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1 Introduction

Schizophrenia is one of the most severe and chronic forms of mental disorders with
to date unknown pathophysiology and aetiology, and it affects roughly 1 % of the
world’s population (Saha et al. 2007). At present, it is fully recognized as a multidi-
mensional illness, with a profound impact on behavior, perception, thinking, emo-
tions, neurocognition, and social function (O’Leary et al. 2000). A complex
interaction between genetic and environmental factors appears to be critical to the
pathogenesis of schizophrenia (van Os and Murray 2008), and data from many stud-
ies progressively contribute to a characterization of its mechanisms. The disorder is
characterized by chronic, often recurrent course, and serious deterioration in cogni-
tive and psychosocial functioning occurs in most patients, as early as during the first
5 years (Tamminga and Holcomb 2005).

The etiopathogenesis of this illness due to heterogeneity of patient population,
different symptoms, difficulties in diagnosis particularly in the early stage of the
disease, long-term treatment, and various side effects is difficult to study.
Neurodevelopmental (Murray and Lewis 1987; Lewis and Levitt 2002; Weinberger
1986, 1987), neurodegenerative (Lieberman 1999; Rund 2009), immunological
(Kinney et al. 2010; Kliushnik et al. 2009; Strous et al. 2009; O’Donnell 2012),
inflammatory (Covelli et al. 2003; Hanson and Gottesman 2005), infectious
(Babulas et al. 2006; Brown et al. 2009; Yolken and Torrey 1995; Yolken et al.
2000), and metabolic (De Hert et al. 2009; Fan et al. 2010) hypotheses and various
pathophysiological mechanisms have been proposed to explain the etiopathogenesis
of schizophrenia. Molecular mechanisms, leading to oxidative stress, involved in
the pathophysiology of schizophrenia are intricate and not yet fully explained. This
diversity reflects the considerable neurobiological heterogeneity and complexity of
clinical syndromes of schizophrenia. The implication of oxidative stress in inflam-
matory process, neurodegeneration, and neurodevelopment is emerging as an
important mechanism underlying numerous pathological processes. This disorder is
increasingly regarded as the result of pathological alterations in architecture and
function of the brain circuits supporting perceptual, cognitive, and emotional pro-
cesses (Insel 2009; Lewis and Sweet 2009; Palop et al. 2006) leading to distur-
bances of neural coordination within these networks. The current psychiatric
classification systems, the International Statistical Classification of Diseases and
Related Health Problems, 10th Revision (ICD-10; WHO 2008), and the Diagnostic
and Statistical Manual of Mental Disorders, 4th Edition (DSM-IV; APA 2000), are
based solely on the diagnosis of schizophrenia dependent on its clinical symptom-
atology since there is a lack of specific biological markers. The identification of
biological, clinical, or biochemical markers for schizophrenia could facilitate the
understanding of its etiopathogenesis as well as its diagnosis. It is important to
determine clear biological markers, which could accurately help to predict clinical
outcome of schizophrenia and identify at-risk individuals in preclinical stages of the
disorder (Schwarz and Bahn 2008). Thus, the search for effective biological mark-
ers for schizophrenia seems to be a main challenge for neuroscientific and psychiatric
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researches (Lakhan et al. 2010). Recently, markers of oxidative stress have been
taken into account. Biochemical alterations in the brain, especially the dopamine
system with free radical production and oxidative damage to the brain structure,
might be partly responsible for the pathogenesis of this heterogeneous disease.
Oxidative stress is involved in different intricate mechanisms of the disease and
might contribute to the explanation of various pathological processes integrating
some etiopathogenetic hypotheses about schizophrenia.

