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Abstract: No precision medicine models of temporal lobe epilepsy (TLE) and associated mental
comorbidities have been developed to date. This observational study aimed to develop a precision
nomothetic, data-driven comorbid TLE model with endophenotype classes and pathway phenotypes
that may have prognostic and therapeutical implications. We recruited forty healthy controls and
108 TLE patients for this research and assessed TLE and psychopathology (PP) features as well
as oxidative stress (OSTOX, e.g., malondialdehyde or MDA, lipid hydroperoxides, and advanced
oxidation protein products) and antioxidant (paraoxonase 1 or PON1 status, -SH groups, and total
radical trapping potential or TRAP) biomarkers. A large part (57.2%) of the variance in a latent
vector (LV) extracted from the above TLE and PP features was explained by these OSTOX and
antioxidant biomarkers. The PON1 Q192R genetic variant showed indirect effects on this LV, which
were completely mediated by PON1 activity and MDA. Factor analysis showed that a common core
could be extracted from TLE, PP, OSTOX and antioxidant scores, indicating that these features are
manifestations of a common underlying construct, i.e., a novel pathway phenotype of TLE. Based on
the latter, we constructed a new phenotype class that is characterized by increased severity of TLE,
PP and OSTOX features and lowered antioxidant defenses. A large part of the variance in episode
frequency was explained by increased MDA, lowered antioxidant, and nitric oxide metabolite levels.
In conclusion, (a) PP symptoms belong to the TLE phenome, and the signal increased severity; and (b)
cumulative effects of aldehyde formation and lowered antioxidants determine epileptogenic kindling.

Keywords: depression; schizophrenia; neuroimmune; oxidative and nitrosative stress;
antioxidants; inflammation

1. Introduction

Epilepsy patients have recurring seizures that are caused by the excessive and syn-
chronized firing of clusters of neurons in the brain [1,2]. Temporal lobe epilepsy (TLE)
is the most prevalent kind of epilepsy, occurring at a rate of 10.4 per 100,000 people [1].
Hippocampal sclerosis or mesial temporal sclerosis (MTS) is the most frequent primary
epileptic pathology, accounting for 36% of all focal epilepsy pathologies [3–5]. Additionally,
TLE is associated with a high prevalence of comorbid neuropsychiatric syndromes (approx-
imately 54.1%), particularly depression (42.9%) and anxiety (18.4%), and psychosis, albeit
with lower frequency [3,6–8]. Most importantly, the high lifetime prevalence of mental
disorders in TLE may have a detrimental effect on health-related quality of life [9].

Antioxidants 2022, 11, 803. https://doi.org/10.3390/antiox11050803 https://www.mdpi.com/journal/antioxidants

https://doi.org/10.3390/antiox11050803
https://doi.org/10.3390/antiox11050803
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://orcid.org/0000-0002-7667-6731
https://orcid.org/0000-0002-5387-8867
https://doi.org/10.3390/antiox11050803
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com/article/10.3390/antiox11050803?type=check_update&version=1


Antioxidants 2022, 11, 803 2 of 19

Both oxidative stress toxicity (OSTOX) and a deficiency in antioxidant (ANTIOX)
defenses contribute to TLE [10–14]. In TLE, increased ROS production and lipid peroxida-
tion, as well as hippocampal neurodegeneration and reconfiguration of neuronal networks
with reactive gliosis contribute to epiloptogenesis and greater sensitivity to subsequent
seizures [15]. In a previous study, we found that two OSTOX biomarkers, namely mal-
ondialdehyde (MDA, indicating increased lipid peroxidation with aldehyde formation)
and advanced protein oxidation products (AOPP, indicating increased protein oxidation),
show a substantial area under the receiver operating characteristic (ROC) curve discrim-
inating pure TLE from controls, namely 0.999 for MDA and 0.851 for AOPP [13]. These
results suggest that oxidative stress damage plays a significant role in the pathogenesis of
TLE/MTS [13]. Both markers indicate several types of oxidative damage that may result
in neurotoxicity, thereby contributing to a higher susceptibility of the piriform cortex to
seizure-induced injury, apoptotic cell death in hippocampus neuronal cells through activa-
tion of the caspase-3 signaling pathway, and increased permeability of the mitochondrial
membrane and its enzymes, potentially resulting in neurodegenerative processes [13,16,17].

In individuals with TLE, reduced levels of antioxidants, including superoxide dis-
mutase, paraoxonase 1 (PON1), catalase, glutathione peroxidase, vitamin E, total reactive
antioxidant potential (TRAP), and sulfhydryl (-SH) groups, may be observed [13,14,18,19].
Both lowered levels of -SH groups and PON1 activity are highly specific for TLE, resulting
in areas under the ROC curves of 0.899 and 0.893, respectively [13,14]. A healthy antioxidant
system is critical for preventing lipid peroxidation and protein oxidation, and situations
linked with decreased PON1 activity, such as TLE, are associated with an increased risk of
developing lipid peroxidation [13,14]. Moreover, PON1 enzymatic activity, which is partly
determined by the PON1 Q192R genotype, mediates the effects of this genetic variant on
the phenome of TLE [13,20].

There is now evidence that major depression, anxiety disorders such as generalized
anxiety disorder (GAD), and schizophrenia are characterized by activated nitro-oxidative
stress pathways, including increased lipid peroxidation, as assessed with lipid hydroperox-
ides (LOOH), MDA, and protein oxidation (increased AOPP), and by lowered antioxidant
defenses including lowered PON1 activity, and -SH, TRAP, and glutathione levels [20–24].
Moreover, the depressive, anxiety, and psychotic symptoms due to TLE are strongly associ-
ated with the same oxidative stress biomarkers (MDA and AOPP) and antioxidant levels
(PON1 activity, -SH groups ad TRAP) [13,14]. These results indicate that lower PON1 activ-
ity, which is affected in part by the Q192R genetic variant, and the ensuing damage due to
oxidative stress contribute to the pathophysiology of TLE and the psychiatric comorbidities.
Nevertheless, there are no data on whether, in TLE, the PON1 status (that is, PON1 activity
and the Q192R genetic variant) is associated with increased damage due to oxidative stress
and whether these factors may influence the TLE phenome features (including frequency
and poor controllability of the seizures, and postictal confusion) and the comorbid psy-
chiatric symptoms. Moreover, there are no data on whether in TLE these biomarkers may
predict a common core underpinning both the TLE and psychiatric phenome features.

Recently, novel precision nomothetic methods were developed to construct data-
driven, causal disease models [25,26]. To estimate such disease models with structures
intended to give causal explanations, we developed a causative framework utilizing cau-
some, protectome, adverse outcome pathways (AOPs), and phenome (descriptive symp-
tomatic assessments) indicators entered in the model as either latent vectors (common
cores extracted from a number of interrelated variables) or single indicators [25,26]. We
used partial least squares (PLS)-SEM to estimate these machine learning models since
PLS-SEM is a causal–predictive technique that places a priority on prediction [27]. As such,
we constructed novel precision models that link genetic variants (including the Q192R
variant), with AOPs, including oxidative stress and lowered antioxidant defenses, with
the phenome of depression and schizophrenia. Moreover, we built (a) endophenotype
classes that are groups of patients with a common genetic background and/or AOPs that
may affect treatment and prognosis; (b) pathway phenotypes, namely factors extracted
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from interrelated AOPs and phenome data; and (c) a digital self of each patient that is
an ideocratic or personalized profile based on all features (causome, AOP, phenome) of
the disorder [27]. Nevertheless, until now, no precision models of TLE and its psychiatric
comorbidities have been constructed.

Hence, the current study was conducted to (a) delineate whether the PON1 status is
associated with increased oxidative damage and whether these factors may influence the
association between TLE and psychiatric comorbidities; (b) construct a precision nomothetic
causal disease model, endophenotype classes and pathway phenotypes that may have
prognostic and therapeutical consequences for TLE.

2. Subjects and Methods
Participants

We recruited forty healthy controls and 108 TLE patients for this case-control re-
search. Between December 2013 and December 2014, TLE outpatients were admitted to
the King Chulalongkorn Memorial Hospital’s Comprehensive Epilepsy Unit in Bangkok,
Thailand. All patients were diagnosed with TLE, by a senior neurologist who specializes
in epilepsy, based on their clinical features, seizure history, electroencephalogram (EEG)
results, and magnetic resonance imaging (MRI). Additionally, the study group of patients
with TLE was divided into four subgroups according to the presence of psychiatric comor-
bidities diagnosed using DSM-IV-TR criteria: (a) pure TLE that is without any comorbidities
(n = 27); (b) anxiety disorder due to TLE with panic attacks, GAD, or obsessive–compulsive
symptoms (n = 27); (c) mood disorders due to TLE with depressive features (n = 27);
and (d) psychotic disorder due to TLE with delusions or hallucinations (n = 27).

We excluded TLE patients who met the following criteria: (a) they had DSM-IV-TR axis
I diseases other than mood, anxiety, or psychotic disorders due to TLE; (b) they had a recent
seizure with or without aura (last week prior to the study), and (c) they had inter-ictal
dysphoric disorder (IDD) according to Blumer’s criteria [28]. Additional exclusion criteria
for the three comorbidity classes were: (a) the presence of anxiety and psychosis in patients
with mood disorders caused by TLE; (b) the presence of mood disorders or psychosis in
patients with anxiety disorders caused by TLE; (c) the presence of mood disorders or anxiety
in patients with psychotic disorder caused by TLE; and (d) the presence of any psychiatric
comorbidity in patients with “pure TLE”. Healthy controls were excluded if they had
a diagnosis of epilepsy, including febrile seizures in children, or any DSM-IV-TR axis-1
mental disorder, or if they had a positive family history of epilepsy, mood, or psychotic
disorders. Both patients and controls were excluded if they had any of the following:
(a) neurodegenerative/neuroinflammatory disorders such as stroke, multiple sclerosis,
Huntington’s, Parkinson’s or Alzheimer’s disease; (b) (auto)immune disorders such as
psoriasis, diabetes, inflammatory bowel disease, systemic lupus erythematosus, rheumatoid
arthritis, or chronic obstructive pulmonary disease; (c) pregnant or lactating women; (d) a
medical history of immunomodulatory drug treatment, including glucocorticoids, three
months prior to participation in the study, (e) use of therapeutic dosages of antioxidants or
ω-polyunsaturated fatty acid supplements; and (f) an inflammatory, immune, or allergic
response three months prior to inclusion in the study.

