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Abstract: To allow better diagnosis and management of psychiatric illnesses, the use of easily accessi-
ble biomarkers are proposed. Therefore, recognition of some diseases by a set of related pathogenesis
biomarkers is a promising approach. The study aims to assess the usefulness of examining oxida-
tive stress (OS) in schizophrenia as a potential biomarker of illness using the commonly used data
mining decision tree method. The study group was comprised of 147 participants: 98 patients with
schizophrenia (SZ group), and the control group (n = 49; HC). The patients with schizophrenia
were divided into two groups: first-episode schizophrenia (n = 49; FS) and chronic schizophrenia
(n =49; CS). The assessment included the following biomarkers in sera of patients: catalase (CAT),
glutathione peroxidase (GPx), superoxide dismutase-1 (SOD-1), glutathione reductase (GR), reduced
glutathione (GSH), total antioxidant capacity (TAC), ferric reducing ability of plasma (FRAP), ad-
vanced glycation end products (AGEs), advanced oxidation protein products (AOPP), dityrosine
(DITYR), kynurenine (KYN), N-formylkynurenine (NFK), tryptophan (TRY), total oxidant status
(TOS), nitric oxide (NO) and total protein. Maximum accuracy (89.36%) for distinguishing SZ from
HC was attained with TOS and GPx (cut-off points: 392.70 and 15.33). For differentiating between
FS and CS, the most promising were KYN, AOPP, TAC and NO (100%; cut-off points: 721.20, 0.55,
64.76 and 2.59). To distinguish FS from HC, maximum accuracy was found for GSH and TOS (100%;
cut-off points: 859.96 and 0.31), and in order to distinguish CS from HC, the most promising were
GSH and TOS (100%; cut-off points: 0.26 and 343.28). Using redox biomarkers would be the most
promising approach for discriminating patients with schizophrenia from healthy individuals and, in
the future, could be used as an add-on marker to diagnose and/or respond to treatment.

Keywords: biomarkers; schizophrenia; oxidative stress; redox biomarkers; data mining

1. Introduction

For many years, psychiatric research has been concerned with finding and implement-
ing clinical practice biomarkers specific for diagnostic units [1,2]. The common genetic
core of many psychiatric disorders makes searching for factors related strictly to specific
diseases appear to be a huge challenge. In recent years, a growing number of articles
indicate many potential variables engaged in the pathophysiology of mental disorders,
including schizophrenia. Despite this significant expansion of knowledge, the amount of
evidence and the strength of the found factors are still insufficient to determine biomarkers,
particularly for schizophrenia [3]. Many of the promising results are contradicted by others.
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According to its definition, a biomarker must be measurable and must indicate a normal,
pathological process or response to some intervention [4]. This term includes a broad
range of factors, including variables measured from blood, blood-brain barrier, saliva, the
neuroimaging testing results or many others [3]. When searching for biomarkers properly,
a researcher should take into account non-presenting being a difficulty in assessment. The
examination should be quick, cheap and generally available. The determination of solid
clinical features which relevantly classify the problematic parts in psychiatry (e.g., the
diagnosis) is a big challenge in modern medicine. Huge progress in advanced methods
(i.e., neuroimaging, biochemical, molecular, genetic assessment) allows for the determi-
nation of even more factors that complicate the picture of the pathological processes of
schizophrenia [5].

Biomarkers have been seen as a supplement to diagnosis and cannot replace the
current use of the interview-based method. One substance cannot reflect the complicated
clinical picture of the disease. The complexity of the biological pathways leads to inter-
actions between many processes, and one change entails another. Some abnormalities
occur only due to the functionality formed in the previous step [3,6]. The pathological
process should not be under consideration as one change, but as a common network of
mutual dependencies. Schizophrenia has been recognized not only as a disease linked
with changes in neurotransmitters of the central nervous system [7], but individuals with
schizophrenia also show a disruption in many systems. One of the observed disturbances is
pro/antioxidant imbalance [8,9]. There is also evidence that antipsychotic treatment affects
the oxidation processes, and greater changes in these markers lead to more substantial
psychopathology in patients. This indicates that redox state is a potential biomarker of
pathophysiology or treatment and therapeutic target in schizophrenia [10]. There has been
no consensus on specific disruption in pro/antioxidant pathways for the schizophrenic
process. Inconsistent findings could result from differences in the studies” design (exam-
ined population, methods, etc.) [9]. However, as mentioned above, all body reactions and
biochemical processes are connected, and levels of one substance affect others and vice
versa. More and more studies propose recognizing some diseases by a set of related patho-
genesis biomarkers [11,12]. The big challenge is searching and selecting substances tested
in research as potential biomarkers [5]. The complexity and heterogeneity of schizophrenia
make none of the markers a stand-alone, reliable assay because of either low sensitivity
or low specificity. The identification of additional biomarkers is essential for increased
relevancy. The decision should not be based on selecting random markers but identifying
them by a well-established method. The measurement without establishing a cut-off point
is impractical in the clinical approach. Thus, it is necessary to decide on these values for
continuous biomarkers [13].

This study aims to assess the usefulness of examining redox biomarkers (RB) disrup-
tion in schizophrenia as a potential biomarker of illness.

2. Materials and Methods
2.1. Study Population

We recruited 147 participants between 18 and 65 years old. The study population
consisted of 98 patients who have schizophrenia (SZ group) diagnosed according to DSM 5
criteria [14], which were divided into two equal subgroups: first-episode schizophrenia
(first treatment contact) (FS group; n = 49) and chronic schizophrenia (CS group; n = 49).

The exclusion criteria for all groups included the diagnosis of neurological diseases,
intellectual disability, organic brain dysfunction, autoimmune diseases or other diseases
in unstable phase or addiction (except nicotine and caffeine), and clinical signs of inflam-
mation (high-sensitivity C-reactive protein; hsCRP > 5 mg/mL). Healthy individuals with
psychiatric diagnoses were also excluded from entering the study.

The Ethics Committee approved the design of this study of the Medical Univer-
sity of Lublin in Lublin, Poland (project identification code: KE-0254/231/2013). The
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study complied with the Declaration of Helsinki, and informed consent was obtained
from participants.

2.2. Data Collection

The assessment was performed one time, and obtained data included socio-demographic
and clinical information, as well as blood samples.

2.2.1. Biochemical Procedures

Blood samples (20 mL) were obtained after overnight fasting, and were put into
Monovette blood collection tubes (S-Monovette® Serum). Next, samples were centrifuged,
and the obtained serum was aliquoted and frozen at —80 °C until analysis.

The concentration of RB was assessed according to earlier protocol, see: [15].