2 ROS Generation in Schizophrenic Patients

Imbalance between the pro- and anti-oxidative processes is a physiological phe-
nomenon used in many important functions of the body, and this imbalance with a
predominance of oxidation, defined as oxidative stress, may be involved in the
pathogenesis of many diseases including schizophrenia. Oxidative stress causes
changes in the function of several cellular components of the central nervous system
(CNS) and is involved in inflammatory and neurodegenerative processes (Ng et al.
2008; Pedrini et al. 2012; Lin and Beal 2006; Halliwel 2006). The brain with its
high metabolic rate is particularly vulnerable to oxidative damage (Halliwell 1992).
The impairment of redox mechanisms in the brain manifested as an imbalance in the
generation and scavenging of reactive oxygen species (ROS) and nitrogen species
(RNS) and altered regulation of these fundamental redox mechanisms leading to
oxidative stress are involved in the brain pathology in schizophrenia and can con-
tribute to the pathogenesis of the disorder. Moreover, cognitive dysfunction in
schizophrenia is accompanied by the changed redox mechanisms (Bitanihirwe and
Woo 2011; Zhang et al. 2012). The brain, rich in essential polyunsaturated fatty
acids (EPUFAs), is particularly susceptible to damage caused by free radicals, has a
high demand for oxygen (20 % of the total oxygen consumed by the body), and
produces large amounts of ROS (Halliwell and Gutteridge 1996). ROS are produced
in mitochondria as the leak of electrons from the electron transport chain; oxidative
phosphorylation in the mitochondrial electron transport chain is highly effective.
Incomplete reduction in oxygen during the respiration produces superoxide anion
(0O,.") that is enzymatically dismutated by superoxide dismutase (SOD) to hydrogen
peroxide (H,0,). Hydroxyl radicals, in turn, are formed via Fenton reaction
(Halliwell 1992). Superoxide anion (O,.”) of these three generated ROS is one of the
most reactive and controlled via multiple enzyme systems: SOD, CAT, GSH trans-
ferase, and thioredoxin. NADPH oxidase (NOX2) and xanthine oxidase are also
involved in the production of free radicals (Halliwell 1992; Halliwel et al. 2006).
In mitochondria (outer membranes), enzymatic oxidation of biogenic amines
induced by monoamine oxidase (MAQ) generates H,0O,; dopamine as a substrate for
MADO is also a source of ROS. Dopamine is a modulator of oxidative status; it can
undergo autoxidation to generate ROS (Dalla Libera et al. 1996; Masserano et al.
2000; Grima et al. 2003; Boskovi¢ et al. 2011). During the mitochondrial respira-
tion, the increased Ca ion influx also activates neuronal NO synthase (nNOS) to
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generate NO, which has been reported to regulate mitochondrial function. NMDA
is also engaged in ROS production (O,7). The activation of NMDA receptors in
neurons and subsequent Ca ion influx can induce NO generation by nNOS
(Nakamura and Lipton 2011). NO, in turn, inhibits the activity of NMDA receptor
via S-nitrosylation (Lipton et al. 1993). The malfunction of NMDA receptors may
have effect on the redox status in patients with schizophrenia. Damage to mitochon-
dria in brain cells of schizophrenic individuals is connected with the impairment of
oxidative phosphorylation and increased ROS generation (Ben-Shachar et al. 1999;
Ben-Shachar 2002; Prabakaran et al. 2004; Clay et al. 201 1; Martins-de-Souza et al.
2011). Approximately up to 50 % of ROS in the CNS derive from mitochondria.
Especially neurons are sensitive to mitochondrial defects because they require high
levels of energy (ATP) for maintenance of synapses, survival, and their specialized
functions (Nakanishi and Wu 2009).

The impaired redox regulation caused by genetic and environmental factors, with
the alterations of antioxidant defense system and oxidative stress in the brains of
schizophrenic patients, is associated with various pathophysiological processes
including mitochondrial dysfunction, inflammation, epigenetic changes, impairment
of cell signaling, hypoactive NMDA receptors, or impairment of GABA interneu-
rons (Benes and Berretta 2001; Reynolds et al. 2004; Picchioni and Murray 2007;
Ben Sachar et al. 2002; Nakazawa et al. 2012). Schizophrenia is characterized by
mitochondrial dysfunction (Ben-Shachar and Karry 2008) with oxidative damage to
the mitochondrial membrane (Yao et al. 2001) and the mitochondrial electron trans-
port chain dysfunction (Ben-Shachar 2002; Prabakaran et al. 2004). Dopamine may
also impair mitochondrial membrane potential (Elkashef et al. 2002). The differ-
ences between schizophrenic and normal brains seem to be related partly to mito-
chondrial dysfunction and oxidative changes (Dror et al. 2002). In mitochondria, the
toxic hydrogen peroxide is generated from the enzymatically dismutated O, by
SOD, and glutathione is oxidized to glutathione disulfide (GSSG) (Dror et al. 2002).
Mitochondria do not synthetize GSH and the low GSH level contributes to mito-
chondrial function impairment and oxidative damage (Griffith and Meister 1985).
Recently, Seybolt (2010) has suggested that adjunctive use of alpha lipoic acid (its
reduced form dihydrolipoic acid) and niacinamide as components of coenzymes
NAD and NADP in the treatment of schizophrenia due to their properties to reduce
ROS/RNS and improve the GSH/GSSG ratio could help alleviate mitochondrial dys-
function, reduce oxidative stress, and improve psychiatric symptoms in schizophre-
nia. S-nitrosylation and subsequent further oxidation of critical cysteine residues can
also lead to mitochondrial dysfunction (Nakamura and Lipton 2011). Reduced level
of GSH was observed in plasma of patients with schizophrenia (Dietrich-Muszalska
et al. 2009¢). GSH is the brain’s dominant antioxidant implicated in the pathophysi-
ology of schizophrenia. An increased risk of schizophrenia is linked with polymor-
phisms of genes associated with GSH synthesis (Saadat et al. 2007; Tosic et al.
2006). In some brain structures, the presence of significant quantities of transition
metal ions — iron (Fe), copper (Cu), and manganese (Mn) — can also contribute to the
formation of ROS (Halliwell 1992). Free radical-induced membrane lipid/phospho-
lipid peroxidation may cause damage to the cell membrane, due to changes in its
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biophysical properties, such as fluidity, and inactivation of receptors/enzymes
associated with the membrane (Perluigi et al. 2012). These processes, in turn, may
lead to disturbances in the physiological function of cells, especially neurons.
Neurons are particularly sensitive to oxidative stress, and therefore, the efficient anti-
oxidant defense system plays an important role in their normal functioning. The low
antioxidant defense system observed in schizophrenia seems to be responsible in
part for oxidative stress in this disorder (Yao et al. 1998a; Yao and Keshavan 201 1a).