To participate in the research, all subjects supplied written informed consent. The study
was approved by the Institutional Review Board of Chulalongkorn University’s Faculty
of Medicine in Bangkok, Thailand (IRB number 305/56), in accordance with the Interna-
tional Guideline for the Protection of Human Subjects as required by the Declaration of
Helsinki, The Belmont Report, the CIOMS Guideline, and the International Conference on
Harmonization on Good Clinical Practice.
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3. Measurements
3.1. Clinical

A senior neurologist and an epilepsy-specialized senior psychiatrist performed semi-
structured interviews. The neurologist collected sociodemographic data and TLE features,
including family history of epilepsy, age at onset of TLE, type of epilepsy, location of the
lesion, seizure frequency, history of post-ictal confusion, antiepileptic drug (AED) use,
seizure control (seizure-free, fairly controlled, and poorly controlled seizures), seizure
type, and history of aura. TLE was diagnosed based on a history of partial seizures and
electroencephalogram (EEG) recordings of epileptiform activity in one or both temporal
regions. The senior psychiatrist examined the TLE patients and controls for psychotic
symptoms, anxiety, and depression using DSM-IV-TR criteria. TLE-related mood disorders
include significant depression during an acute episode or in partial remission, as well
as ictus-related depression. Patients with panic attacks, GAD, obsessive–compulsive
symptoms, and ictus-related anxiety such as terror and horror are included in the diagnostic
of anxiety disorder caused by TLE. Psychotic illness associated with TLE include delusions
(persecution, paranoid; possessed), hallucinations (taste, visual, auditory, and olfactory),
and ictus-related psychoses. These psychoses may be classified as ictal, pre-ictal, post-
ictal, psychotic aura, peri-ictal, interictal, or schizophrenic-like. Nevertheless, fear, déjà
vu, déjà vecu, forced thoughts, horror and out-of-body experiences were not considered
psychotic in this study. Additionally, the senior psychiatrist (BK) examined controls and
TLE patients using the Brief Psychiatric Rating Scale (BPRS), the Hamilton Depression
(HDRS) and Anxiety (HAM-A) Rating Scales, as well as the Mini Mental State Examination
(MMSE) [29–32]. Using the scores of the BPRS, HDRS, and HAM-A, we have computed
two additional symptom scores, namely psychosis: computed as the sum of conceptual
disorganization (item 4 BPRS) + suspiciousness (item 11 BPRS) + hallucinations (item
12 BPRS) + unusual thought content (item 15 BPRS); and a general psychopathology score
(z total PP) computed as the sum of the z values of the BPRS (z BPRS) + z HAM-D + z
HAM-A [13,14].

The body mass index was computed as the ratio of weight in kilograms to height in
meters2, and tobacco use disorder (TUD) was diagnosed using DSM-IV-TR criteria.

3.2. Assays

After an overnight fast, blood was drawn for the biomarker assays at 8:00 a.m. Aliquots
of serum were prepared and kept at −80 ◦C until thawed for assay. PON1 status, AOPP,
LOOH, MDA, NOx, TRAP, and -SH groups were measured. The approaches have been
previously reported [13,14]. LOOH was measured by chemiluminescence in the dark,
at 30 ◦C for 60 min, using a Glomax Luminometer (TD 20/20) [33,34]. The findings are re-
ported in relative light units. MDA levels were determined using high-performance liquid
chromatography (HPLC Alliance e2695, Waters, Barueri, SP, Brazil) in complexation with
two molecules of thiobarbituric acid [35]. The following conditions were used: a column
Eclipse XDB-C18 (Agilent, Santa Clara, CA, USA); a mobile phase composed of 65 percent
potassium phosphate buffer (50 mM pH 7.0) and 35% HPLC grade methanol; a flow rate of
1.0 mL/minute; a temperature of 30 ◦C; and a wavelength of 532 nm. The MDA content of
the samples was determined using a calibration curve and is given in mmol of MDA/mg
proteins. AOPP was measured using a microplate reader (EnSpire®, Perkin Elmer, Waltham,
MA, USA) and is expressed in mM of equivalent chloramine T [36,37]. The NO metabolites
(NOx) were quantified using a microplate reader (EnSpire®, Perkin Elmer, Waltham, MA,
USA) at a wavelength of 540 nm by detecting the concentrations of nitrite and nitrate [38].
Results are represented as M. Because the PON1 polymorphism causes variations in hy-
drolysis capability, it is possible to stratify genotypes after phenotypic measurement of
enzyme activity. We employed 4-(chloromethyl)phenyl acetate (CMPA) (CMPA, Sigma,
Burlington, MA, USA), which is an alternative to the use of the toxic paraoxon, and pheny-
lacetate (Sigma, Burlington, MA, USA), under high salt conditions, to stratify the functional
genotypes of the PON1Q192R polymorphism, namely Q/Q, Q/R, and R/R [14,20]. PON1
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activities were determined by the rate of hydrolysis of CMPA, which is influenced by the
Q192R polymorphism, and phenylacetate under low salt condition (AREase), which is
less influenced by the Q192R polymorphism. The rate of hydrolysis was assessed using
a Perkin Elmer® EnSpire model microplate reader (EnSpire, Waltham, MA, USA) at a
wavelength of 270 nm during a 4 min period (16 readings with a 15 s interval between
readings) while maintaining a temperature of 25 ◦C [14,39] The activity was quantified
in units per milliliter (U/mL). The PON1 Q192R polymorphism influences the activity of
the PON1 enzymes, thereby altering their ability to prevent lipid oxidation [20,40], but the
direction of this change is substrate dependent [41,42]. RR homozygotes show a greater
efficacy detoxifying substrates, including paraoxon, CMPA and 5-thiobutil butyrolactone
(TBBL) [39,43,44], although the influence on TBBL (i.e., lactonase activity) is lower (30–50%
higher in RR) than paraoxon (100–200% higher in RR) [43]. The Q allozyme is more efficient
in detoxifying substrates such as diazoxon. In the present study, we report on CMPAase
activity [14]. The -SH groups were determined using a microplate reader (EnSpire®, Perkin
Elmer, Waltham, MA, USA) at a wavelength of 412 nm, and the findings are reported
in M [14]. TRAP was determined using a microplate reader (Victor X-3, Perkin Elmer,
Waltham, MA, USA), and the findings are represented in M Trolox [45]. We assessed
the thiol or sulfhydryl (-SH) groups using a microplate reader (EnSpire®, Perkin Elmer,
Waltham, MA, USA) at a wavelength of 412 nm, and results are expressed in µM [46,47].

Based on these results, we generated three z unit-weighted composite scores:
(a) an indicator of oxidative stress toxicity (OSTOX) defined as z transformation of MDA
(z MDA + z LOOH + z AOPP; (b) an index of antioxidant activities (ANTIOX) defined as
z TRAP + z thiol (-SH) groups + z CMPAase activity; and (c) the OSTOX/ANTIOX ratio
defined as z OSTOX—z ANTIOX [13,14].

4. Statistics

The analysis of variance was used to compare continuous variables between groups,
while the analysis of contingency tables (X2-tests) was used to compare nominal variables.
To account for multiple statistical tests, we used p-corrections for false discovery rate
(FDR) [48]. Multivariate GLM analysis was employed to examine the effects of explanatory
variables (age, sex, BMI, drug state, smoking) on a set of dependent variables (phenome
and biomarker scores). Consequently, we also examined the tests for between-subject
effects. Multiple regression analysis (automatic, stepwise) was used to denote the biomark-
ers that are significantly linked with the clinical outcome data. VIF and tolerance values
were used to evaluate for multicollinearity in all regression analyses. In addition, we
investigated changes in R2, multivariate normality (using Cook’s distance and leverage),
and homoscedasticity (using White and modified Breusch–Pagan tests for homoscedas-
ticity). We utilized an automated stepwise (step-up) technique with p-to-enter and p-to-
remove values of 0.05 and 0.06, respectively. Additionally, all findings were bootstrapped
using five thousand samples, and the bootstrapped results are shown in the event of dis-
crepancies. All tests were two-tailed, and statistical significance was defined as a p value
of 0.05. Exploratory factor analysis and principal component (PC) model was performed,
and the Kaiser–Meier–Olkin (KMO) sample adequacy metric was assessed to determine
factorability (considered satisfactory when >0.7). The first PC was a general construct
underpinning the input variables when all loadings were >0.6 and the variance explained
by the first PC was >50.0 percent. Replacement of missing values was performed using
the series mean method only when there were <10% missing values. In the total data file,
there were only six missing values in frequency and uncontrollability of seizures (n = 6).
All biomarker data were complete in all participants. The data were analyzed using IBM
SPSS28 for Windows. Moreover, confirmatory factor analysis (CFA) was used to examine
the loadings of the outer model in partial least squares (PLS) analysis (using the factor
weighting scheme), and factors were considered to have sufficient construct validity and
convergent validity when all loadings were >0.6 at p < 0.001, rho_A was >0.7, and the
average variance extracted >0.5.
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PLS-SEM path analysis is a statistical approach for predicting complex cause–effect
linkages utilizing both single indicators (variables) and latent variables (factors based on a
vector of highly connected indicators) [49,50]. Without imposing distributional assump-
tions on the data, PLS allows for the estimation of complex multi-step mediation models
with several latent constructs, indicator variables, and structural pathways (associations
between indicators or latent vectors). PLS Smart was used to analyze the multi-step, mul-
tiple mediation relationships between input factors (Q192R PON1 genotype, CMPAase
activity, other antioxidants, oxidative stress biomarkers) and the output variables, namely
severity of epilepsy and comorbid psychiatric disease. According to the power analysis,
the predicted sample size should be at least 134 to obtain a power of 0.8, an effect size of 0.1,
and an alpha of 0.05 in a multiple regression (or PLS) analysis with up to six explanatory
variables. Each input variable was entered as a single indicator (e.g., sex, age, Q192R PON1
genotype models), but the output variables (clinical data) were entered as latent vectors
(reflective models) constructed from several indicators. We investigated whether it was
possible to combine the psychiatric (BPRS, HDRS, HAM-A) and epilepsy data (frequency,
controllability, history of aura, postictal confusion) using first PCA and consequently CFA
as explained above. Complete path analysis with 5000 bootstrap samples (and mean value
replacement) was performed only when the outer and inner models matched the following
quality criteria: (a) model quality as measured by the SRMR index is less than 0.08; (b) outer
model loadings on the latent vectors exhibit accurate construct validity and convergent va-
lidity as explained above; (c) the latent vectors are not mis-specified as a reflective model as
probed with confirmatory tetrad analysis (CTA); (d) the model and variables show adequate
predictive performance as established using PLS Predict with a 10-fold cross-validation and
blindfolding; and (e) compositional invariance is established employing predicted–oriented
segmentation analysis, multi-group analysis, and measurement invariance assessment.
Using complete PLS analysis (two-tailed) on 5000 bootstrap samples (bias-corrected and
accelerated bootstrap), we then computed pathway coefficients with exact p values, total
and specific indirect effects, and total effects.

