative damage increases with age
physiologically and also due to some pathological processes, it is possible that there are
large differences between comparable groups studied that differ in age. Menon et al.
also showed no differences between NO concentrations in patients with epilepsy treated
with different ASMs, untreated patients with epilepsy, and healthy controls [11]. This
inconsistency with our study may be again due to age differences between the included
patient and control populations compared to our studied population. Furthermore, Menon
et al. only measured the nitrite content. We believe that total nitrate and nitrite levels serve
as more meaningful parameters indicating total NO metabolism. Moreover, Peker et al.
confirmed our results by observing increased NO3;~ + NO;, ™ concentrations in patients
treated with VPA compared to healthy controls [19].

The main limitations of this study were the unknown ASM history of patients prior
to their inclusion in the study and the moderate sample size. We assume that three
months of ASM treatment is sufficient to rule out the effects of previous ASM treatment on
oxidative stress parameters. As this was an exploratory, i.e., hypothesis-generating study,
our results can be used to design a larger study to further confirm the clinical relevance of
the results obtained.

5. Conclusions

In conclusion, our study shows that significantly increased levels of SOD and CAT and
significantly decreased levels of GR and GPx, as well as GSH concentrations, were observed
in patients with epilepsy compared to control subjects. The observed increase in oxidative
stress markers and the modulations of non-enzymatic antioxidant GSH concentrations
and antioxidant enzyme activities in patients with epilepsy confirmed increased oxidative
stress in patients with epilepsy compared to controls. Since the results of the proposed
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studies emphasize the impairment of the endogenous system and its inability to combat
the increased oxidative stress in patients with epilepsy, it seems reasonable to evaluate the
potential therapeutic effects of different approaches aimed at enhancing enzymatic activity
or increasing the activity of the glutathione system. In addition, the results of our study
showed a significantly greater increase in oxidative stress in patients treated with the old
generation ASMs compared to patients treated with the new generation ASMs. It is already
known that epilepsy itself can influence oxidative stress levels in patients with epilepsy.
However, as the results of oxidative stress markers for the polytherapy group of patients in
the proposed study are intermediate between the results of patients treated with the old
and patients treated with the new generation ASMs, this confirms an important effect of
ASMs on oxidative stress levels in patients with epilepsy.

Our study has shown that there is an urgent need to both evaluate the influence of
the existing ASMs therapies on levels of oxidative stress in patients with epilepsy and
to develop new therapies, including ASMs with potential adjunctive antioxidant and
neuroprotective add-on effects.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/medicina60081299/s1. Table S1: Bivariate rank-order correlations between
various biomarkers of oxidative stress and Z-scores of ASM concentration in patients with epilepsy.
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