3 Markers of Oxidative and Nitrative Stress
in Schizophrenia: Antioxidants

Multidimensional data support the fact that redox status in schizophrenia can be
determined by the level of specific biomarkers of oxidative stress and the level of
antioxidants (Lakhan and Kramer 2009). Data for the brain redox status are limited
and contradictory. The majority of evidence for oxidative stress in schizophrenia is
mostly received peripherally by the assessment of markers in plasma/serum or
blood cells. Direct evidence of oxidative stress, especially when tardive dyskinesia
occurred, has been obtained in animal models (Harrison 1999). The functional and
biochemical consequences of oxidative stress were studied using animal models
and postmortem brain analysis, but most measurements of oxidative stress in schizo-
phrenia are in peripheral cells and fluids. They reflect redox processes occurring in
the brain. Common markers used to assess the extent of oxidative/nitrative stress in
schizophrenic patients are the products of oxidized and changed biomolecules —
lipids, proteins, and nucleic acids — and also the activities of antioxidant defense
system. The increased level of lipid peroxidation products measured commonly as
TBARS or MDA, 4-hydroxynonenal, and isoprostanes (see Table 1), altered pro-
teins and amino acids (estimated as the level of generated carbonyl groups or pro-
tein peroxides, 3-nitrotyrosine) (Dietrich-Muszalska and Olas 2009a, b), and the
presence of DNA damage products (8-hydroxyguanosine, telomere shortening)
(Miller et al. 2011; Jorgensen et al. 2013; Malaspina et al. 2001, 2014) as well as
reduced antioxidant defense systems (Yao and Reddy 2011) are observed as the
multiple pathophysiological consequences of increased toxicity of oxidative stress.
Carbonyl groups formed by the oxidation of proteins may be readily estimated by
an immunoassay technique (ELISA), but they seem not to be specific markers, con-
trary to 3-nitrotyrosine which is a specific and sensitive marker of protein alteration
caused by nitrative stress.

The antioxidant defense system consists of antioxidant enzymes (superoxide dis-
mutase (SOD), catalase (CAT), glutathione peroxidase (GPx), thioredoxin (Trx),
and numerous nonenzymatic antioxidants). Changes in the activity of antioxidant
enzymes and in total antioxidant status are presented in Tables 2 and 3. The indi-
vidual antioxidants may act cooperatively and protect the biomolecules against
oxidative damage.
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Table 1 Increased levels of lipid peroxidation products (e.g., MDA, TBARS, 4-HNE isoprostanes)

in patients with schizophrenia

References

McCreadie et al. (1995)

Brown et al. (1998)
Mahadik et al. (1998)
Khan et al. (2002)
Kuloglu et al. (2002)
Akyol et al. (2002)
Ranjekar et al. (2003)

Arvindakshan et al.
(2003a)

Dietrich-Muszalska
et al. (2005)

Zhang et al. (2006)
Gama et al. (2006)

Kunz et al. (2008)
Dakhale et al. (2008)
Huang et al. (2010)
Gama et al. (2008)
Dietrich-Muszalska
and Olas (2009b)
Dietrich-Muszalska
and Kontek (2010)

Mahadik et al. (1998)
Altuntas et al. (2000)
Herken et al. (2001b)

Arvindakshan et al.
(2003b)

Evans et al. (2003)

Dietrich-Muszalska
et al. (2005)

Das et al. (1998)
Srivastava et al. (2001)

Dietrich-Muszalska
et al. (2009)

Wang et al. (2009)

Skinner et al. (2005)
SSRG (2000)

Increased levels of lipid peroxidation
products (e.g., MDA, TBARS) in:

Plasma, serum

Red blood cells

Blood platelets

Fibroblasts
PMN

1 levels of isoprostane (PGF2a)

in urine

Postmortem increased (by 47 %)
4-HNE levels in the anterior

cingulate cortex

No changes of level of lipid

peroxidation products
CSF
Plasma

Antipsychotic drugs
(FGA/SGA)

Antipsychotics
Antipsychotics
Antipsychotics
FGA/SGA
Drug-naive
FGA/SGA
FGA/SGA
FGA/SGA

SGA

FGA/SGA

FGA/SGA
(haloperidol, clozapine)
FGA/SGA

FGA/SGA

Clozapine

SGA

SGA (olanzapine,
risperidone)
Antipsychotics
FGA

FGA
Never-medicated

SGA
SGA

FGA

SGA

Antipsychotics

Drug-free
Drug-free

MDA malondialdehyde, TBARS thiobarbituric acid reactive substances, 4-HNE 4-hydroxynonenal,
PMN polymorphonuclear leukocytes, CSF cerebrospinal fluid, FGA first-generation antipsychotics,
SGA second-generation antipsychotics
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Table 2 Antioxidant enzymes in plasma in patients with schizophrenia

References

Changes of antioxidant enzymes

Decreased SOD level or activity and changes of GPx or CAT

Raffa et al. (2009)
Mukerjee et al.
(1996)

Akyol et al. (2002)

Evans et al. (2003)

Ranjekar et al. (2003)

Zhang et al. (2003a,
b, ¢)
Dietrich-Muszalska
et al. (2005)

Dietrich-Muszalska
and Kwiatkowska
(2014)

Zhang et al. (2006)

Dadheech et al.
(2008)

Ben Othmen et al.
(2008)

Raffa et al. (2009)
Zhang et al. (2010)
Raffa et al. (2012a)

Raffa et al. (2012b)