5. Results
5.1. First Precision Nomothetic Model

Table 1 shows a first factor (FA1) extracted from frequency of seizures, a history of
aura, controllability of the seizures, the diagnosis of TLE, and postictal confusion (named:
TLE phenome). Using PC analysis (PCA), the first PC explained 66.6% of the variance
and had loadings that were all >0.6 (factorability was adequate). CFA showed similar
loadings and that the convergent validity (as assessed with AVE values) and construct
reliability (as assessed with rho_A) were more than adequate. Table 1 shows the features of
a second constructed factor (FA2) that combines the five TLE features coupled with four
psychiatric features (HDRS, HAM-A, BPRS and z PP scores; named: TLE-PP phenome).
Using PCA, all loadings were >0.6, the first PC explained 61.3% of the variance, and the
analysis showed adequate factorability. CFA showed that the convergent validity and
construct reliability were more than adequate. As such, this latent vector is a common core
underpinning all manifestations of the TLE-PP phenome.

Figure 1 shows a first causal model with the combined TLE and psychiatric data (see
FA2, named TLE-PP phenome) as output variables and the Q192R variant (additive model),
CMPAase activity, -SH groups and MDA as input variables, whereby MDA functions as
a mediator between the effects of CMPAase on the TLE-PP phenome. Moreover, we also
considered that MDA may mediate the effects of the path from -SH groups to CMPAase
on the TLE-PP latent vector. The results of the PLS path analysis on 5000 bootstrap
samples after feature selection, multi-group analysis, PLS predict analysis, and prediction-
oriented segmentation are shown in Figure 1. With SRMR = 0.049, the model’s overall
fit was acceptable. Additionally, the construct reliability of the TLE-PP latent vector was
satisfactory as shown in Figure 1, while this factor was not misspecified as a reflective model
(results of CTA), and the construct cross-validated redundancy was adequate (0.287). Smart
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Predict showed that all Q2 values were positive, indicating that they outperformed the
naive benchmark. We observed that 57.2% of the variation in the TLE-PP phenome could
be explained by the regression on MDA and CMPAase and a moderation (interaction) effect
between MDA and CMPAase. Moreover, 34.9% of the variance in MDA was explained by
the regression on CMPAase and -SH groups, and 27.6% of the variance in CMPAase was
explained by the Q192R genotype and -SH groups combined.

Table 1. Results of principal components (PCA) and confirmatory factor (CFA) analysis.

Variables
Loadings

FA1:TLE FA2:TLE-PP FA3:TLE-PP-OS-AO

Frequency insults 0.868/0.790 0.767/0.732 0.734/0.648

Controllability 0.821/0.767 0.744/0.685 0.699/0.618

History of aura 0.758/0.756 0.693/0.687 0.708/0.681

History of postictal confusion 0.743/0.709 0.685/0.634 0.706/0.633

Temporal lobe epilepsy 0.889/0.897 0.899/0.900 0.943/0.938

HDRS - 0.745/0.707 0.701/0.648

HAMA - 0.812/0.761 0.743/0.678

BPRS - 0.772/0.770 0.755/0.743

Total Psychopathology 0.913/0.880 0.862/0.813

Malondialdehyde - - 0.816/0.805

OSTOX - - 0.715/0.732

ANTIOX - - −0.742/0.730

KMO 0.757 0.842 0.771

Bartlett 346.35
(df = 10) *

1031.94
(df = 36) *

1336.00
(df = 66) *

% variance explained 66.9% 61.6% 58.3%

Rho_A 0.891 0.929 0.949
* All p < 0.001. Hamilton Depression (HDRS) and Anxiety (HAM-A) Rating Scales; Brief Psychiatric Rating Scale
(BPRS); OSTOX: index of oxidative stress toxicity; ANTIOX: index of antioxidant capacity, AVE: average variance
explained. x/y: loadings obtained in PCA and CFA, respectively.

Here, there were no total (that is direct and mediated) effects (t = 1.47, p = 0.142)
and no direct effects (pathway coefficient pc = 0.133, p = 0.254) of the Q192R genotype
on the TLE-PP phenome, while the Q192R genotype has significant total indirect effects
on the TLE-PP phenome (t = 3.21, p = 0.001), which are mediated by CMPAase (t = 2.02,
p = 0.043) and the path from CMPAase to MDA (t = 2.67, p = 0.008). Moreover, there
were highly significant total effects of -SH groups (t = −5.62, p < 0.001) on the TLE-PP
phenome that were mediated by MDA (t = −3.48, p = 0.001) and the path from CMPAase to
MDA (t = 3.41, p = 0.001). Moreover, we found a significant interaction (moderating) effect
between CMPAase and MDA on the phenome. Overall, the TLE-PP phenome is predicted
by CMPAase and MDA and an interaction between CMPAase and MDA, with significant
indirect effects of Q192R genotype and -SH groups. As such, there are significant total
indirect effects of CMPAase (t = −4.11, p < 0.001) on the TLE-PP phenome.
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Figure 1. Results of partial least squares (PLS) showing a first causal model with the combined
temporal lobe epilepsy (TLE) and psychopathology (PP) score as output variable (TLE-PP phenome)
and the Q192R variant (additive model), CMPAase 4-(chloromethyl)phenyl acetate ase; -SH groups
and malondialdehyde (MDA) as input variables, whereby CMPAase and MDA mediate the effects of
the genetic variant on the TLE-PP phenome. Freque: frequency of seizures; control: uncontrollability
of seizures; aura: history of aura; PIC: post-ictal confusion; HDRS and HAM-A: Hamilton Depression
and Anxiety Rating Scales; BPRS: Brief Psychiatric Rating Scale; PP: psychopathology.

5.2. Prediction of the Phenome on TLE-PP Using Biomarkers

Table 2, model #1 shows that 50.4% of the variance in the TLE-PP score could be
explained by the regression on ANTIOX and age (both inversely associated) and OSTOX
(positively associated). Figure 2 displays the partial regressions of the TLE-PP score on
ANTIOX (after considering the effects of the other variables listed in model #1). In Table 2,
Model #2, we entered the single biomarkers and observed that 51.1% of the variance in
the TLE-PP score could be explained by the regression on MDA (positively associated),
CMPAase, TRAP and NOx (all inversely associated). Figure 3 shows the partial regression
of TLE-PP score on MDA (after considering the effects of the variables listed in model #2).

Table 2. Results of multiple regression analyses, with the phenome score or temporal lobe epilepsy
features as dependent variables and biomarkers as explanatory variables.

Explanatory Variables β t p Fmodel df p R2

TLE-PP score

Model #1

47.47 3/139 <0.001 0.504
OSTOX 0.365 5.11 <0.001

ANTIOX −0.449 −6.29 <0.001

Age −0.138 −2.30 0.023

TLE-PP score

Model #2

36.02 4/138 <0.001 0.511

MDA 0.415 5.72 <0.001

CMPAase −0.298 −4.10 <0.001

TRAP −0.143 −2.24 0.027

NOx −0.124 −2.04 0.043
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Table 2. Cont.

Explanatory Variables β t p Fmodel df p R2

Frequency seizures

Model #3

16.45 4/141 <0.001 0.318

MDA 0.350 3.89 <0.001

NOx −0.158 −2.21 0.028

ANTIOX −0.210 −2.35 0.020

Age −0.185 −2.63 0.010

Uncontrollability
seizures

Model #4

14.69 3/141 <0.001 0.238
ANTIOX −0.224 −2.38 0.019

MDA 0.242 2.55 0.012

NOx −0.224 −2.98 0.003

TLE-PP: phenotype score extracted from frequency of seizures, controllability of seizures, a history of aura,
postictal confusion, temporal lobe epilepsy, the severity of depression, anxiety, and general psychopathology;
OSTOX: composite score reflecting oxidative toxicity; ANTIOX: composite score reflecting antioxidant defenses;
MDA: malondialdehyde; CMPA: 4-(chloromethyl)phenyl acetate; TRAP: total radical trapping parameter; NOx:
nitric oxide metabolites; HAM-A: Hamilton Depression Anxiety score.
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Figure 2. Partial regression of temporal lobe epilepsy—psychopathology phenome score on the index
of antioxidant defenses (ANTIOX).

Table 2, model #3 shows that 31.8% of the variance in the frequency of seizures was
explained by MDA (positively), NOx, ANTIOX and age (all inversely). Table 2, model #4
shows that 23.8% in the uncontrollability of seizures was explained by ANTIOX and NOx
(both inversely) and MDA (positively).
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5.3. Precision Nomothetic Model 2

Figure 4 shows a second PLS model with a latent vector extracted from TLE, PP, MDA,
and OSTOX data as output variable (TLE-PP-OS) and TRAP, -SH groups, CMPAase and
the PON1 Q192R genotype as explanatory variables. With SRMR = 0.050, the overall fit
of the model was acceptable, and the construct reliability and convergent reliabilities of
the latent vector were accurate, as shown in Figure 2 and by adequate rho_A (0.934) and
AVE (0.546) values. Moreover, the construct cross-validated redundancy was adequate
(0.225), and this factor was not misspecified as a reflective model (results of CTA). Smart
Predict showed that all Q2 values were positive, indicating that they outperformed the
naive benchmark. In this model, there were highly significant total effects of the PON1
Q192R variant (t = 3.99, p < 0.001) and -SH groups (t = −6.25, p < 0.001) on the TLE-PP-OS
pathway phenotype. The effects of the genetic variant were mediated by CMPAase (t = 3.69,
p < 0.001) and the path from CMPAase to TRAP (t = 3.19, p = 0.002). The indirect effects of
-SH groups on the phoneme were mediated by CMPAase (t = −4.48, p < 0.001) and the path
from CMPAase to TRAP (t = 2.11, p = 0.035). We found that 43.6 percent of the variance in
the TLE-PP-OS phenome can be explained by the regression on CMPAase, TRAP and -SH
groups, 9.1 percent of the variance of TRAP is explained by CMPAase, and 28.7 percent of
the variance in CMPAase by the Q192R genetic variant and -SH groups.