Briefly, we examined the concentration of the following enzymatic and non-enzymatic
antioxidants: catalase (CAT), glutathione peroxidase (GPx), superoxide dismutase-1 (SOD-1),
glutathione reductase (GR), reduced glutathione (GSH), total antioxidant capacity (TAC),
and ferric reducing ability of plasma (FRAP). We also examined the concentration of
the following oxidative damage products: advanced glycation end products (AGEs), ad-
vanced oxidation protein products (AOPP), dityrosine (DITYR), kynurenine (KYN), N-
formylkynurenine (NFK), tryptophan (TRY), and total oxidant status, (TOS). Additionally,
we examined concentrations of nitric oxide (NO) and total protein.

The activity of CAT (EC 1.11.1.6), SOD-1 (E.C. 1.15.1.1), GPx (EC 1.11.1.9), GR (EC
1.6.4.2.), GSH, TAC, FRAP, AOPP, TOS, NO were assessed colorimetrically. The content
of AGEs, DITYR, KYN, NFK, and TRY were analyzed fluorimetrically. To determine total
protein concentration, we used a commercial kit Thermo Scientific PIERCE BCA Protein
Assay (Rockford, IL, USA) according to manufacturer instructions. The bicinchoninic acid
(BCA) method was applied. All measurements were performed in duplicate samples and
standardized to 100 mg of total protein. Reagents were obtained from Sigma-Aldrich,
Darmstadt, Germany.

2.2.2. Socio-Demographic and Clinical Data

The collected data included socio-demographic (age, gender) and clinical information
(co-occurring diseases, medication taken, duration of illness (in SZ group)). The well-
trained physician [M.D] assessed the severity of psychopathological symptoms using the
Positive and Negative Symptom Scale (PANSS) in Polish adaptation [16]. The equivalents of
antipsychotic medication were calculated based on defined daily doses (DDDs) presented
by the World Health Organisation’s Collaborative Center for Drug Statistics Methodology
and were presented to 1 mg olanzapine [17].

2.3. Statistical Analysis

We analyzed the obtained results using Statistica 13 software (TIBCO Software Inc.,
CA, USA, Palo Alto). The Shapiro-Wilk test indicated the non-Gaussian distribution of
most examined factors. As a result, we used non-parametric statistics to characterize
participants enrolled in the study. To assess the differences in socio-demographic data
between groups, the Man-Whitney U test was applied.

To find a potential panel of biomarkers of SZ for both first-episode and chronic SZ, we
applied the classification tree model method (C&RT). C&RT is the most often used method
for exploring data. The data-mining analysis allows for determining the roles of examined
factors and their hierarchy by categorizing patient subgroups. C&RT divides analyzed
data into two subsets in the variable hierarchy order, creating a subset tree. Each of the
following subsets is more homogenous than the previous. As we mentioned, the C&RT
system is elastic and allows for assessing predictors by considering unequal classification
costs, which is impossible using other data algorithms.
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Spearman’s rank correlation coefficients were calculated after they were obtained, and
suggested biomarkers related to SZ that could determine the potential effect of treatment
and psychopathological symptoms on redox state changes.

3. Results
3.1. Characteristic of Examined Group

Of the 98 individuals in the SZ group, 47 (46.9%) were female, and of the 49 individuals
from the HC group, 26 (55.3%) were female (See: Table 1). The median age of the SZ group
was 29 and did not differ from the age of the HC group (median: 28). Similarly, the median
body mass index (BMI) between the two groups did not differ (median: SZ: 24.5 kg/m?,
HC 22.8 kg/m?). In the patients’ group, the median length of illness was 24 months. The
median value of psychopathological symptoms in the SZ group was 87 (points of PANSS)
and was different between first-episode patients (median: 104 points) and chronic patients
(median: 72 points). The patients’ groups differed in doses of antipsychotic drugs (median
olanzapine equivalents in FS was 0, and CS was 17.25). Twenty-six patients from the FS
group were drug-naive (53.1%).

Table 1. Characteristics of examined population.

Variable SZ HC p-Value
Age, years
29 28 NS
M]
Ge“df;; §male) 52 (53.06) 21 (42.86) NS
BMI, kg/m?
' 245 229 NS
(M]
Duration of illness,
months 24 NA NA
(M]
PANSS total 87
[M] FS: 104; CS: 72 NA <0.001
Dose of olanzapine 10
equivalents (mg) FS: 0: CS: 17.25 NA <0.001
M] :0;CS: 17.

SZ—schizophrenia; FS—first-episode schizophrenia; CS—chronic schizophrenia; HC—healthy control; BMI—
body mass index, PANSS—Positive and Negative Symptoms Scale, M—median.

3.2. Results of C&RT Analysis of Pro/Antioxidant State in Schizophrenia

The results of the C&RT analysis are depicted in Figures 1-3 and Table 2.
Firstly, we performed an analysis to distinguish the schizophrenia patients sample
from healthy individuals, independent of time since diagnosis.

3.2.1. Schizophrenia Patients vs. Healthy Individuals

Maximum accuracy for schizophrenia diagnosis was attained with two of sixteen
candidate biomarkers: TOS and GPx. The cut-off point TOS was >392.70, and GPx was
>15.33 for schizophrenia (see: Figure 1). When TOS was taking into account alone, it could
classify patients with 89.36% accuracy. Adding GPx to this classification raised the accuracy
to 98.81%. Correlation analysis indicates TOS and GPx were not affected by treatment and
psychopathological symptoms in SZ patients (p > 0.05).

3.2.2. Chronic Schizophrenia vs. First-Episode Patients

The analysis singled out four factors for discriminating first-episode vs. chronic
patients: KYN, AOPP, TAC and NO (see: Figure 2). The cut-off point for kynurenine was
>721.20 for first-episode patients and helped classify them with 82.61% accuracy from
chronic patients. The cut-off point for TAC was 64.76. This split separated the FS patients
with 92.68% accuracy. Adding NO (the cut-off point <2.59) to the model resulted in the
accuracy increasing to 100% for FS patients. Combining lower levels of kynurenine with
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AOPP below 0.55 strengthened the accuracy of the classification of chronic patients from

81.25% to 92.31%.

Due to some differences in PANSS scale scores and equivalents of antipsychotic
medication between CS and FE, we decided to assess the effect of these variables on our
results. We found a relationship between olanzapine equivalents and AOPP (R = 0.31;
p <0.05); KYN (R = —0.55; p < 0.05), TAC (R = 0.36; p < 0.05) and NO (R = 0.27; p < 0.05).
There was also a connection between PANSS total score and KYN (R = 0.38; p < 0.05) and

TAC (R = —0.31; p < 0.05).