1SOD levels, GPx — unchanged,
|CAT

1SOD, GPx, and CAT - no
changes

1SOD, 1GPx, CAT - not
examined

1SOD, GPx — no changes, 1CAT
1SOD, |GPx, |CAT

1SOD, GPx, and CAT — no
changes

1SOD activity in blood platelets
(reduction about 85 %)

| GPx activity in blood platelets
(suppressed GPx activity about
67 %)

1SOD, |GPx, |CAT

1SOD, |GPx, and CAT - no
changes

1SOD, |GPx, |CAT

1SOD, |GPx, |CAT

1SOD, GPx, and CAT —no
changes

1SOD, |GPx, and CAT - no
changes

1SOD, |GPx, |CAT

Increased SOD level or activity and changes of GPx or CAT

Reddy et al. (1991)

Yao et al. (1998a)
Yao et al. (1998c)

Abdalla et al. (1986)

Altuntas et al. (2000)

Kuloglu et al. (2002)
Zhang et al. (2003)
Gama et al. (2006)

Wu et al. (2012)

1SOD, GPx — not examined,
JCAT

1SOD

1SOD, 1GPx, and CAT —no
changes

Both SOD and GPx activities
were higher in the drug-free
condition compared to the
treatment

1SOD
1SOD
1SOD
1SOD
1SOD

1SOD

FGA/SGA or drug-naive

Antipsychotic-free, first
episode
First episode

FGA and SGA

Drug-naive
SGA
SGA

SGA

SGA

FGA and SGA

FGA

Drug-naive

a

Mostly by FGA

Chronic schizophrenics
FGA

Chronic schizophrenics

Drug-free treatment with
haloperidol

FGA

FGA and drug-naive
Drug-naive

Chronic schizophrenics
Drug-naive, first-episode,
and chronic schizophrenics
on antipsychotics®
Drug-naive, first-episode,
and chronic schizophrenics
on antipsychotics®

(continued)
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Table 2 (continued)

References Changes of antioxidant enzymes FGA/SGA or drug-naive
No changes' of SOD level or activity and changes of GPx or CAT
Yao et al. (1998c¢) SOD and CAT - no changes -
Srivastava et al. SOD - no changes -
(2001)
Herken et al. (2001b) SOD - no changes, 1GPx, 1CAT FGA
Evans et al. (2003) SOD and GPx — no changes, SGA
1CAT
Raffa et al. (2011) SOD - no changes, 1GPX, Drug-naive
|CAT
Micé et al. (2011) SOD - no changes, 1GPx, Antipsychotic-free

CAT - no changes

! significant, CAT catalase, GPx glutathione peroxidase, SOD superoxide dismutase, FGA first-
generation antipsychotics, SGA second-generation antipsychotics, 1 increased protein level of the
enzyme or its activity, | decreased protein level of the enzyme or its activity

aMeta-analysis

®Haloperidol or clozapine

Table 3 Total antioxidant status or total antioxidant capacity and antioxidant levels in plasma in
patients with schizophrenia
References Changes of TAS or TAC and antioxidant levels in plasma
Suboticanec et al. (1990) | | ascorbic acid levels
McCreadie et al. (1995) | alpha-tocopherol levels

Yao et al. (1998a, b) | TAS, | uric acid, albumin, and bilirubin

Yao et al. (2000) | uric acid, albumin, and bilirubin

Reddy et al. (2003) | uric acid, albumin, and bilirubin (independent of smoking status)

Virit et al. (2009) | TAS

Zhang et al. (2009a) 1 thioredoxin in serum in acute phase of schizophrenia (thioredoxin
positively correlated with positive symptoms of schizophrenia)

Lietal. (2011) ITAS (never-medicated first-episode patients)

Zhang et al. (2013) Thioredoxin normalized in chronic schizophrenics (on long-term
treatment with antipsychotics)

Owe-Larsson et al. 1 thioredoxin concentration in plasma (patients with first episode

(2011) of psychosis (acute phase))

1 thioredoxin concentration in plasma (on long-term treatment
with antipsychotic)

TAC total antioxidant capacity, TAS total antioxidant status, 1 increase of level, | decrease of level,
CSF cerebrospinal fluid

To evaluate the antioxidant defense system in plasma reflecting the total activity
of all antioxidants present in plasma, the total antioxidant status (TAS) should be
measured together with the estimation of individual antioxidants. TAS depends
mainly on a high concentration of albumin in plasma and the presence of ascorbic
and uric acids, bilirubin, tocopherol, melatonin, and various exogenous antioxidants
derived from diet, especially numerous polyphenols (see Chapter “Antioxidant
Plant Polyphenols and Cognitive Disorders”).
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The level of uric acid, a product of purine metabolism present in plasma, is
relatively high and reaches approximately over half of the free radical scavenging
activity in human blood (Korte et al. 1998; Murr et al. 2002; Chittiprol et al. 2010).
Properties of uric acid include quenching of superoxide and singlet oxygen and
protecting against oxidation of ascorbic acid through the chelation of iron. The abil-
ity of ascorbic acid to repair oxidized uric acid leads to synergy for maintaining
antioxidant capacity by these two antioxidants. Due to its properties, uric acid is an
important CNS antioxidant, since neurons contain high concentrations of ascorbic
acid (Suboticanec et al. 1990; Rose and Bote 1993). Moreover, a lower serum level
of this antioxidant may indicate that there is a significant loss of protection against
NO and toxic peroxynitrite derived from NO because uric acid is a scavenger of
peroxynitrite (Szabé et al. 2007). The level of uric acid in the CSF is about ten times
lower than in serum (Bowman et al. 2010). This suggests that this purine metabolite
is generated peripherally, and its migration to the CNS is limited by the blood-brain
barrier (BBB). In schizophrenic patients, the lower level of uric acid has been
reported (Yao et al. 1998b; Reddy et al. 2003).