5.4. Construction of Endophenotype Classes and Pathway Phenotypes

Since the antioxidants TRAP, -SH and CMPAase also have strong effects on the TLE-
PP-OS pathway phenotype, we examined whether ANTIOX could be successfully added
to this endophenotype. Table 1 (FA3) shows that the loadings on the first PC and first factor
extracted from the five TLE, four PP and MDA, OSTOX and ANTIOX (named: TLE-PP-
OS-AO) were all >0.6 and that this first PC explained 58.0% of the variance with adequate
factoriability, while the first factor showed adequate rho_A and AVE values.
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Figure 4. Results of partial least squares (PLS) analysis showing a second causal model with the
combined temporal lobe epilepsy (TLE), psychopathology (PP) and oxidative stress (OS) score as
output variable (TLE-PP-OS pathway phenotype) and the Q192R variant (additive model), CMPAase
4-(chloromethyl)phenyl acetate ase, -SH groups, and total radical trapping parameter (TRAP) as input
variables, whereby TRAP and CMPAase activity mediate the effects of the genotype and -SH groups
on the TLE-PP-OS pathway phenotype. OSTOX: index of oxidative toxicity; MDA: malondialdehyde;
Freque: frequency of seizures; control: uncontrollability of seizures; aura: history of aura; PIC:
post-ictal confusion; HDRS and HAM-A: Hamilton Depression and Anxiety Rating Scales; BPRS:
Brief Psychiatric Rating Scale; PP: psychopathology.

Based on the latent variable scores of the TLE-PP-OS-AO pathway phenotype, we
used a visual binning method (examination of the apparent modes and local minima in
the frequency histogram) to divide the study sample into three non-overlapping samples
(the cutoff points were −0.53 and 0.68, respectively). This separation into three groups
(namely, healthy controls and two TLE groups) showed an adequate silhouette measure of
cohesion and separation of 0.8 (based on Akaike’s information criterion). The features of
these new endophenotype classes are shown in Table 3. The latent vector scores extracted
from the TLE and TLE-PP scores were significantly different between the three groups.
The high TLE-PP-OS-AO group was characterized by a high number of seizures, postictal
confusion, poorer controllability of the seizures, increased depression, anxiety, psychosis,
and z PP scores; lower CMPAase activity and -SH concentrations; and increased MDA and
OSTOX/ANTIOX levels. As such, we have constructed a new endophenotype class charac-
terized by interrelated increments in TLE and PP phenome, and OSOTOX/ANTIOX scores.

Using multivariate GLM analysis with TLE, PP, TLE-PP, TLE-PP-OS, OSTOX,
and ANTIOX as dependent variables we examined the effects of age, sex, BMI, smok-
ing and the drug state of the participants. Some patients were treated with carbamazepine
(n = 61), phenytoin (n = 38), lamotrigine (n = 27), valproate (n = 34), levetiracetam (n = 38),
phenobarbital (n = 26), clonazepam (n = 10), topiramate (n = 12), clobazam (n = 58),
gabapentin (n = 8), CaCO3 (n = 13), folic acid (n = 27), antidepressants (n = 16), antipsy-
chotics (n = 9), and anxiolytics (n = 10). We could not detect significant effects of these
explanatory variables either in the multivariate GLM analysis or in tests for between-subject
analysis even without p-correction for multiple testing.
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Table 3. Differences in socio-demographic, clinical and biomarker data between healthy controls
(HC) and patients divided according to the factor analysis score (FA3) shown in Table 1 into those
with low and higher pathway phenotype (TLE-PP-OS-AO) scores.

Variables HC a

n = 40
Low TLE-PP-OS-AO b

n = 56
High TLE-PP-OS AO c

n = 52 F/X2 df p

TLE phenome −1.309 (0.328) b,c 0.188 (0.562) a,c 0.805 (0.509) a,b 217.20 2/145 <0.001

TLE-PP Phenome −1.482 (0.098) b,c 0.257 (0.418) a,c 0.863 (0.390) a,b 532.26 2/145 <0.001

Age (years) 37.4 (12.8) 39.1 (10.7) 37.8 (10.3) 0.30 2/145 0.735

Male/Female 10/30 19/37 16/36 0.88 2 0.643

BMI (kg/m2) 24.0 (4.3) 23.3 (3.8) 23.6 (4.3) 0.33 2/142 0.720

Lives alone (No/Yes) 14/26 18/35 14/38 0.87 2 0.646

Education (years) 14.2 (4.9) b,c 10.9 (4.5) a 10.0 (5.0) a 9.51 2/143 0.001

TUD (N/Y) 38/2 47/7 44/8 2.52 2 0.284

Number of seizures * - 7.2 (14.1) c 26.8 (66.3) b 9.7 1/106 0.002

Postictal confusion
(No/Yes) - 27/26 11/40 9.67 1 0.002

Aura (No/Yes) 16/38 10/42 1.55 1 0.214

Controllability
seizures

(free/fair/poor)
- 18/11/8 6/14/18 10.20 2 0.006

BPRS * 18.3 (1.1) b,c 28.8 (7.3) a,c 34.9 (8.4) a,b 68.97 2/143 <0.001

HDRS * 0.6 (2.0) b,c 8.0 (5.0) a,c 12.0 (7.9) a,b 45.28 2/142 <0.001

HAM-A * 1.9 (3.1) b,c 13.2 (8.6) a,c 17.8 (8.8) a,b 51.51 2/143 <0.001

Total
psychopathology (z) −2.978 (0.567) b,c 0.277 (1.678) a,c 1.969 (2.046) a,b 106.83 2/143 <0.001

Psychosis 4.0 (0.0) b,c 6.1 (3.5) a,c 7.7 (4.8) a,b KWT <0.001

MMSE 28.3 (2.4) b,c 24.5 (4.2) a 24.9 (4.2) a 13.08 2/143 <0.001

Q192R Paraoxonase
(PON)1 1/17/22 5/28/23 5/23/24 3.12 4 0.537

CMPAase 42.2 (11.8) b,c 28.4 (5.3) a,c 24.6 (6.9) a,b 58.24 2/145 <0.001

-SH groups 315.5 (59.0) a,b 261.3 (61.7) a,c 232.6 (52.1) a,b 23.62 2/145 <0.001

TRAP 968.7 (143.0) b,c 872.7 (143.8) a,c 772.6 (121.1) a,b 21.87 2/143 <0.001

LOOH 1127.6 (276.9) b,c 1313.0 (340.3) a 1306.0 (325.1) a 5.56 2/143 0.005

AOPP 228.7 (190.5) b,c 356.8 (186.8) a 372.7 (217.0) a 15.45 2/143 <0.001

MDA 2.23 (0.47) b,c 5.17 (1.13) a,c 5.61 (1.17) a,b 129.70 2/143 <0.001

NOx 7.52 (5.94) 6.31 (5.31) 5.97 (6.09) 0.98 2/143 0.367

OSTOX/3ANTIOX −1.374 (0.572) b,c 0.326 (0.543) a,c 0.740 (0.550) a,b 169.88 2/143 <0.001

All values are shown as mean (SD); a,b,c: Pairwise differences among the subgroups. * Processed in Ln trans-
formation. TLE phenome: a phenotype score extracted from frequency of seizures, controllability of seizures,
history of aura, postictal confusion, and temporal lobe epilepsy; TLE-PP phenome: same but with severity of
depression, anxiety, and general psychopathology; BMI: body mass index, TUD: tobacco use disorder, HDRS
and HAM-A: Hamilton Depression and Anxiety Rating Scales; BPRS: Brief Psychiatric Rating Scale; MMSE:
Mini-mental State Examination; CMPA: 4-(chloromethyl)phenyl acetate; TRAP: total radical trapping parameter;
LOOH: lipid hydroperoxides; AOPP: advanced oxidation protein products; MDA: malondialdehyde; NOx: nitric
oxide metabolites; OSTOX/ANTIOX: index of oxidative stress toxicity/index of antioxidant capacity.
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6. Discussion
6.1. A Common Core Underpins TLE and Comorbid Psychopathology (PP)

The study’s first major discovery is that a common core (with adequate validity relia-
bility) underlays the features of TLE (including frequency of seizures, history of aura and
postictal confusion, and poorer seizure controllability) and severity of psychopathology
including depression, anxiety, and psychosis. The data demonstrate that PP symptoms
are prominent features of the same latent vector (the phenome of TLE-PP) that should be
considered as the source of the diverse clinical manifestations. The presence of more severe
PP symptoms signals increased severity of TLE, including frequency and uncontrollability
of the seizures. Importantly, in mood disorders, there is an association between increasing
staging (frequency of depressive and hypomanic episodes and suicidal attempts) and
the severity of these illnesses [26,51]. Here, (basolateral amygdala) kindling is a typical
paradigm for the development of epileptic seizures in which the length and behavioral
involvement of the produced seizures increase as seizures reoccur [52]. As such, a seizure
may increase the risk of further seizures (“seizures beget seizures”). Likewise, the kin-
dling theory of mood disorders considers that untreated mood disorders tend to progress,
and that—with repetition—the episodes become sensitized and more autonomous with a
shorter interval [53]. Thus, both TLE and mood disorders are characterized by an increased
vulnerability to episode reoccurrence with shorter intervals as a function of the number of
prior episodes.

Moreover, in other neurological and medical disorders, the severity of affective symp-
toms is part of a common core underpinning the illness. For example, in schizophrenia,
a common latent vector may be extracted from psychotic and affective symptoms, including
depression, anxiety, and hypomania [54]. In stroke, a common factor may be extracted from
the disabilities as assessed with the NIHSS score and affective symptoms, and this vector
is strongly predicted by the volume and location of the acute lesions due to stroke, white
matter hyperintensities, and hypertension [55]. Depression severity belongs to the same
common core (a validated latent vector) that includes clinical features of atherosclerosis
and unstable angina, class III/IV unstable angina, increased atherogenicity, and insulin
resistance [56]. Our findings that PP symptoms are a key part of the same clinical core that
underpins the manifestations of medical disorders, such as TLE, are at odds with the view
that depression due to medical disorders is explained by a number of psychosocial stressors
associated with the illness, such as the personal meaning given to the functional losses,
views and beliefs about the illness itself, personality features, coping mechanisms, social
support, and the life stage [57]. The view that such stressors exert a load on the mind–brain
link producing affective symptoms is a folk psychology-like explanation [58]. As such,
psychosocial psychiatry attributes behavioral symptoms including depression, and anxiety
as a reaction to beliefs and perceptions [58]. Treatment plans for depression and anxiety due
to medical diseases including epilepsy are then devised based on these folk-like theories,
and these include specialized cognitive or dynamic behavioral psychotherapies, advice, ed-
ucation, problem solving, interpersonal therapy, and treatment with antidepressants [57,58].
However, our results show that TLE and PP are clinical manifestations of shared pathways.