D=1
SZ
Category ]
*5Z 38
HC 43
147

=147

EE_ET
33.33
100.00

TOS (nmol H202 Equivi100 mg protein)

== 39270
1
O=2 MN=25
HC
Category " &
SE o Q.00
*HC Z8 100.00
28 100.00

= 39270
|
Db=3 SZ M=94
Category R
*SZ 24 B3_3¢
HC 10 10. 64
34 100.00

GPx (mIU/M00 mg protein)
|

I
== 15.33

] ]
D=4 =10 O=5 M=54
HC SZ
Category H & Category H &
SE 1 10.00 *ZZ 23 58 .81
*HC 5 50.00 HC 1 1.15
10 100.00 24 100.900

Figure 1. C&RT analysis for healthy individuals (HC) and schizophrenia patients (SZ).
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D=2 N=4 D=3 N=4g
Cs F3
Category N % Category N %
*C5 33 B1.25 csg 8 17.3%
FS -] 18.7%5 *FS 38 BZ.€l
48 100.00 46 100.00
AQPP (umol/100 mg protein) TAC (umol/100 mg protein)
1 1
= 0.55 =647 64.76
1 1 1 1
D=4 M= D=5 H=3 D=6 H=41 D=7 M=
F$ Ccs FS Ccs
Category " Category n % Category 2 % Category N %
Ccs 2 *CS 3e 5z.31 cs 3 T.32 *C5 5 100_00
“E5 H FsS 3 7.65 “F3 38 5268 FsS o 0.0
7 33 100. 41 100.00 5 100.0
T
MO {umol/100 mg protein)
1
D=8 . - H=33% D=9 - MN=g
) Fs ) i Fs )
Category N % Category N %
cs o 0.00 cs 3 37.50
“EF3 33 100.00 “F5 s £2.50
33 100.00 a 100.00
Figure 2. C&RT analysis for first-episode (FS) and chronic patients (CS).
Table 2. Cut-off point for proposed redox biomarkers.
SZ FS CS
TOS >392.70 >859.96 >343.28
GPx >15.33 NA NA
GSH NA <3.12 <0.26

TOS—total oxidative stress, GPx—glutathione peroxidase; GSH—reduced glutathione; SZ—schizophrenia; FS—
first-episode schizophrenia; CS—chronic schizophrenia; NA—not applicable.

3.2.3. First-Episode Schizophrenia Patients vs. Healthy Individuals

Maximum accuracy for distinguishing first episode patients from healthy individuals
was attained with two of sixteen candidate biomarkers: TOS and GSH (see: Figure 3). The
level of TOS >859.96 had 84.46% accuracy for first-episode patients, and adding GSH to the
model (cut-off point below or equal 0.31) allowed for more precise differentiation (100%).
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0=1 =85
Category H &
*FE 43 E0.00
HC 4z E0.00
S8 100.00

TOS (nmol H202 Equiv/100 mg protein)

I
== 35996 = 55995
1 1
D=2 M=30) D=3 M=53
HC FS
Category H % Category H &
FS o 0.00 *F5 44 B4.E2
~*HC 30 100.00 HC B 15_38
30 100.00 52 100.00

G5H (ug/100 mg protein)
|

T 1
== .31 =031

1 1
O=4 =43 O=5 =g
FS HC
Category H & Category ] &
*EFS 43 100,00 F5 0 0,00
HC 0 0,00 “HC 8 100,00
43 100,00 8 100,00

Figure 3. C&RT analysis for healthy individuals (HC) and first-episode patients (FS).

3.2.4. Chronic Schizophrenia Patients vs. Healthy Individuals

For discriminating chronic patients from healthy individuals, GSH and TOS were also
the most accurate. The cut-off point for GSH was below or equal to 0.26 with 87.5% accuracy,
and adding TOS with the cut-off >343.28 raised the accuracy to 100% (see: Figure 4). The
levels of TOS and GSH were not related to treatment and psychopathological symptoms in
SZ patients (p > 0.05).
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O=1 M=5§
Category H %
*C5 45 50.00
HC 45 50.00

58 100.00

G5H (ug/100 mg protein)

I
== 026 =0.28
1 1
O=2 MN=43 D=3 M=43
Cs HC
Category b2 & Category H &
*C5 4z B7.50 cs 3 E.58
HC £ 2_.50 ~*HC 40 53.02
48 100.00 43 100.00

TOS (nmol H202 Equivi100 mg protein)
1

I
== 34328 = 34328
| |
D=4 M=5 b=5 M=35
HC cCs
Category H % Category " k-
Ccs 0 0,00 *C5 35 100.00
+HC [ 100.00 HC 0 0.00
& 100.00 35 100.00

Figure 4. C&RT analysis for healthy individuals (HC) and chronic schizophrenia patients (CS).

4. Discussion

The aim of this study was to determine potential biomarkers from the set of redox
factors and their cut-off points to distinguish individuals with SZ. Recent research has
been focused on multiple possible biomarkers to diagnose different diseases for improving
sensitivity and specificity [18-20]. In our analysis, we confirmed RB could be considered an
additional biomarker of schizophrenia-related biological abnormalities. Despite the high
interest in biomarkers, scant attention has been paid to implementing potential biomarkers
into clinical practice. Usually, the works concerning diagnostic development are unfamiliar
with clinical practice. It should be noted that statistical significance does not reflect clinical
relevance [13]. The mean or median in the examined factor does not indicate whether
observed differences have clinical utility.

Rapid diagnosis of schizophrenia is still a considerable challenge, and none of the
blood factors are enough to be identified as an additional biomarker of SZ. There is
an urgent need to find biologically accessible, peripheral biomarkers. Several potential
candidates for them have been reported [6]. An increasing number of publications indicate
that in searching for biomarkers, automatic machine learning methods are required [21].

In data analysis, the traditional statistical approaches have limited utility in classifica-
tion [22]. These methods usually do not determine the cut-off points, which distinguish
normal and pathological states more precisely. Moreover, classical statistics do not perform
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the multiple comparisons and calculations that establish interaction or interplay between
variables [22]. Making a successful clinical diagnosis in psychiatry is based on a careful
patient assessment that includes many factors (e.g., interviews, psychological tests) to
eliminate incorrect recognition [23]. It seems impossible to replace detailed examination
with one variable from blood or other body fluid tests. All organs and mechanisms of a
human organism are connected and dependent on each other. In many clinically essential
settings, including the diagnosis of psychiatric disorders, the number of possible etiological
variables is quite large [7].