Oxidative DNA damage may cause single- and double-stranded DNA breaks
and modification of DNA components such as bases and sugar. The estimation of
guanosine derivative is the most common method used (Cooke et al. 2003).
Oxidative/nitrative changes induced by oxidative stress in schizophrenic patients
are not restricted only to the brain, but may be observed in blood and peripheral
cells: plasma, erythrocytes, and blood platelets. These elements are used to esti-
mate the level of oxidative damage markers in schizophrenia. These markers may
give clues about the relation of oxidative damage to the onset and progression of
schizophrenia. Data from animal models and from postmortem studies in humans
show an increase in the level of lipids, proteins, and DNA oxidation products impli-
cated in oxidative stress in the brains of schizophrenic individuals. However, the
results of the estimation of oxidative markers are often contradictory (see Tables 1
and 2). The discrepancies may depend on several reasons, such as differences in
techniques of estimation, tested biological material (plasma, cell), the use of a sin-
gle marker that may not accurately reflect the totality of oxidative damage, the
choice of markers that can lack specificity and precision to detect oxidative stress
in vivo, or measurement methods that may not be able to detect low levels of oxida-
tive damage. Moreover, sample preparation methods may introduce artifactual oxi-
dation during storage of samples. Improper matching of cases to the controls may
also lead to the discrepant results, when lifestyle, diet, and ethnic origin are not
taken into account. It is extremely important to study and compare the samples
from schizophrenic patients in different stages of disease progression (naive, first,
chronic patients) and also after prescribed treatment, especially after different anti-
psychotics (both first and second generation). Altered gene expression may be
attributed to the pathogenesis of schizophrenia (Konat 2003; Tsankova et al. 2007,
Jiang et al. 2008). Genetic analysis has shown that the antioxidant pathway genes
especially for GSH are involved in schizophrenia. Oxidative damage results in gene
silencing expression of an affected genomic region. The mechanisms responsible
for gene silencing are likely epigenetic and may be mediated through the alteration
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of DNA methylation (Lu et al. 2004). High level of homocysteine in patients with
schizophrenia seems to be associated with DNA hypomethylation and changes in
gene expression (James et al. 2002). Polymorphism in the glutathione S-transferase
gene has been reported to be responsible partly for vulnerability to develop psycho-
sis (methamphetamine abuse) leading to schizophrenia (Hashimoto et al. 2005).
Polymorphism in the glutamate cysteine ligase gene has been also presented (Gysin
et al. 2007). Moreover, in patients with schizophrenia, the capacity for the synthesis
of GSH is lower than in controls and it may reflect a dysregulation of redox with an
increased susceptibility to oxidative stress that may be of a genetic origin (Do et al.
2010; Gysin et al. 2007, 2009, 2011).

4 Lipid Peroxidation in Schizophrenia

Lipid peroxidation through free radical oxidation of unsaturated fatty acids (arachi-
donic acid, docosahexaenoic acid) is presumed to be involved in the oxidative injury
in schizophrenia. Several methods have been developed for the measurement of the
products of free radical-induced lipid peroxidation, such as lipid peroxides,
4-hydroxynonenal, malondialdehyde (MDA), and thiobarbituric acid reactive sub-
stances (TBARS), to assess oxidative injury in vivo in schizophrenia. The common
colorimetric method used for the estimation of lipid peroxidation products is based
on the reaction of unsaturated fatty acid products, mainly aldehydes with thiobarbi-
turic acid, and the expression of the results as TBARS or MDA. The level of lipid
peroxidation in peripheral cells and body fluid of schizophrenic patients is presented
in Table 1. The assessment of MDA and TBARS, in spite of the lack of specificity
leading to the overestimation of MDA, is still the most widely used marker of oxida-
tive stress in clinical studies. Most of the published data concerning the oxidative
stress and oxidative damage to lipids in schizophrenia are based on this assessment.
There are other markers of free radical-induced lipid peroxidation: 4-hydroxynon-
enal, ethane (Puri et al. 2008; Ross et al. 2011), and isoprostanes (Dietrich-Muszalska
and Olas 2009b). Grignon and Chianetta (2007) performed a meta-analysis of stud-
ies on MDA levels in schizophrenic patients published up to July 2006 and showed
very large heterogeneity of the results. The analysis confirmed the value of these
markers in the assessment of oxidative stress in schizophrenia.

The contribution of oxidative injury to the pathophysiology of schizophrenia has
been indicated by the increase in lipid peroxidation products in the plasma and CSF
of patients, and the altered levels of both enzymatic and nonenzymatic antioxidants
in chronic, naive, and first-episode patients (Mahadik and Scheffer 1996; Khan et al
2002; Dietrich-Muszalska et al. 2005; Zhang et al. 2010; Tsai et al 2013; see
Tables 1 and 2). Recently, the increased level of breath ethane in patients with
schizophrenia has been reported. The preliminary evidence suggests that oxidative
stress can be assessed noninvasively by estimating breath ethane levels — the
omega-3 PUFA oxidation product (Ross et al. 2011) and breath hydrocarbon analy-
sis may represent a simple, noninvasive means to monitor the metabolic processes
occurring in the course and treatment of schizophrenia.
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According to Kartalci et al. (2011), the effects of electroconvulsive treatment
(ECT) used in schizophrenic patients indicate that ECT, contrary to the effects of
many antipsychotic drugs, may be a safe treatment alternative in terms of oxidative
stress, inducing significant clinical improvement in severity of the disease associ-
ated with a significant decrease in the MDA serum level.