6.2. Oxidative Stress and the TLE-PP Common Core

The second major finding of this study is that 57.2% of the severity in the TLE-
PP phenome is strongly predicted by the combined effects of increased OSTOX (espe-
cially MDA and AOPP) and lowered ANTIOX (CMPAase, -SH groups, and TRAP) lev-
els. These findings extend those of previous reports that TLE [13,14,18,19,59], affec-
tive disorders [20–22,24], and schizophrenia [20,60] are characterized by indicants of
oxidative damage.

Here, we show that there are no direct associations between the Q192R gene variant
and the TLE-PP phenome, although there were significant indirect effects of the additive
PON1 model, which were completely mediated by the effects of CMPAase on MDA and,
consequently, the phenome. As such, CMPAase is a successful mediator. This is an
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example of “indirect-only mediation”, whereby the mediator (PON1 activity) mediates
the association between the gene variant and the phenome even when there are no direct
(association between PON1 gene and phenome) and total (direct + indirect) effects [61].
The latter should not be employed as a gatekeeper to examine mediation effects [62,63].

We would not have discovered the PON1 gene variant’s impact if we had not measured
the PON1 gene products. Many genetic association studies are likely to yield false negative
results in the case of “indirect-only mediation” effects. Many positive association studies,
however, may be based on spurious associations (false positives) because the proteins that
mediate the effects of a specific gene may interact with many other proteins/enzymes (in
protein–protein interaction (PPI) networks) that predict the outcome variable, implying
that it is the interactors, not the gene product, that predict the outcome. Furthermore, some
interacting proteins may counteract with the gene-product functions, resulting in false
negative results.

Our model also showed that the effects of CMPAase on the TLE-PP phenome are
partly mediated by MDA in a distal mediated model, namely the path coefficient from
MDA to the phenome is greater than that from CMPAase to MDA. This is an example of
complementary mediation whereby both the indirect and the direct paths are significant
and point in the same direction [61]. A significant direct effect suggests that the theoretical
framework may be incomplete, and it guides the examination of additional paths that match
the direct effects’ signs of a direct effect. As a result, we discovered that an interaction
between CMPAase (the moderator) and MDA further explained part of the variance in the
TLE-PP phenome.

Nevertheless, our model became even more complex after considering the effects of
-SH groups on PON1 activity and considering that -SH groups, including these in PON1,
may contribute to the prediction of the TLE-PP-OS phenome. Protein thiols are often
positively associated with PON1 activity [64] and are part of TRAP, while PON1 activity
is often associated with TRAP levels [65,66]. PON1 activity is protected by antioxidants,
and thiol groups may be regenerated through reductive recycling by cell reductants, includ-
ing the glutathione system [67]. Our PLS analysis revealed that these causal links from -SH
groups to CPMAase activity are significant, whereby part of the effects of -SH groups on
the phenome are mediated by CMPAase, and part of the effects of the latter are mediated
by TRAP, thereby establishing a multi-step, mediating model. By inference, the lowered
CMPAase activity in TLE is partly determined by the Q192R variant and lowered thiol
groups. PON1 contains three cysteine residues that have functional properties (formation
of disulfide bonds and high affinity metal binding), while one of these (position 284) is
a free thiol that, at least in part, determines PON’s antioxidant capacities against LDL
oxidation [68].

Not only PON1 activity [20,65,69] but also low and high molecular weight thiols,
both cellular and in serum, may protect against oxidation of LDL and oxidative dam-
age [70]. Therefore, lowered levels of CMPAase, -SH groups and TRAP may increase the
vulnerability to lipid peroxidation and thus aldehyde formation and protein oxidation [21],
thereby explaining the strong effects of those antioxidants on the TLE-PP-OS phenome.
Conversely, PON1 activity may be attenuated by oxidative stress, including the effects
of myeloperoxidase, peroxides, hydroperoxides, oxidized low density lipoprotein and
S-nitrosylation through modifications of the free thiol group when the latter is consumed
by preventing oxidative damage [20,67–69]. Phrased differently, the results show that
lowered antioxidant potential, which is in part determined by the Q192R PON1 variants
and lowered -SH groups, coupled with increased aldehyde formation are a key part of the
TLE-PP phenome of epilepsy. This is further underscored by our findings that a common
core may be extracted from the TLE and PP phenome, OSTOX and ANTIOX and thus that
those constructs are all strongly interrelated manifestations of the same core.

Overall, our findings indicate that decreased CMPAase and -SH groups, as well as
enhanced aldehyde production, are potential therapeutic targets for treating TLE. Moreover,
lowered NOx levels (indicating nitric oxide production) are associated with the TLE-PP
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phenome and the kindling of seizures, suggesting increased NO consumption through
hypernitrosylation that may further enhance inflammatory reactions and oxidative stress
as well as neurodegenerative processes [71]. In this regard, increased neuronal NO syn-
thase activity is involved in kindling, oxidative damage, and endoplasmatic stress [72],
and S-nitrosylation is associated with affective disorders [73].

6.3. A Novel Pathway Phenotype and Endophenotype Class

The current study’s third finding is the construction of two novel precision medicine
concepts in TLE: (a) a new pathway phenotype (the TLE-PP-OS-AO construct), which inte-
grates severity of TLE, psychiatric comorbidities, and AOPs; and (b) a new endophenotype
class characterized by highly increased TLE features such as number of episodes, worse
seizure controllability, PP scores, OSTOX, and lowered ANTIOX defenses. Our findings
show that this new class of patients is a more severe group, and that there is a gradual
increase in “epileptogenic kindling” and uncontrollability of the seizures along a severity
of illness determined by the cumulative effects of aldehyde production and decreased
antioxidant defenses. The reoccurrence or staging of mood disorders is linked to reduced
CMPAase activity and oxidative stress indicators [27,45].

7. Limitations

This study would have been more interesting if we had included other oxidative stress
biomarkers, including superoxide dismutase, catalase, and glutathione, myeloperoxidase,
4-hydroxy-nonenal, and indicants of nitrosative stress. All results of this study were
controlled for effects of age, sex, BMI, smoking and the drug state of the patients. We could
not find any significant effects of the drug state of the patients (and age, sex, BMI, smoking)
on any of the phenome scores and pathway endophenotypes constructed in the current
study. Previously we have shown and discussed that the use of AEDs does not affect the
PP phenome or any of the OSTOX and ANTIOX biomarkers. Previous reports also could
not find significant effects of AEDs on MDA, protein carbonyls, NO levels, and antioxidant
enzymes [13,14,74].

8. Conclusions

TLE, PP, OSTOX, and ANTIOX levels have a shared core, suggesting that these charac-
teristics are expressions of a single underlying construct, i.e., a new pathway phenotype of
TLE. We created a new endophenotypic class that is characterized by increased severity
of TLE, PP, OSTOX and ANTIOX characteristics. The results show that PP symptoms are
part of the TLE phenome and signal greater severity. Epileptogenic kindling is at least in
part determined by the cumulative effects of increased aldehyde production and reduced
antioxidant defenses.

Overall, the severity of the new pathway phenotype of TLE and allocation to the new
endophenotype class PP-OS-AO, characterized by increased psychopathology and oxida-
tive damage and lowered antioxidant defenses, signal greater severity of TLE, and increased
frequency and uncontrollability of seizures. In animal models, there is some evidence that
administration of antioxidants, including acetyl-carnitine, L-carnitine, Ginkgo biloba leaf
extract, Lantana camara and vanillic acid, exert neuroprotective, anticonvulsant and/or
anti-kindling effects [75–79]. There is also some evidence that in TLE patients, treatment
with antioxidants such as selenium and vitamin E and C may have some efficacy [80]. Never-
theless, in preclinical models, natural polyphenols have mixed affects, and N-acetylcysteine
may aggravate seizures and improve depressive-like behaviors [81,82]. The results of the
current precision medicine study show that PON1 activity and aldehyde formation may be
the most appropriate drug targets to treat severe TLE. Future research should develop and
trial new drugs targeting the PON1–aldehyde pathway.

Author Contributions: B.K. and M.M. designed the study. B.K. recruited patients and completed
diagnostic interviews and rating scale measurements. M.M. conducted the statistical analyses.
D.S.B. performed the assays. A.F.A. secured funding. M.M., B.K., A.F.A. and D.S.B. contributed to



Antioxidants 2022, 11, 803 16 of 19

interpretation of the data and writing of the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: The study was supported by the Ratchadapisek Research Funds, Faculty of Medicine,
Chulalongkorn University (grant no. RA 57/024) and the Islamic University, Najaf, Iraq.

Institutional Review Board Statement: The ethics committee (IRB) of Chulalongkorn University,
Bangkok, Thailand (IRB number 305/56), which complies with the International Guideline for Human
Research Protection, approved the study as required by the Helsinki Declaration.

Informed Consent Statement: Before taking part in the study, all participants and their guardians
provided written informed consent.

Data Availability Statement: All of the data is contained within the article.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have influenced the work reported in this paper.

References
1. Téllez-Zenteno, J.F.; Hernández-Ronquillo, L. A review of the epidemiology of temporal lobe epilepsy. Epilepsy Res. Treat. 2012,

2012, 630853. [CrossRef] [PubMed]
2. Hauser, W.A.; Kurland, L.T. The epidemiology of epilepsy in Rochester, Minnesota, 1935 through 1967. Epilepsia 1975, 16, 1–66.

[CrossRef] [PubMed]
3. De Araújo Filho, G.M.; Martins, D.P.; Lopes, A.M.; de Jesus Brait, B.; Furlan, A.E.R.; Oliveira, C.I.F.; Marques, L.H.N.; Souza, D.R.S.;

de Almeida, E.A. Oxidative stress in patients with refractory temporal lobe epilepsy and mesial temporal sclerosis: Possible
association with major depressive disorder? Epilepsy Behav. 2018, 80, 191–196. [CrossRef] [PubMed]

4. (NINDS) NIoNDaS. The Epilepsies and Seizures: Hope through Research; National Institutes of Health (NIH): Bethesda, MD,
USA, 2016.