A large amount of evidence indicates an important role of pro/antioxidant distur-
bance in individuals with schizophrenia [9,10,24]. However, the results are inconsistent;
researchers may not always examine these same variables, or may do so at different stages
of illness. Studies confirm the potential of antipsychotic drugs to decrease RB levels, as
well as to decrease the severity of psychopathological symptoms [25,26]. To some extent,
this explains the contradictory results of studies and indicates RB as a potential marker of
treatment-associated changes and prediction of SZ.

Our analysis showed that the most promising factors in distinguishing schizophrenia
patients were TOS and GPx, with 98.81% accuracy. There is a relationship between TOS
and negative symptoms, but not all studies supported that TOS is higher in schizophrenia
patients [27]. It has been proposed that the neutrophil to lymphocyte ratio (NLR) could
reflect RB in patients with schizophrenia. NLR indicates the presence of inflammatory
reactions, which are commonly closely related to schizophrenia pathophysiology. Up to
now, NLR is more widely used in clinical practice than RB, but its value is correlated
positively with TOS [27]. This suggests NLR could be related to negative symptoms and
may be helpful in patients with higher NLR levels. However, the issue needs analysis in
further investigations.

Kulaksizoglu and Kulaksizoglu have determined the cut-off point for TOS as 5.9 [27].
However, the authors did not include information about units for the given value in their
publication. In another study, cut-off for the TOS level was 15.0 umol H,O, Equiv./L [28].
According to Sertan et al., TOS could be considered a marker independent of stage of
illness and course of schizophrenia. In the study by Copoglu et al., TOS levels were higher
in schizophrenia patients compared to healthy individuals. At the same time, some other
(e.g., total antioxidant status and 8-hydroxy-2'-deoxyguanosine) RB markers were more
elevated only in the non-remission subgroup. However, TOS levels were significantly
higher in remitted patients than in the acute stage of illness [29].

Some studies indicate lower Gpx is related to SZ pathophysiology and a worse course
of disease [30]. In our analysis, adding Gpx to TOS further strengthened the effect of
schizophrenia classification in the C&RT method. It has been shown that Gpx is affected
by treatment, and responders have displayed more “normalized” (higher) enzyme levels.
GPx levels decrease during treatment of risperidone, especially in non-responders to
therapy [31]. The increased level of Gpx may be a compensatory mechanism during
pathophysiological states [31]. On the other hand, two studies have shown that Gpx levels
were lower in long-term hospitalized patients treated with risperidone [32,33].

Gpx is crucial in the GSH system, in which changes were observed in chronic and
FS patients in our study. The GSH is a non-enzymatic antioxidant that exists at high
intracellular levels. The GSH system can counteract the excitotoxicity effect of glutamate
and unfavourable oxidative changes in the CNS. The higher brain GSH was accompanied
by the faster response to antipsychotics treatment in the drug-naive first-episode group,
and higher levels of GSH reversed the negative impact of hyperglutamatergic state in pa-
tients with schizophrenia [34,35]. The relationship between GSH and negative symptoms
was confirmed in some studies [36,37]. In our study, the GSH has been helpful to distin-
guish both patients with first-episode (<0.31) and chronic patients (<0.26) from healthy
individuals, but the cut-off point was different for these subgroups. More substantial
changes were observed in chronic patients, which suggest a gradual decrease in the GSH
during illness. According to meta-analysis, patients with schizophrenia have glutathione
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pathway metabolism dysregulations such as glutathione deficits and abnormalities in the
glutathione redox cycle, including lower levels in central and peripheral GSH [38].

Blood GSH can cross the blood-brain barrier. Thus, plasma or serum GSH may reflect
central GSH. Some authors have also suggested that there might be a relationship between
NMDA and GSH. GSH deficits may induce NMDA receptor hypofunction. On the other
hand, synaptic NMDA receptor activity boosts and manages GSH metabolism [35,39]. In
the mentioned meta-analysis, the changes of the antioxidant level were independent of
psychiatric treatment, but the effect of psychiatric treatment on GSH levels are conflicting.
Lower levels were more significant in unmedicated patients than in medicated patients.
Reduced GSH may contribute to disrupted myelination, which may, in turn, affect clinical
symptoms such as cognitive impairment in patients with SZ [38,40]. Some studies indicate
correlations between lower GSH levels and greater severity of clinical symptoms, including
cognitive dysfunction, while others do not support these results [38,41]. Some results sug-
gest that the age-related decrease in GSH levels in patients with SZ is more significant than
in healthy persons, supported by our findings. The role of GSH in the development and
severity of pathological schizophrenia symptoms requires explanation [38]. Nevertheless,
adding GSH to laboratory tests of patients with psychotic symptoms could confirm an
uncertain diagnosis.

In comparing the first episode to chronic schizophrenia, we found four candidates:
KYN, AOPP, TAC and NO. We proved lower KYN was related to a chronic state, inconsis-
tent with meta-analysis from 2021 [42]. In the review by Cao et al., lower KYN was found
in medication-free persons with SZ, and higher levels were observed after antipsychotic
treatment. However, the model studies indicate higher levels of KYN as a factor associated
with SZ pathophysiology [43]. In the meta-analysis, the KYN did not differ between healthy
individuals and patients with schizophrenia, similar to our results. However, serum levels
(blood fraction measured by us, as well) were higher than in the control [42].

In our analysis, PANSS scale scores and equivalents of antipsychotic medication
were related to RB biomarkers, especially KYN (R = —0.55; p < 0.05 for antipsychotic
equivalents and R = 0.38; p < 0.05 for PANSS) and TAC (R = 0.36; p < 0.05 for antipsychotic
equivalents and R = —0.31; p < 0.05 for PANSS). Inverse relationships (between PANSS
and equivalents for mentioned variables) suggest KYN and TAC could be considered
markers related to psychopathology and/or treatment response. However, the results need
further investigation.

We found that AOPP could be helpful in more precisely identifying individuals with
chronic schizophrenia, with the cut-off point of 0.55. The AOPP reflects protein oxidation
and could promote pro-inflammatory factors production (e.g., leptin, interleukin 8). In one
study, higher levels correlated with clinical severity scores in SZ [44].

Similar to our results, in a study assessing TAC in chronic and FS patients, this
variable did not differentiate them from healthy individuals. The authors also did not show
a difference dependent on the duration of the illness, but the study group was relatively
small (42 SZ and 42 HC) [45]. Interestingly, TAC status shifted between night and day in
SZ patients, which was not observed in a healthy population. Nevertheless, the TAC in
SZ was lower in admission and discharge than in HC. The results indicate that patients at
admission had significantly higher TAC levels at midday (as same as the control group),
but this difference was not seen at discharge. Authors suggest changes could have been
the results of antipsychotic treatment, but this point deserves future study [45]. It was
found that approximately 2.5 months is needed to increase TAS levels [46]. In our study,
the cut-off point which indicates lower levels were seen in FS. Hypothetically, it may be the
result of the shorter time of antipsychotic medication treatment.