4.1 Isoprostanes

Isoprostanes (a group of prostaglandin isomers) belong to a family of prostaglan-
din derivatives synthesized from arachidonic acid in vivo through the nonenzy-
matic free radical-catalyzed mechanism. They circulate in peripheral blood and are
excreted into the urine. Isoprostanes are generated in situ directly as an esterified
form in membrane phospholipids and released as a free form, mainly by phospho-
lipases. Phospholipase A, has a dominant role in the release of arachidonic acid
from phospholipids, removing the acyl chain of arachidonic acid from B-position
of phospholipids. This nonenzymatic peroxidation of arachidonic acid associated
with the creation of prostaglandin isomers (including the rearrangement) is impor-
tant for the escalation of oxidative processes and damage to cellular biomolecules
(Morrow and Roberts 1997; Chen et al. 1999; Brame et al. 1999). Morrow’s dis-
covery of F,-isoprostanes (a group of isomers of PGF,a) in 1990 and the develop-
ment of sensitive detection methods (immunoenzymatic assay) made their
measurement a recommended, reliable method for assessing the status of oxidative
stress in vivo (Morrow et al. 1990; Montuschi et al. 2004; Cracowski et al. 2002).
F,-isoprostanes are important and recommended biomarkers of oxidative stress,
and the method of measuring them is specific, highly sensitive, and noninvasive.
The formation of isoprostanes indicates that the free radical oxidation of arachi-
donic acid occurs in patients with schizophrenia. The measurement of F,-
isoprostanes is more sensitive than TBARS/MDA, lipid hydroperoxide, and
conjugated diene level estimation, which is in vivo hampered by various method-
ological limitations (Morrow 2006; Morrow and Roberts 1997; Roberts et al. 1996;
Roberts and Morrow 2000). Therefore, the method of F,-isoprostane evaluation
can be used to monitor oxidative stress in patients with schizophrenia, according to
clinical status of the disease (type of schizophrenia, predominance of positive or
negative symptoms, first episode or recurrence, an acute episode or remission).

Isoprostanes (prostaglandin isomer PGF,a such as 8-iso-PGF,a) are the primary
end-products of lipid peroxidation in vivo. The measurement of isoprostanes can be
useful for monitoring the effectiveness of schizophrenia treatment. The study
(Dietrich-Muszalska and Olas 2009b) on the assessment of the increased F,-
isoprostane concentration (8-iso-PGF,a) in patients with schizophrenia was the first
one showing that the oxidation of arachidonic acid occurs through the nonenzy-
matic pathway (not associated with cyclooxygenase), as a result of free radical
attack on membrane structures (Dietrich-Muszalska and Olas 2009b).
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5 Cell Membrane Phospholipids and Polyunsaturated
Fatty Acids (PUFAs) in Schizophrenia

Abnormal antioxidant enzyme activities and total antioxidant status, as well as
greater abundance of oxidation products with the reduced level of PUFA, have been
reported in schizophrenia (Yao et al. 2002b, 2003c; Ross et al. 2011). Metabolism
of phospholipids is the most extensively studied in schizophrenia (Gattaz et al.
1995; Keshavan et al. 1993; Glen et al. 1994, 1996; Mahadik et al. 1994; Yao et al.
2002; Ripova et al. 1997, 1999; Struneckd and Ripova 1999; Rybakowski and
Lehmann 1997). Phospholipids in the brain are extremely rich in polyunsaturated
fatty acids (PUFAs), which in the neuronal membrane constitute as high as 65 %
compared with other cells (15-35 %) (Horrocks et al. 1992). Membrane phospho-
lipids such as phosphatidylserine (PS), phosphatidylethanolamine (PE), and phos-
phatidylinositol (PI) are highly rich in arachidonic (AA) and docosahexaenoic
(DHA) acids, which are predominantly released by phospholipase A2 (PLA2) after
the stimulation of cell receptors (Skosnik and Yao 2003).

Polyunsaturated fatty acids (AA and DHA acids) as components of membrane
phospholipids play an important role in cell membrane dynamics (Rana and Hokin
1990; Du Bois et al. 2005); their defects caused partly by oxidative stress have been
observed in schizophrenic patients during the medication and in the course of the
illness, suggesting PUFA dysregulation in schizophrenia (Skosnik and Yao 2003).
The correlation between peripheral erythrocyte polyunsaturated fatty acids and
cerebral phospholipid metabolism estimated by 31-phosphorus magnetic resonance
spectroscopy (31P MRS) has also been documented for first-episode neuroleptic-
naive schizophrenic patients (Pettegrew et al. 1991; Yao et al. 2002; Fukuzako et al.
1999) and was selective for bilateral prefrontal cortex regions (Do et al. 2000). The
postmortem cortical tissue study also implicates abnormal fatty acid composition in
the frontal cortex in schizophrenic patients (McNamara et al. 2007; Yao and
Keshavan 2011a). The altered composition of membrane phospholipids may be one
of the most significant factors in the etiopathogenesis of schizophrenia, since it
leads to disturbances in signal transduction dependent on receptors of numerous
neurotransmitters (e.g., dopamine, serotonin, glutamate, acetylcholine, gamma-
aminobutyric acid, and noradrenaline) and nerve growth factor (NGF) (Mahadik
et al. 2001). Arachidonic acid, docosahexaenoic acid, and their metabolic products
such as diacylglycerol (DAG), phosphatidylinositol, and prostaglandins act as sec-
ond messengers and physiological mediators. The abnormalities in signal transduc-
tion caused by free radicals may be associated with altered membrane fluidity
depending on phospholipid components or with changes in second messengers (ara-
chidonic acid, docosahexaenoic acid, diacylglycerol, phosphatidylinositol, prosta-
glandins, cytokines, endocannabinoids), derived from membrane phospholipids and
generated by neurotransmitters and growth factors (Du Bois et al. 2005; Yao and van
Kammen 2003c¢).