5. Tassi, L.; Meroni, A.; Deleo, F.; Villani, F.; Mai, R.; Russo, G.L.; Colombo, N.; Avanzini, G.; Falcone, C.; Bramerio, M.; et al.
Temporal lobe epilepsy: Neuropathological and clinical correlations in 243 surgically treated patients. Epileptic Disord. 2009, 11,
281–292. [CrossRef]

6. Bragatti, J.A.; Torres, C.M.; Londero, R.G.; Martin, K.C.; Souza, A.C.; Hidalgo, M.P.; Chaves, M.L.; Bianchin, M.M. Prevalence of
psychiatric comorbidities in temporal lobe epilepsy in a Southern Brazilian population. Arq. Neuro-Psiquiatr. 2011, 69, 159–165.
[CrossRef]

7. Beletsky, V.; Mirsattari, S.M. Epilepsy, mental health disorder, or both? Epilepsy Res. Treat. 2012, 2012, 163731. [CrossRef]
8. De Oliveira, G.N.; Kummer, A.; Salgado, J.V.; Portela, E.J.; Sousa-Pereira, S.R.; David, A.S.; Teixeira, A.L. Psychiatric disorders in

temporal lobe epilepsy: An overview from a tertiary service in Brazil. Seizure 2010, 19, 479–484. [CrossRef]
9. Johnson, E.K.; Jones, J.E.; Seidenberg, M.; Hermann, B.P. The relative impact of anxiety, depression, and clinical seizure features

on health-related quality of life in epilepsy. Epilepsia 2004, 45, 544–550. [CrossRef]
10. Aguiar, C.C.; Almeida, A.B.; Araujo, P.V.; de Abreu, R.N.; Chaves, E.M.; do Vale, O.C.; Macedo, D.S.; Woods, D.J.; Fonteles, M.M.;

Vasconcelos, S.M. Oxidative stress and epilepsy: Literature review. Oxid. Med. Cell. Longev. 2012, 2012, 795259. [CrossRef]
11. Sudha, K.; Rao, A.V.; Rao, A. Oxidative stress and antioxidants in epilepsy. Clin. Chim. Acta 2001, 303, 19–24. [CrossRef]
12. Waldbaum, S.; Patel, M. Mitochondria, oxidative stress, and temporal lobe epilepsy. Epilepsy Res. 2010, 88, 23–45. [CrossRef]

[PubMed]
13. Maes, M.; Supasitthumrong, T.; Limotai, C.; Michelin, A.P.; Matsumoto, A.K.; de Oliveira Semão, L.; de Lima Pedrão, J.V.;

Moreira, E.G.; Carvalho, A.F.; Sirivichayakul, S.; et al. Increased Oxidative Stress Toxicity and Lowered Antioxidant Defenses in
Temporal Lobe Epilepsy and Mesial Temporal Sclerosis: Associations with Psychiatric Comorbidities. Mol. Neurobiol. 2020, 57,
3334–3348. [CrossRef] [PubMed]

14. Michelin, A.P.; Maes, M.; Supasitthumrong, T.; Limothat, C.; Matsumoto, A.K.; de Oliveira Semão, L.; de Lima Pedrão, J.V.;
Moreira, E.F.; Kanchanatawan, B.; Barbosa, D.S. Lowered paraoxonase 1 activities may explain the comorbidities between
temporal lobe epilepsy or mesial temporal sclerosis and depression, anxiety, and psychosis. World J. Psychiatry 2022, 12, 308–322.
[CrossRef] [PubMed]

15. Puttachary, S.; Sharma, S.; Stark, S.; Thippeswamy, T. Seizure-induced oxidative stress in temporal lobe epilepsy. Biomed. Res. Int.
2015, 2015, 745613. [CrossRef]

16. Chuang, Y.C.; Chen, S.; Lin, T.-K.; Liou, C.; Chang, W.; Chan, S.H.H.; Chang, A. Upregulation of nitric oxide synthase II contributes
to apoptotic cell death in the hippocampal CA3 subfield via a cytochrome c/caspase-3 signaling cascade following induction of
experimental temporal lobe status epilepticus in the rat. Neuropharmacology 2007, 52, 1263–1273. [CrossRef] [PubMed]

17. Chuang, Y.-C.; Chen, S.-D.; Liou, C.-W.; Lin, T.-K.; Chang, W.-N.; Chan, S.H.H.; Chang, A. 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 2008, 50, 731–746. [CrossRef]

http://doi.org/10.1155/2012/630853
http://www.ncbi.nlm.nih.gov/pubmed/22957234
http://doi.org/10.1111/j.1528-1157.1975.tb04721.x
http://www.ncbi.nlm.nih.gov/pubmed/804401
http://doi.org/10.1016/j.yebeh.2017.12.025
http://www.ncbi.nlm.nih.gov/pubmed/29414551
http://doi.org/10.1684/epd.2009.0279
http://doi.org/10.1590/S0004-282X2011000200003
http://doi.org/10.1155/2012/163731
http://doi.org/10.1016/j.seizure.2010.07.004
http://doi.org/10.1111/j.0013-9580.2004.47003.x
http://doi.org/10.1155/2012/795259
http://doi.org/10.1016/S0009-8981(00)00337-5
http://doi.org/10.1016/j.eplepsyres.2009.09.020
http://www.ncbi.nlm.nih.gov/pubmed/19850449
http://doi.org/10.1007/s12035-020-01949-8
http://www.ncbi.nlm.nih.gov/pubmed/32514863
http://doi.org/10.5498/wjp.v12.i2.308
http://www.ncbi.nlm.nih.gov/pubmed/35317335
http://doi.org/10.1155/2015/745613
http://doi.org/10.1016/j.neuropharm.2007.01.010
http://www.ncbi.nlm.nih.gov/pubmed/17336342
http://doi.org/10.1111/j.1528-1167.2008.01778.x


Antioxidants 2022, 11, 803 17 of 19

18. Ben-Menachem, E.; Kyllerman, M.; Marklund, S. Superoxide dismutase and glutathione peroxidase function in progressive
myoclonus epilepsies. Epilepsy Res. 2000, 40, 33–39. [CrossRef]

19. Menon, B.; Ramalingam, K.; Kumar, R.V. Low plasma antioxidant status in patients with epilepsy and the role of antiepileptic
drugs on oxidative stress. Ann. Indian Acad. Neurol. 2014, 17, 398–404. [CrossRef]

20. Moreira, E.G.; Boll, K.M.; Correia, D.G.; Soares, J.F.; Rigobello, C.; Maes, M. Why Should Psychiatrists and Neuroscientists Worry
about Paraoxonase 1? Curr. Neuropharmacol. 2019, 17, 1004–1020. [CrossRef] [PubMed]

21. Maes, M.; Galecki, P.; Chang, Y.S.; Berk, M. A review on the oxidative and nitrosative stress (O&NS) pathways in major depression
and their possible contribution to the (neuro)degenerative processes in that illness. Prog. Neuro-Psychopharmacol. Biol. Psychiatry
2011, 35, 676–692. [CrossRef]

22. Liu, T.; Zhong, S.; Liao, X.; Chen, J.; He, T.; Lai, S.; Jia, Y. A Meta-Analysis of Oxidative Stress Markers in Depression. PLoS ONE
2015, 10, e0138904. [CrossRef] [PubMed]

23. Morelli, N.R.; Maes, M.; Bonifacio, K.L.; Vargas, H.O.; Nunes, S.O.V.; Barbosa, D.S. Increased nitro-oxidative toxicity in association
with metabolic syndrome, atherogenicity and insulin resistance in patients with affective disorders. J. Affect. Disord. 2021, 294,
410–419. [CrossRef] [PubMed]

24. Maes, M.; Bonifacio, K.L.; Morelli, N.R.; Vargas, H.O.; Moreira, E.G.; Stoyanov, D.; Barbosa, D.S.; Carvalho, A.F.; Nunes, S.O.V.
Generalized Anxiety Disorder (GAD) and Comorbid Major Depression with GAD Are Characterized by Enhanced Nitro-oxidative
Stress, Increased Lipid Peroxidation, and Lowered Lipid-Associated Antioxidant Defenses. Neurotox. Res. 2018, 34, 489–510.
[CrossRef]

25. Simeonova, D.; Stoyanov, D.; Leunis, J.C.; Murdjeva, M.; Maes, M. Construction of a nitro-oxidative stress-driven, mechanistic
model of mood disorders: A nomothetic network approach. Nitric Oxide 2021, 106, 45–54. [CrossRef]

26. Maes, M.; Moraes, J.B.; Bonifacio, K.L.; Barbosa, D.S.; Vargas, H.O.; Michelin, A.P.; Nunes, S.O.V. Towards a new model and
classification of mood disorders based on risk resilience, neuro-affective toxicity, staging, and phenome features using the
nomothetic network psychiatry approach. Metab. Brain Dis. 2021, 36, 509–521. [CrossRef] [PubMed]

27. Stoyanov, D.; Maes, M.H. How to construct neuroscience-informed psychiatric classification? Towards nomothetic networks
psychiatry. World J. Psychiatry 2021, 11, 1–12. [CrossRef]

28. Blumer, D.; Montouris, G.; Davies, K. The interictal dysphoric disorder: Recognition, pathogenesis, and treatment of the major
psychiatric disorder of epilepsy. Epilepsy Behav. 2004, 5, 826–840. [CrossRef]

29. Hamilton, M. The assessment of anxiety states by rating. Br. J. Med. Psychol. 1959, 32, 50–55. [CrossRef]
30. Hamilton, M. A rating scale for depression. J. Neurol. Neurosurg. Psychiatry 1960, 23, 56–62. [CrossRef]
31. Overall, J.E.; Gorham, D.R. The Brief Psychiatric Rating Scale. Psychol. Rep. 1962, 10, 799–812. [CrossRef]
32. Folstein, M.F.; Folstein, S.E.; McHugh, P.R. Mini-Mental State. A practical method for grading the cognitive state of patients for

the clinician. J. Psychiatr. Res. 1975, 12, 189–198. [CrossRef]
33. Flecha, B.G.; Llesuy, S.; Boveris, A. Hydroperoxide-initiated chemiluminescence: An assay for oxidative stress in biopsies of heart,

liver, and muscle. Free Radic. Biol. Med. 1991, 10, 93–100. [CrossRef]
34. Panis, C.; Herrera, A.C.S.A.; Victorino, V.J.; Campos, F.C.; Freitas, L.F.; De Rossi, T.; Colado Simão, A.N.; Cecchini, A.L.;