The studies that assessed NO concentration in SZ are inconsistent [47,48]. The pub-
lished 2012 meta-analysis showed higher NO levels, but only in patients under treatment
and not in healthy persons. More recent studies showed no differences in the compound
level between SZ and healthy individuals and indicated that drug-naive patients had
higher levels of this parameter [48]. In our study, NO was helpful to discriminate chronic
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schizophrenia compared to the first episode, which could also result from a long time of
treatment in the chronic group [49]. The NO production is engaged in a cycle related to
NMDA receptor activity. The NO affect both as an anti- and prooxidant, and these changes
in SZ could have a causal, resulting, or compensating effect [50]. The studies show that
six-week antipsychotic treatment with risperidone increases NO and clinical response
among patients not receiving antipsychotic drugs. The changes of NO were seen only
in patients with response to treatment [49]. During acute exacerbation of schizophrenia
symptoms, the NO levels are higher than in healthy individuals and their levels were
slightly positively related to the duration of illness. In patients treated with minocycline,
the more substantial decrease in plasma levels of NO metabolites was associated with
weaker improvement in negative symptoms [51].

It is possible that only some redox balance factors are related to the pathophysiology
of psychiatric disorders. In our study, many RB (CAT, GR, SOD-1, FRAP, AGEs, DITYR,
NFK, TYR) were not related to schizophrenia. On the other hand, medication (as a tool to
reduce disruption homeostasis linked with illness) could affect these factors’ levels in the
blood. However, there are many fundamental issues with no answer in terms of biomarkers
of schizophrenia, and which need clarification.

5. Limitations

The limitations of our study must be mentioned. Firstly, many changes in the oxidative
system are not specific to psychiatric diseases and have been reported to be involved in
the pathogenesis of various (also somatic) chronic diseases [52,53]. The study group was
relatively small. It makes it difficult to draw definitive conclusions of the potential utility
of proposed C&RT schemes. The small study group also limits the power to detect changes
in some of the markers proposed by us. The use of antipsychotic treatments and other
medication could also be confounding factors that were not investigated. The patients
could also suffer from various somatic conditions and could have received treatment for
them. However, excluding individuals with an unstable phase of chronic disease minimizes
these confounders on the results presented by us. According to some studies, antioxidant
enzymes levels were related to the treatment of antipsychotic medication. However, studies
establish that an antioxidant defense appears in the early stage of SZ and is independent of
treatment. It should be pointed out that the heterogeneity of the symptoms, remission or
exacerbation of psychotic symptoms might have affected the results. It should be added,
the pro/antioxidant state is strictly related to dietary factors. Many observational studies
were able to show an association between intake of various nutritional compounds and
plasma markers of OS [54]. Further investigations should raise this issue.

6. Conclusions

In conclusion, we find that using RB would be a promising approach to differentiating
patients with schizophrenia from healthy controls and, in the future, could be used as an
add-on marker to diagnose and/or respond to treatment. Confirmatory studies with a
larger sample size in different stages of illness should be performed to establish utility
redox balance-related factors as a biomarker of SZ.

Author Contributions: Conceptualization, J.R. and H.K.-]J.; methodology, D.J.; ].R.; H.K.-].; formal
analysis, ].R.; N.W.; A.Z.; M.M.; investigation, D.J.; M.D.; KH.K.; data curation, M.D.; N\W.; A.Z.;
M.M.; writing—original draft preparation, J.R.; H.K.-J.; writing—review and editing, D.]; ].R.; KH.K.;
H.K.-].; visualization, J.R.; supervision, H.K.-]. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of the Medical University of Lublin,
Poland (project identification code: KE-0254/231/2013).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.



J. Clin. Med. 2021, 10, 4156 12 of 14

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Rodrigues-Amorim, D.; Rivera-Baltands, T.; Lopez, M.; Spuch, C.; Olivares, ] M.; Agis-Balboa, R.C. Schizophrenia: A review of
potential biomarkers. J. Psychiatr. Res. 2017, 93, 37—49. [CrossRef]

2. Lai, C.-Y;; Scarr, E.; Udawela, M.; Everall, I.; Chen, W.J.; Dean, B. Biomarkers in schizophrenia: A focus on blood based diagnostics
and theranostics. World J. Psychiatry 2016, 6, 102-117. [CrossRef] [PubMed]

3.  Garcia-Gutiérrez, M.S.; Navarrete, F; Sala, F.; Gasparyan, A.; Austrich-Olivares, A.; Manzanares, ]J. Biomarkers in Psychiatry:
Concept, Definition, Types and Relevance to the Clinical Reality. Front. Psychiatry 2020, 11, 432. [CrossRef]

4. Califf, RM. Biomarker definitions and their applications. Exp. Biol. Med. 2018, 243, 213-221. [CrossRef] [PubMed]

5. Lozupone, M.; Seripa, D.; Stella, E.; La Montagna, M.; Solfrizzi, V.; Quaranta, N.; Veneziani, E; Cester, A.; Sardone, R.; Bonfiglio,
C.; et al. Innovative biomarkers in psychiatric disorders: A major clinical challenge in psychiatry. Expert Rev. Proteom. 2017, 14,
809-824. [CrossRef]

6.  Shih, P. Metabolomics Biomarkers for Precision Psychiatry. In The Role of Bioactive Lipids in Cancer, Inflammation and Related Diseases;
Honn, K.V,, Zeldin, D.C., Eds.; Advances in Experimental Medicine and Biology; Springer: Cham, Switzerland, 2019; pp. 101-113.
ISBN 978-3-030-21735-8.