It seems that the reduced level of second messengers derived from membrane
arachidonic acid caused by oxidative stress may be a key factor in modified signal
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transduction and neuronal deficits in schizophrenia (Horrobin 1998; Skosnik and
Yao 2003). The impairment of membrane phospholipids induced by free radicals
and their dysfunction leading to disturbance of signal transduction can be also
linked with function of neurotransmitters in schizophrenia, especially glutamatergic
and serotoninergic systems (Du Bois et al. 2005; Skosnik and Yao 2003).
Biochemical studies of blood platelets obtained from patients with schizophrenia
have shown abnormalities in cellular phosphatidylinositol system, which is a sec-
ond messenger for serotonin (SHT2) receptors (DeClerk 1990; Struneckd and
Ripova 1999; Yao et al. 2004). The dysregulation of glutamatergic mechanisms,
particularly hyperactive in exacerbation of psychosis and the related glutamate exci-
totoxicity, may be associated with oxidative stress and changes in the composition
of membrane phospholipids (Tai et al. 1998). Membrane arachidonic acid is a pre-
cursor of second messengers in signal transduction of several neurotransmitters
(dopamine, serotonin, acetylcholine, norepinephrine) (Axelrod 1990), and its oxi-
dation may cause changes in signal transduction. Moreover, membrane phospho-
lipid composition altered by oxidative stress may affect the activities of ion channels
and enzymes, such as Na*/K*-ATPase and adenylate cyclase, leading to the produc-
tion of cyclic AMP (Bourre et al. 1992). The omega-6/omega-3 PUFA ratio in mem-
brane phospholipids has an effect not only on fluidity of membrane but also can
affect the ligand-receptor interaction, possibly by increasing the availability of sur-
face protein receptors and/or by increasing the concentration of receptors in the
membrane (Farkas et al. 2002).

6 Nitrative Stress in Schizophrenia in Chapter 15

6.1 Glutathione

Glutathione (GSH), a tripeptide composed of glutamate, glycine, and cysteine, is
involved in a number of diverse functions that include disulfide bond formation,
detoxification, and antioxidant defense (Dringen 2000). The antioxidant function of
GSH is due to the redox-active thiol group that becomes oxidized when GSH
reduces target molecules. GSH may be oxidized to form glutathione disulfide
(GSSG). The GSH/GSSG ratio is a marker of the redox status, which is low in
schizophrenia (Dietrich-Muszalska et al. 2009¢). GSH deficiency seems to be a
major cause of oxidative stress in this disease. An impairment of the synthesis of
glutathione seems to be one of the central causes of increased oxidative stress in
schizophrenia (Do et al. 2009). GSH as a major nonprotein antioxidant in the brain
plays a very important role in protecting the neurons against damage caused by ROS
(which in the brain are produced additionally as a result of dopamine metabolism).
The decrease in low-molecular-weight thiols in schizophrenic patients shows a sig-
nificant reduction in the antioxidant defense system (Dietrich-Muszalska et al.
2009c), where GSH and thiols are important. The deficit of GSH can lead to the
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Table 4 Glutathione (GSH) in brain and cerebrospinal fluid of patients with schizophrenia:
postmortem and spectroscopy studies

Antipsychotic drugs

References Brain and CSF or drug-naive
Postmortem studies
Yao et al. (2006) | 40 % depletion of GSH in the caudate nucleus Treated earlier with
antipsychotic drugs
Gawryluk et al. Reduced levels of GSH in prefrontal cortex Treated earlier with
(2011a) antipsychotic drugs

Do et al. (2000) | Reduced levels of GSH by 52 % in prefrontal cortex | Drug-naive
and by 27 % in cerebrospinal fluid (MRS studies)

Spectroscopy studies

Terpstra et al. No changes in GSH levels in: (c) Treatment with
(2005) antipsychotics
Matsuzawa et al. | a. Anterior cingulate cortex

(2008)

Wood et al. b. Posterior medial frontal cortex

(2009) (¢) c. Medial temporal lobe

CSF cerebrospinal fluid, MRS magnetic resonance spectroscopy, GSH glutathione

peroxidation of membrane lipids and microdamage in dopaminergic terminals,
causing the loss of synaptic connectivity (Grima et al 2003). The reduced GSH
levels in cerebrospinal fluid and prefrontal cortex in patients with schizophrenia
have been described (Do et al 2000; Woo et al. 2008), and the deficit of GSH and its
metabolite, y-glutamylglutamine, in the cerebrospinal fluid of patients with schizo-
phrenia, who were drug-naive or drug-free at that time, was also found (see Table 4).
In magnetic resonance spectroscopy studies in vivo, the significant decrease in GSH
levels in the prefrontal cortex in patients with schizophrenia was proved (Do et al.
2000; Gawryluk et al. 2011a, b).