Cecchini, R. Oxidative stress and hematological profiles of advanced breast cancer patients subjected to paclitaxel or doxorubicin
chemotherapy. Breast Cancer Res. Treat. 2012, 133, 89–97. [CrossRef] [PubMed]

35. Bastos, A.S.; Loureiro, A.P.; de Oliveira, T.F.; Corbi, S.C.; Caminaga, R.M.; Junior, C.R.; Orrico, S.R. Quantitation of malondialde-
hyde in gingival crevicular fluid by a high-performance liquid chromatography-based method. Anal. Biochem. 2012, 423, 141–146.
[CrossRef]

36. Hanasand, M.; Omdal, R.; Norheim, K.B.; Gøransson, L.G.; Brede, C.; Jonsson, G. Improved detection of advanced oxidation
protein products in plasma. Clin. Chim. Acta 2012, 413, 901–906. [CrossRef]

37. Witko-Sarsat, V.; Friedlander, M.; Capeillere-Blandin, C.; Nguyen-Khoa, T.; Nguyen, A.T.; Zingraff, J.; Jungers, P.;
Descamps-Latscha, B. Advanced oxidation protein products as a novel marker of oxidative stress in uremia. Kidney Int.
1996, 49, 1304–1313. [CrossRef]

38. Navarro-Gonzálvez, J.A.; García-Benayas, C.; Arenas, J. Semiautomated measurement of nitrate in biological fluids. Clin. Chem.
1998, 44, 679–681. [CrossRef]

39. Richter, R.J.; Jarvik, G.P.; Furlong, C.E. Determination of paraoxonase 1 status without the use of toxic organophosphate substrates.
Circ. Cardiovasc. Genet. 2008, 1, 147–152. [CrossRef]

40. Billecke, S.; Draganov, D.; Counsell, R.; Stetson, P.; Watson, C.; Hsu, C.; La Du, B.N. Human serum paraoxonase (PON1) isozymes
Q and R hydrolyze lactones and cyclic carbonate esters. Drug Metab. Dispos. 2000, 28, 1335–1342.

41. Li, W.F.; Costa, L.G.; Richter, R.J.; Hagen, T.; Shih, D.M.; Tward, A.; Lusis, A.J.; Furlong, C.E. Catalytic efficiency determines the
in-vivo efficacy of PON1 for detoxifying organophosphorus compounds. Pharmacogenetics 2000, 10, 767–779. [CrossRef]

42. Mackness, B.; Davies, G.K.; Turkie, W.; Lee, E.; Roberts, D.H.; Hill, E.; Roberts, C.; Durrington, P.N.; Mackness, M.I. Paraoxonase
status in coronary heart disease: Are activity and concentration more important than genotype? Arterioscler. Thromb. Vasc. Biol.
2001, 21, 1451–1457. [CrossRef] [PubMed]

43. Marsillach, J.; Aragonès, G.; Beltrán, R.; Caballeria, J.; Pedro-Botet, J.; Morcillo-Suárez, C.; Navarro, A.; Joven, J.; Camps, J.
The measurement of the lactonase activity of paraoxonase-1 in the clinical evaluation of patients with chronic liver impairment.
Clin. Biochem. 2009, 42, 91–98. [CrossRef] [PubMed]

http://doi.org/10.1016/S0920-1211(00)00096-6
http://doi.org/10.4103/0972-2327.144008
http://doi.org/10.2174/1570159X17666181227164947
http://www.ncbi.nlm.nih.gov/pubmed/30592255
http://doi.org/10.1016/j.pnpbp.2010.05.004
http://doi.org/10.1371/journal.pone.0138904
http://www.ncbi.nlm.nih.gov/pubmed/26445247
http://doi.org/10.1016/j.jad.2021.07.057
http://www.ncbi.nlm.nih.gov/pubmed/34320448
http://doi.org/10.1007/s12640-018-9906-2
http://doi.org/10.1016/j.niox.2020.11.001
http://doi.org/10.1007/s11011-020-00656-6
http://www.ncbi.nlm.nih.gov/pubmed/33411213
http://doi.org/10.5498/wjp.v11.i1.1
http://doi.org/10.1016/j.yebeh.2004.08.003
http://doi.org/10.1111/j.2044-8341.1959.tb00467.x
http://doi.org/10.1136/jnnp.23.1.56
http://doi.org/10.2466/pr0.1962.10.3.799
http://doi.org/10.1016/0022-3956(75)90026-6
http://doi.org/10.1016/0891-5849(91)90002-K
http://doi.org/10.1007/s10549-011-1693-x
http://www.ncbi.nlm.nih.gov/pubmed/21811816
http://doi.org/10.1016/j.ab.2012.01.016
http://doi.org/10.1016/j.cca.2012.01.038
http://doi.org/10.1038/ki.1996.186
http://doi.org/10.1093/clinchem/44.3.679
http://doi.org/10.1161/CIRCGENETICS.108.811638
http://doi.org/10.1097/00008571-200012000-00002
http://doi.org/10.1161/hq0901.094247
http://www.ncbi.nlm.nih.gov/pubmed/11557671
http://doi.org/10.1016/j.clinbiochem.2008.09.120
http://www.ncbi.nlm.nih.gov/pubmed/18977341


Antioxidants 2022, 11, 803 18 of 19

44. Bayrak, A.; Bayrak, T.; Bodur, E.; Kılınç, K.; Demirpençe, E. The effect of HDL-bound and free PON1 on copper-induced LDL
oxidation. Chem. Biol. Interact. 2016, 257, 141–146. [CrossRef] [PubMed]

45. Repetto, M.; Reides, C.; Carretero, M.L.G.; Costa, M.; Griemberg, G.; Llesuy, S. Oxidative stress in blood of HIV infected patients.
Clin. Chim. Acta 1996, 255, 107–117. [CrossRef]

46. Hu, M.L. Measurement of protein thiol groups and glutathione in plasma. Methods Enzymol. 1994, 233, 380–385.
47. Taylan, E.; Resmi, H. The analytical performance of a microplatemethod for total sulfhydryl measurement in biological samples.

Turk. J. Biochem. 2010, 35, 275–278.
48. Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J. R.

Stat. Soc. Ser. B 1995, 57, 289–300. [CrossRef]
49. Ringle, C.M.; Sarstedt, M.; Straub, D.W. A critical look at the use of PLS-SEM in “MIS Quarterly”. MIS Q. 2012, 36, iii–xiv.

[CrossRef]
50. Hair, J.F.; Risher, J.J.; Sarstedt, M.; Ringle, C.M. When to use and how to report the results of PLS-SEM. Eur. Bus. Rev. 2019, 31,

2–24. [CrossRef]
51. Maes, M.; Moraes, J.B.; Congio, A.; Bonifacio, K.L.; Barbosa, D.S.; Vargas, H.O.; Michelin, A.P.; Carvalho, A.F.; Nunes, S.O.V.

Development of a Novel Staging Model for Affective Disorders Using Partial Least Squares Bootstrapping: Effects of Lipid-
Associated Antioxidant Defenses and Neuro-Oxidative Stress. Mol. Neurobiol. 2019, 56, 6626–6644. [CrossRef]

52. Goddard, G.V.; McIntyre, D.C.; Leech, C.K. A permanent change in brain function resulting from daily electrical stimulation. Exp.
Neurol. 1969, 25, 295–330. [CrossRef]

53. Post, R.M. Kindling and sensitization as models for affective episode recurrence, cyclicity, and tolerance phenomena. Neurosci.
Biobehav. Rev. 2007, 31, 858–873. [CrossRef] [PubMed]

54. Almulla, A.F.; Al-Rawi, K.F.; Maes, M.; Al-Hakeim, H.K. In schizophrenia, immune-inflammatory pathways are strongly
associated with depressive and anxiety symptoms, which are part of a latent trait which comprises neurocognitive impairments
and schizophrenia symptoms. J. Affect. Disord. 2021, 287, 316–326. [CrossRef] [PubMed]

55. Jaroonpipatkul, C.; Onwanna, J.; Tunvirachaisakul, C.; Jittapiromsak, N.; Rakvongthai, Y.; Chutinet, A.; Maes, M. Depressive
symptoms due to stroke are strongly predicted by the volume and location of the cerebral infarction, white matter hyperintensities,
hypertension, and age: A nomothetic network analysis. J. Affect. Disord. 2022; in press. [CrossRef] [PubMed]

56. Mousa, R.F.; Smesam, H.N.; Qazmooz, H.A.; Al-Hakeim, H.K.; Maes, M. A pathway phenotype linking metabolic, immune,
oxidative, and opioid pathways with comorbid depression, atherosclerosis, and unstable angina. CNS Spectr. 2021, 27, 1–15.
[CrossRef] [PubMed]

57. Peveler, R.; Carson, A.; Rodin, G. Depression in medical patients. BMJ 2002, 325, 149–152. [CrossRef]
58. Maes, M.; Stoyanov, D. False dogmas in mood disorders research: Towards a nomothetic network approach. Res. Gate Prepr. 2022,

in press.
59. Lorigados Pedre, L.; Morales Chacón, L.M.; Pavón Fuentes, N.; Robinson Agramonte, M.L.A.; Serrano Sánchez, T.;

Cruz-Xenes, R.M.; Díaz Hung, M.L.; Estupiñán Díaz, B.; Báez Martín, M.M.; Orozco-Suárez, S. Follow-Up of Peripheral
IL-1β and IL-6 and Relation with Apoptotic Death in Drug-Resistant Temporal Lobe Epilepsy Patients Submitted to Surgery.
Behav. Sci. 2018, 8, 21. [CrossRef]

60. Maes, M.; Sirivichayakul, S.; Matsumoto, A.K.; Michelin, A.P.; de Oliveira Semeão, L.; de Lima Pedrão, J.V.; Moreira, E.G.;
Barbosa, D.S.; Carvalho, A.F.; Solmi, M.; et al. Lowered Antioxidant Defenses and Increased Oxidative Toxicity Are Hallmarks of
Deficit Schizophrenia: A Nomothetic Network Psychiatry Approach. Mol. Neurobiol. 2020, 57, 4578–4597. [CrossRef]

61. Zhao, X.; Lynch, J.G.; Chen, Q. Reconsidering Baron and Kenny: Myths and Truths about mediation anaysis. J. Cosumer Res. 2010,
37, 197–206. [CrossRef]

62. Shrout, P.E.; Bolger, N. Mediation in Experimental and Nonexperimental Studies: New Procedures and Recommendations.
Psychol. Methods 2002, 7, 422–445. [CrossRef] [PubMed]

63. Hayes, A.F. Introduction to Mediation, Moderation, and Conditional Process Analysis; Guilfold Press: New York, NY, USA; London,
UK, 2013.