7. Smeland, O.B.; Frei, O.; Dale, A.M.; Andreassen, O.A. The polygenic architecture of schizophrenia—Rethinking pathogenesis and
nosology. Nat. Rev. Neurol. 2020, 16, 366-379. [CrossRef]

8.  Barron, H; Hafizi, S.; Andreazza, A.C.; Mizrahi, R. Neuroinflammation and oxidative stress in psychosis and psychosis risk. Int.
J. Mol. Sci. 2017, 18, 651. [CrossRef] [PubMed]

9. Fraguas, D.; Diaz-Caneja, C.M.; Ayora, M.; Hernandez-Alvarez, F; Rodriguez-Quiroga, A.; Recio, S.; Leza, J.C.; Arango, C.
Oxidative Stress and Inflammation in First-Episode Psychosis: A Systematic Review and Meta-analysis. Schizophr. Bull. 2019, 45,
742-751. [CrossRef]

10. Chien, Y.-L.; Hwu, H.-G.; Hwang, T.-J.; Hsieh, M.H.; Liu, C.-C.; Lin-Shiau, S.-Y.; Liu, C.-M. Clinical implications of oxidative
stress in schizophrenia: Acute relapse and chronic stable phase. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2020, 99, 109868.
[CrossRef] [PubMed]

11.  Guo, S;; Zhao, B,; An, Y;; Zhang, Y,; Meng, Z.; Zhou, Y.; Zheng, M.; Yang, D.; Wang, M.; Ying, B. Potential Fluid Biomarkers and a
Prediction Model for Better Recognition Between Multiple System Atrophy-Cerebellar Type and Spinocerebellar Ataxia. Front.
Aging Neurosci. 2021, 13, 644699. [CrossRef] [PubMed]

12. Fang, Z.; Hang, D.; Wang, K.; Joshi, A.; Wu, K.; Chan, A.T.; Ogino, S.; Giovannucci, E.L.; Song, M. Risk prediction models for
colorectal cancer: Evaluating the discrimination due to added biomarkers. Int. |. Cancer 2021, 149, 1021-1030. [CrossRef]

13. Woo, S.Y.; Kim, S. Determination of cutoff values for biomarkers in clinical studies. Precis. Future Med. 2020, 4, 2-8. [CrossRef]

14.  American Psychiatric Association Diagnostic and Statistical Manual of Mental Disorders (DSM-5%; American Psychiatric Association:
Washington, DC, USA, 2013; ISBN 0-89042-557-4.

15. Choromarnska, M.; Klimiuk, A.; Kostecka-Sochon, P.; Wilczyniska, K.; Kwiatkowski, M.; Okuniewska, N.; Waszkiewicz, N.;
Zalewska, A.; Maciejczyk, M. Antioxidant Defence, Oxidative Stress and Oxidative Damage in Saliva, Plasma and Erythrocytes
of Dementia Patients. Can Salivary AGE be a Marker of Dementia? Int. J. Mol. Sci. 2017, 18, 2205. [CrossRef] [PubMed]

16. Kay, S.R.; Fiszbein, A.; Opler, L.A. The positive and negative syndrome scale (PANSS) for schizophrenia. Schizophr. Bull. 1987, 13,
261-276. [CrossRef]

17. Leucht, S.; Samara, M.; Heres, S.; Davis, ].M. Dose Equivalents for Antipsychotic Drugs: The DDD Method. Schizophr. Bull. 2016,
42,590-594. [CrossRef]

18. El-Ansary, A.; Bjerklund, G.; Chirumbolo, S.; Alnakhli, O.M. Predictive value of selected biomarkers related to metabolism and
oxidative stress in children with autism spectrum disorder. Metab. Brain Dis. 2017, 32, 1209-1221. [CrossRef] [PubMed]

19. Ferreira, H.B.; Melo, T.; Paiva, A.; Domingues, M.D.R. Insights in the Role of Lipids, Oxidative Stress and Inflammation in
Rheumatoid Arthritis Unveiled by New Trends in Lipidomic Investigations. Antioxidants 2021, 10, 45. [CrossRef] [PubMed]

20. Liu, P; Wang, Y.; Yang, G.; Zhang, Q.; Meng, L.; Xin, Y; Jiang, X. The role of short-chain fatty acids in intestinal barrier function,
inflammation, oxidative stress, and colonic carcinogenesis. Pharmacol. Res. 2021, 165, 105420. [CrossRef] [PubMed]

21. Swan, A.L; Mobasheri, A.; Allaway, D.; Liddell, S.; Bacardit, ]. Application of Machine Learning to Proteomics Data: Classification
and Biomarker Identification in Postgenomics Biology. OMICS ]. Integr. Biol. 2013, 17, 595-610. [CrossRef]

22. Lewis, RJ. An Introduction to Classification and Regression Tree (CART) Analysis. In Proceedings of the Annual Meeting of the
Society of Academic Emergency Medicine, San Francisco, CA, USA, 22-25 May 2000.

23. Murray, G.K;; Lin, T.; Austin, J.; McGrath, ].J.; Hickie, I.B.; Wray, N.R. Could Polygenic Risk Scores Be Useful in Psychiatry?: A
Review. JAMA Psychiatry 2021, 78, 210. [CrossRef] [PubMed]

24. Bahceci, B.; Kokacya, M.H.; Copoglu, U.S.; Bahceci, I.; Sahin, K.; Bagcioglu, E.; Dokuyucu, R. Elevated nucleosome level and
oxidative stress in schizophrenia patients. Bratisl. Lek. Listy 2015, 116, 587-590. [CrossRef]

25. Bai, Z.-L.; Li, X.-S.; Chen, G.-Y;; Du, Y.; Wei, Z.-X; Chen, X.; Zheng, G.-E.; Deng, W.; Cheng, Y. Serum Oxidative Stress Marker
Levels in Unmedicated and Medicated Patients with Schizophrenia. ]. Mol. Neurosci. 2018, 66, 428-436. [CrossRef]

26. Maas, D.A,; Vallés, A.; Martens, G.J.M. Oxidative stress, prefrontal cortex hypomyelination and cognitive symptoms in schizophre-

nia. Transl. Psychiatry 2017, 7, e1171. [CrossRef]


http://doi.org/10.1016/j.jpsychires.2017.05.009
http://doi.org/10.5498/wjp.v6.i1.102
http://www.ncbi.nlm.nih.gov/pubmed/27014601
http://doi.org/10.3389/fpsyt.2020.00432
http://doi.org/10.1177/1535370217750088
http://www.ncbi.nlm.nih.gov/pubmed/29405771
http://doi.org/10.1080/14789450.2017.1375857
http://doi.org/10.1038/s41582-020-0364-0
http://doi.org/10.3390/ijms18030651
http://www.ncbi.nlm.nih.gov/pubmed/28304340
http://doi.org/10.1093/schbul/sby125
http://doi.org/10.1016/j.pnpbp.2020.109868
http://www.ncbi.nlm.nih.gov/pubmed/31954755
http://doi.org/10.3389/fnagi.2021.644699
http://www.ncbi.nlm.nih.gov/pubmed/33958996
http://doi.org/10.1002/ijc.33621
http://doi.org/10.23838/pfm.2019.00135
http://doi.org/10.3390/ijms18102205
http://www.ncbi.nlm.nih.gov/pubmed/29053628
http://doi.org/10.1093/schbul/13.2.261
http://doi.org/10.1093/schbul/sbv167
http://doi.org/10.1007/s11011-017-0029-x
http://www.ncbi.nlm.nih.gov/pubmed/28497358
http://doi.org/10.3390/antiox10010045
http://www.ncbi.nlm.nih.gov/pubmed/33401700
http://doi.org/10.1016/j.phrs.2021.105420
http://www.ncbi.nlm.nih.gov/pubmed/33434620
http://doi.org/10.1089/omi.2013.0017
http://doi.org/10.1001/jamapsychiatry.2020.3042
http://www.ncbi.nlm.nih.gov/pubmed/33052393
http://doi.org/10.4149/BLL_2015_114
http://doi.org/10.1007/s12031-018-1165-4
http://doi.org/10.1038/tp.2017.138

J. Clin. Med. 2021, 10, 4156 13 of 14

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Kulaksizoglu, B.; Kulaksizoglu, S. Relationship between neutrophil/lymphocyte ratio with oxidative stress and psychopathology
in patients with schizophrenia. Neuropsychiatr. Dis. Treat. 2016, 12, 1999-2005. [CrossRef] [PubMed]

Yegin, A.; Ay, N.; Aydin, O.; Yargici, N.; Eren, E.; Yilmaz, N. Increased Oxidant Stress and Inflammation in Patients with Chronic
Schizophrenia. Int. J. Clin. Med. 2012, 3, 368. [CrossRef]

Sertan Copoglu, U.; Virit, O.; Hanifi Kokacya, M.; Orkmez, M.; Bulbul, F,; Binnur Erbagci, A.; Semiz, M.; Alpak, G.; Unal, A.; Ari,
M.; et al. Increased oxidative stress and oxidative DNA damage in non-remission schizophrenia patients. Psychiatry Res. 2015,
229, 200-205. [CrossRef] [PubMed]

Miljevig, C.D.; Nikolié-Koki¢, A.; Blagojevi¢, D.; Milovanovi¢, M.; Munjiza, A.; Juki¢, M.M.; Pesi¢, V.; Le¢i¢-Tosevski, D.; Spasi¢,
M.B. Association between neurological soft signs and antioxidant enzyme activity in schizophrenic patients. Psychiatry Res. 2018,
269, 746-752. [CrossRef] [PubMed]

Li, X.R;; Xiu, M.H.; Guan, X.N.; Wang, Y.C.; Wang, J.; Leung, E.; Zhang, X.Y. Altered Antioxidant Defenses in Drug-Naive First
Episode Patients with Schizophrenia Are Associated with Poor Treatment Response to Risperidone: 12-Week Results from a
Prospective Longitudinal Study. Neurotherapeutics 2021, 18, 1316-1324. [CrossRef] [PubMed]

Zhang, X.Y.; Tan, Y.L.; Cao, L.Y;; Wu, G.Y.; Xu, Q.; Shen, Y.; Zhou, D.F. Antioxidant enzymes and lipid peroxidation in different
forms of schizophrenia treated with typical and atypical antipsychotics. Schizophr. Res. 2006, 81, 291-300. [CrossRef]
Padurariu, M.; Ciobica, A.; Dobrin, I.; Stefanescu, C. Evaluation of antioxidant enzymes activities and lipid peroxidation in
schizophrenic patients treated with typical and atypical antipsychotics. Neurosci. Lett. 2010, 479, 317-320. [CrossRef]

Dempster, K.; Jeon, P.; MacKinley, M.; Williamson, P.; Théberge, J.; Palaniyappan, L. Early treatment response in first episode
psychosis: A 7-T magnetic resonance spectroscopic study of glutathione and glutamate. Mol. Psychiatry 2020, 25, 1640-1650.
[CrossRef] [PubMed]

Limongi, R.; Jeon, P.; Théberge, J.; Palaniyappan, L. Counteracting Effects of Glutathione on the Glutamate-Driven Excita-
tion/Inhibition Imbalance in First-Episode Schizophrenia: A 7T MRS and Dynamic Causal Modeling Study. Antioxidants 2021, 10,
75. [CrossRef] [PubMed]

Ciobica, A.; Padurariu, M.; Dobrin, I.; Stefanescu, C.; Dobrin, R. Oxidative Stress in Schizophrenia—Focusing on the Main
Markers. Psychiatr. Danub. 2011, 23, 237-245. [PubMed]

Pazvantoglu, O.; Selek, S.; Okay, I.T.; Sengul, C.; Karabekiroglu, K.; Dilbaz, N.; Erel, 0. Oxidative mechanisms in schizophrenia
and their relationship with illness subtype and symptom profile. Psychiatry Clin. Neurosci. 2009, 63, 693-700. [CrossRef]
Tsugawa, S.; Noda, Y.; Tarumi, R.; Mimura, Y.; Yoshida, K.; Iwata, Y.; Elsalhy, M.; Kuromiya, M.; Kurose, S.; Masuda, F.; et al.
Glutathione levels and activities of glutathione metabolism enzymes in patients with schizophrenia: A systematic review and
meta-analysis. J. Psychopharmacol. 2019, 33, 1199-1214. [CrossRef]

Sucher, N.J.; Lipton, S.A. Redox modulatory site of the NMDA receptor-channel complex: Regulation by oxidized glutathione. J.
Neurosci. Res. 1991, 30, 582-591. [CrossRef]

Wang, A.M.; Pradhan, S.; Coughlin, ].M.; Trivedi, A.; DuBois, S.L.; Crawford, J.L.; Sedlak, T.W.; Nucifora, F.C.; Nestadt,
G.; Nucifora, L.G; et al. Assessing Brain Metabolism With 7-T Proton Magnetic Resonance Spectroscopy in Patients With
First-Episode Psychosis. JAMA Psychiatry 2019, 76, 314-323. [CrossRef]

Martinez-Cengotitabengoa, M.; Mac-Dowell, K.S.; Leza, J.C.; Mic¢, J.A.; Fernandez, M.; Echevarria, E.; Sanjuan, J.; Elorza, J.;
Gonzalez-Pinto, A. Cognitive impairment is related to oxidative stress and chemokine levels in first psychotic episodes. Schizophr.
Res. 2012, 137, 66-72. [CrossRef]

Cao, B.; Chen, Y,; Ren, Z.; Pan, Z.; McIntyre, R.S.; Wang, D. Dysregulation of kynurenine pathway and potential dynamic changes
of kynurenine in schizophrenia: A systematic review and meta-analysis. Neurosci. Biobehav. Rev. 2021, 123, 203-214. [CrossRef]
Notarangelo, EM.; Pocivavsek, A. Elevated kynurenine pathway metabolism during neurodevelopment: Implications for brain
and behavior. Neuropharmacology 2017, 112, 275-285. [CrossRef]