64. Prakash, M.; Shetty, J.K.; Rao, L.; Sharma, S.; Rodrigues, A.; Prabhu, R. Serum paraoxonase activity and protein thiols in chronic
renal failure patients. Indian J. Nephrol. 2008, 18, 13–16. [CrossRef] [PubMed]

65. Ceriello, A.; Bortolotti, N.; Pirisi, M.; Crescentini, A.; Tonutti, L.; Motz, E.; Russo, A.; Giacomello, R.; Stel, G.; Taboga, C. Total
plasma antioxidant capacity predicts thrombosis-prone status in NIDDM patients. Diabetes Care 1997, 20, 1589–1593. [CrossRef]
[PubMed]

66. Ozkalayci, R.E.; Coban, S.; Rakicioglu, N. The Relationship between Dietary Total Antioxidant Capacity with Serum Antioxidant
and Oxidant Parameters in Hemodialysis Patients. Turk. J. Nephrol. 2021, 30, 300–307. [CrossRef]

67. Aviram, M.; Rosenblat, M.; Billecke, S.; Erogul, J.; Sorenson, R.; Bisgaier, C.L.; Newton, R.S.; La Du, B. Human serum paraoxonase
(PON 1) is inactivated by oxidized low density lipoprotein and preserved by antioxidants. Free Radic. Biol. Med. 1999, 26, 892–904.
[CrossRef]

68. Costa, L.G.; Vitalone, A.; Cole, T.B.; Furlong, C.E. Modulation of paraoxonase (PON1) activity. Biochem. Pharmacol. 2005, 69,
541–550. [CrossRef] [PubMed]

69. Kim, D.S.; Marsillach, J.; Furlong, C.E.; Jarvik, G.P. Pharmacogenetics of paraoxonase activity: Elucidating the role of high-density
lipoprotein in disease. Pharmacogenomics 2013, 14, 1495–1515. [CrossRef]

http://doi.org/10.1016/j.cbi.2016.08.007
http://www.ncbi.nlm.nih.gov/pubmed/27510818
http://doi.org/10.1016/0009-8981(96)06394-2
http://doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://doi.org/10.2307/41410402
http://doi.org/10.1108/EBR-11-2018-0203
http://doi.org/10.1007/s12035-019-1552-z
http://doi.org/10.1016/0014-4886(69)90128-9
http://doi.org/10.1016/j.neubiorev.2007.04.003
http://www.ncbi.nlm.nih.gov/pubmed/17555817
http://doi.org/10.1016/j.jad.2021.03.062
http://www.ncbi.nlm.nih.gov/pubmed/33812245
http://doi.org/10.1016/j.jad.2022.04.041
http://www.ncbi.nlm.nih.gov/pubmed/35430315
http://doi.org/10.1017/S1092852921000432
http://www.ncbi.nlm.nih.gov/pubmed/34039448
http://doi.org/10.1136/bmj.325.7356.149
http://doi.org/10.3390/bs8020021
http://doi.org/10.1007/s12035-020-02047-5
http://doi.org/10.1086/651257
http://doi.org/10.1037/1082-989X.7.4.422
http://www.ncbi.nlm.nih.gov/pubmed/12530702
http://doi.org/10.4103/0971-4065.41282
http://www.ncbi.nlm.nih.gov/pubmed/20368914
http://doi.org/10.2337/diacare.20.10.1589
http://www.ncbi.nlm.nih.gov/pubmed/9314640
http://doi.org/10.5152/turkjnephrol.2021.20004
http://doi.org/10.1016/S0891-5849(98)00272-X
http://doi.org/10.1016/j.bcp.2004.08.027
http://www.ncbi.nlm.nih.gov/pubmed/15670573
http://doi.org/10.2217/pgs.13.147


Antioxidants 2022, 11, 803 19 of 19

70. Nagy, L.; Nagata, M.; Szabo, S. Protein and non-protein sulfhydryls and disulfides in gastric mucosa and liver after gastrotoxic
chemicals and sucralfate: Possible new targets of pharmacologic agents. World J. Gastroenterol. 2007, 13, 2053–2060. [CrossRef]

71. Morris, G.; Berk, M.; Klein, H.; Walder, K.; Galecki, P.; Maes, M. Nitrosative Stress, Hypernitrosylation, and Autoimmune
Responses to Nitrosylated Proteins: New Pathways in Neuroprogressive Disorders Including Depression and Chronic Fatigue
Syndrome. Mol. Neurobiol. 2017, 54, 4271–4291. [CrossRef]

72. Zhu, X.; Dong, J.; Han, B.; Huang, R.; Zhang, A.; Xia, Z.; Chang, H.; Chao, J.; Yao, H. Neuronal Nitric Oxide Synthase Contributes
to PTZ Kindling-Induced Cognitive Impairment and Depressive-Like Behavior. Front. Behav. Neurosci. 2017, 11, 203. [CrossRef]

73. Maes, M.; Simeonova, D.; Stoyanov, D.; Leunis, J.C. Upregulation of the nitrosylome in bipolar disorder type 1 (BP1) and major
depression, but not BP2: Increased IgM antibodies to nitrosylated conjugates are associated with indicants of leaky gut. Nitric
Oxide 2019, 91, 67–76. [CrossRef] [PubMed]

74. Menon, B.; Ramalingam, K.; Kumar, R.V. Oxidative stress in patients with epilepsy is independent of antiepileptic drugs. Seizure
2012, 21, 780–784. [CrossRef] [PubMed]

75. Tashakori-Miyanroudi, M.; Ramazi, S.; Hashemi, P.; Nazari-Serenjeh, M.; Baluchnejadmojarad, T.; Roghani, M. Acetyl-L-Carnitine
Exerts Neuroprotective and Anticonvulsant Effect in Kainate Murine Model of Temporal Lobe Epilepsy. J. Mol. Neurosci. 2022,
1–10. [CrossRef] [PubMed]

76. Essawy, A.E.; El-Sayed, S.A.; Tousson, E.; Abd El-Gawad, H.S.; Alhasani, R.H.; Abd Elkader, H.A.E. Anti-kindling effect of
Ginkgo biloba leaf extract and L-carnitine in the pentylenetetrazol model of epilepsy. Environ. Sci. Pollut. Res. Int. 2022, 1–15.
[CrossRef]

77. Kandeda, A.K.; Mabou, S.T.; Moutchida, C. An aqueous extract of Lantana camara attenuates seizures, memory impairment, and
anxiety in kainate-treated mice: Evidence of GABA level, oxidative stress, immune and neuronal loss modulation. Epilepsy Behav.
2022, 129, 108611. [CrossRef] [PubMed]

78. El-Hefnawy, M.A.; Yehia, A.; Nashar, E.M.E.; Saad, S.; Obydah, W.; Alghamdi, M.A.; Alasmari, W.A.; Hussein, A.M. Effect of
vanillic acid on pentylenetetrazole-kindled rats: Nrf2/HO-1, IGF-1 signaling pathways cross talk. J. Integr. Neurosci. 2022, 21, 15.
[CrossRef]

79. Martinc, B.; Grabnar, I.; Vovk, T. Antioxidants as a preventive treatment for epileptic process: A review of the current status. Curr.
Neuropharmacol. 2014, 12, 527–550. [CrossRef] [PubMed]

80. Majkowski, J.; Westermarck, T.; Atroshi, F. Free Radicals and Antioxidants: Opportunities for Enhancing Treatment of Epilepsy
with Personalized Medicine. In Personalized Medicine, in Relation to Redox State, Diet and Lifestyle; Intech Open Book Series;
Intech: London, UK, 2020; Chapter 6; pp. 375–389. Available online: https://www.who.int/en/activities/tracking-SARS-CoV-2-
variants/ (accessed on 13 April 2022).

81. Dhir, A. Natural polyphenols in preclinical models of epilepsy. Phytother. Res. 2020, 34, 1268–1281. [CrossRef]
82. Tallarico, M.; Leo, A.; Guarnieri, L.; Zito, M.C.; De Caro, C.; Nicoletti, F.; Russo, E.; Constanti, A.; De Sarro, G.; Citraro, R.

N-acetylcysteine aggravates seizures while improving depressive-like and cognitive impairment comorbidities in the WAG/Rij
rat model of absence epilepsy. Mol. Neurobiol. 2022, 59, 2702–2714. [CrossRef]

http://doi.org/10.3748/wjg.v13.i14.2053
http://doi.org/10.1007/s12035-016-9975-2
http://doi.org/10.3389/fnbeh.2017.00203
http://doi.org/10.1016/j.niox.2019.07.003
http://www.ncbi.nlm.nih.gov/pubmed/31323278
http://doi.org/10.1016/j.seizure.2012.09.003
http://www.ncbi.nlm.nih.gov/pubmed/23031823
http://doi.org/10.1007/s12031-022-01999-8
http://www.ncbi.nlm.nih.gov/pubmed/35320462
http://doi.org/10.1007/s11356-022-19251-6
http://doi.org/10.1016/j.yebeh.2022.108611
http://www.ncbi.nlm.nih.gov/pubmed/35193072
http://doi.org/10.31083/j.jin2101015
http://doi.org/10.2174/1570159X12666140923205715
http://www.ncbi.nlm.nih.gov/pubmed/25977679
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/
http://doi.org/10.1002/ptr.6617
http://doi.org/10.1007/s12035-021-02720-3

	Introduction 
	Subjects and Methods 
	Measurements 
	Clinical 
	Assays 

	Statistics 
	Results 
	First Precision Nomothetic Model 
	Prediction of the Phenome on TLE-PP Using Biomarkers 
	Precision Nomothetic Model 2 
	Construction of Endophenotype Classes and Pathway Phenotypes 

	Discussion 
	A Common Core Underpins TLE and Comorbid Psychopathology (PP) 
	Oxidative Stress and the TLE-PP Common Core 
	A Novel Pathway Phenotype and Endophenotype Class 

	Limitations 
	Conclusions 
	References