Guidara, W.; Messedi, M.; Naifar, M.; Maalej, M.; Grayaa, S.; Omri, S.; Ben Thabet, J.; Maalej, M.; Charfi, N.; Ayadi, F. Predictive
value of oxidative stress biomarkers in drug-free patients with schizophrenia and schizo-affective disorder. Psychiatry Res. 2020,
293, 113467. [CrossRef] [PubMed]

Zahedi Avval, F.; Mahmoudi, N.; Nosrati Tirkani, A.; Jarahi, L.; Hamidi Alamdari, D.; Sadjadi, S.A. Determining Pro-Oxidant
Antioxidant Balance (PAB) and Total Antioxidant Capacity (TAC) in Patients with Schizophrenia. Iran. . Psychiatry 2018, 13,
222-226. [PubMed]

Flatow, J.; Buckley, P; Miller, B.J. Meta-Analysis of Oxidative Stress in Schizophrenia. Biol. Psychiatry 2013, 74, 400-409. [CrossRef]
Catak, Z.; Kaya, H.; Kocdemir, E.; Ugur, K.; Pilten, G.S.; Yardim, M.; Sahin, L; Piril, A.E.; Aydin, S. Interaction of apelin, elabela
and nitric oxide in schizophrenia patients. J. Med. Biochem. 2020, 39, 184-190. [CrossRef]

Insulin Resistance and Oxidative Stress: In Relation to Cognitive Function and Psychopathology in Drug-Naive, First-Episode
Drug-Free Schizophrenia. Available online: https://www.frontiersin.org/articles/10.3389 /fpsyt.2020.537280/ full (accessed on
29 July 2021).

Maia-de-Oliveira, J.P.; Trzesniak, C.; Oliveira, LR.; Kempton, M.].; Rezende, TM.N.; de Iego, S.; Baker, G.B.; Dursun, S.M.;
Machado-de-Sousa, J.P.; Hallak, J.E.C. Nitric Oxide Plasma/Serum Levels In Patients With Schizophrenia: A Systematic Review
And Meta-Analysis. Rev. Bras. De Psiquiatr. 2012, 34, 149-162. [CrossRef]


http://doi.org/10.2147/NDT.S110484
http://www.ncbi.nlm.nih.gov/pubmed/27574431
http://doi.org/10.4236/ijcm.2012.35070
http://doi.org/10.1016/j.psychres.2015.07.036
http://www.ncbi.nlm.nih.gov/pubmed/26213375
http://doi.org/10.1016/j.psychres.2018.09.009
http://www.ncbi.nlm.nih.gov/pubmed/30273900
http://doi.org/10.1007/s13311-021-01036-3
http://www.ncbi.nlm.nih.gov/pubmed/33791970
http://doi.org/10.1016/j.schres.2005.10.011
http://doi.org/10.1016/j.neulet.2010.05.088
http://doi.org/10.1038/s41380-020-0704-x
http://www.ncbi.nlm.nih.gov/pubmed/32205866
http://doi.org/10.3390/antiox10010075
http://www.ncbi.nlm.nih.gov/pubmed/33430154
http://www.ncbi.nlm.nih.gov/pubmed/21963690
http://doi.org/10.1111/j.1440-1819.2009.02015.x
http://doi.org/10.1177/0269881119845820
http://doi.org/10.1002/jnr.490300316
http://doi.org/10.1001/jamapsychiatry.2018.3637
http://doi.org/10.1016/j.schres.2012.03.004
http://doi.org/10.1016/j.neubiorev.2021.01.018
http://doi.org/10.1016/j.neuropharm.2016.03.001
http://doi.org/10.1016/j.psychres.2020.113467
http://www.ncbi.nlm.nih.gov/pubmed/33198042
http://www.ncbi.nlm.nih.gov/pubmed/30319706
http://doi.org/10.1016/j.biopsych.2013.03.018
http://doi.org/10.2478/jomb-2019-0029
https://www.frontiersin.org/articles/10.3389/fpsyt.2020.537280/full
http://doi.org/10.1016/j.rbp.2012.07.001

J. Clin. Med. 2021, 10, 4156 14 of 14

50.

51.

52.

53.

54.

Ustundag, M.E; Ozcan, H.; Gencer, A.G.; Yilmaz, E.D.; Ugur, K.; Oral, E.; Bilici, M. Nitric oxide, asymmetric dimethylarginine,
symmetric dimethylarginine and L-arginine levels in psychotic exacerbation of schizophrenia and bipolar disorder manic episode.
Saudi Med. |. 2020, 41, 38-45. [CrossRef]

Liu, F; Zhang, B.; Xie, L.; Ruan, Y.; Xu, X.; Zeng, Y.; Messina, L.; Zhao, J.; Fan, X. Changes in plasma levels of nitric oxide
metabolites and negative symptoms after 16-week minocycline treatment in patients with schizophrenia. Schizophr. Res. 2018,
199, 390-394. [CrossRef]

Hayes, ].D.; Dinkova-Kostova, A.T.; Tew, K.D. Oxidative Stress in Cancer. Cancer Cell 2020, 38, 167-197. [CrossRef]

Yaribeygi, H.; Sathyapalan, T.; Atkin, S.L.; Sahebkar, A. Molecular Mechanisms Linking Oxidative Stress and Diabetes Mellitus.
Oxidative Med. Cell. Longev. 2020, 2020, e8609213. [CrossRef]

Henning, T.; Weber, D. Redox biomarkers in dietary interventions and nutritional observation studies—From new insights to old
problems. Redox Biol. 2021, 41, 101922. [CrossRef] [PubMed]


http://doi.org/10.15537/smj.2020.1.24817
http://doi.org/10.1016/j.schres.2018.03.003
http://doi.org/10.1016/j.ccell.2020.06.001
http://doi.org/10.1155/2020/8609213
http://doi.org/10.1016/j.redox.2021.101922
http://www.ncbi.nlm.nih.gov/pubmed/33756398

	Introduction 
	Materials and Methods 
	Study Population 
	Data Collection 
	Biochemical Procedures 
	Socio-Demographic and Clinical Data 

	Statistical Analysis 

	Results 
	Characteristic of Examined Group 
	Results of C&RT Analysis of Pro/Antioxidant State in Schizophrenia 
	Schizophrenia Patients vs. Healthy Individuals 
	Chronic Schizophrenia vs. First-Episode Patients 
	First-Episode Schizophrenia Patients vs. Healthy Individuals 
	Chronic Schizophrenia Patients vs. Healthy Individuals 


	Discussion 
	Limitations 
	Conclusions 
	References