Glutathione may exert its antioxidant effects through several mechanisms. GSH
as redox state-regulating antioxidant is involved in the detoxification of drugs and
storage of cysteine and may affect gene expression and development of neurons
(Dringen 2000). Moreover, glutathione also enhances the action of glutamate at the
N-methyl-D-aspartate receptor (NMDA) (Kohr et al. 1994; Papadia et al. 2008);
thus, the reduction in GSH concentration could also contribute to the hypofunction
of NMDA receptor in the brain (Steullet et al. 2006). Metabolism of dopamine also
plays a pathological role in schizophrenia. It was shown that dopamine in cultured
cortical neurons decreased the GSH level by 40 % due to conjugation (Grima et al.
2003). Postmortem studies have revealed reduction in GSH level (about 40 %) in the
caudate nucleus of schizophrenic patients (Yao et al. 2006) and in the prefrontal
cortex (Gawryluk et al. 2011). The detoxication of ROS and harmful xenobiotics by
GSH occurs either by nucleophilic scavenging or as a result of the reaction catalyzed
by glutathione peroxidase (GPx). GSH acts as a cofactor for antioxidant enzymes
such as glutathione peroxidase and glutathione transferase (Lu 2009); regener-
ates other crucial antioxidants, vitamins C and E; and may directly eliminate ROS
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Table 5 Decreased glutathione level (GSH) or thiol group concentration in blood cells and plasma

Blood cells (erythrocytes,

References platelets) and plasma Antipsychotic drugs or drug-free
Altuntas et al. (2000) |GSH level in erythrocytes Antipsychotic-free and chronic
Dietrich-Muszalska IGSH in plasma treatment of FGA or SGA

and Olas (2009b)

Dietrich-Muszalska 1 concentration of thiol

and Olas (2009a) groups in platelet proteins

Zhang et al. (2007) |GSH level in plasma

Raffa et al. (2009, 2011) |GSH level in erythrocytes

Raffa et al. (2009) |GSH level in plasma

Micé et al. (2011) |GSH level in erythrocytes

Raffa et al. (2012a) |GSH level

GSH glutathione, | decrease of level

(Do et al. 2009). In our work (Dietrich-Muszalska et al. 2009¢), the significant
reduction in the amount of low-molecular-weight thiols such as glutathione and its
precursors, cysteine (CSH), and cysteinylglycine (CGSH) was described, while a
significant increase in the amount of homocysteine (HCSH) in plasma of schizo-
phrenic patients occurred. Oxidative stress in schizophrenia seems to be partly
associated with the impairment of the synthesis of GSH, since a number of poly-
morphisms in the gene coding the key enzyme for GSH synthesis (glutamate cyste-
ine ligase) have been demonstrated (Tosic et al. 2006; Saadat et al. 2007). The
decreased level of GSH in blood cells (erythrocytes, platelets) from schizophrenic
patients is presented in Table 5. Recently, Steullet et al. (2010) have demonstrated in
the mouse model that redox dysregulation affected the ventral but not the dorsal
hippocampus. GSH deficit caused impairment of parvalbumin neurons with
concomitant reduction in gamma oscillations in the hippocampus (Steulett 2010).
A novel treatment target in schizophrenia and other psychiatric disorders seems to
be glutathione that possesses a dominance as the important cellular antioxidant.
Recently, the results of several studies indicate the efficacy of N-acetylcysteine
(NAC), a glutathione precursor, which is a useful agent in the treatment of various
psychiatric disorders including schizophrenia (Matsuzawa and Hashimoto 2011;
Berk et al. 2008a,b). The mechanism of NAC action is not clearly understood. NAC,
which is capable of restoring thiol stores by shifting the redox balance in favor of
GSH, may act as precursor of GSH and may be involved in the modulation of gluta-
matergic, neurotrophic, and inflammatory pathways.

7 Oxidative Stress and Pathological Mechanisms
in Schizophrenia

Schizophrenia is a progressive disorder, as suggested by the clinical evidence, and
is generally considered as a neurodevelopmental disorder. Many factors play an
important role in its pathophysiological mechanisms. Despite the enormous
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advances that have been achieved, the pathogenesis of schizophrenia is still not
clear. The brain pathology in schizophrenia is a neurodevelopmental, genetic, and
environmental origin.

Biochemical alternations, especially in dopamine system in the brain with free
radical production and ROS/RNS generation, leading to oxidative/nitrative damage
to numerous biomolecules, might be partly responsible for the pathogenesis of this
heterogeneous disorder. Oxidative stress with lower antioxidant defense and oxida-
tive damage, reported by numerous studies, supports pathophysiological progres-
sion of schizophrenia and is consistent with the neurodegeneration hypothesis
(Lieberman 1999). Inflammation has been postulated to be a factor in the patho-
physiology of this disorder leading to the overproduction of prostaglandins from
arachidonic acid, especially PGE2, and production of proinflammatory cytokines
(IL-6) (Pedrini et al. 2012). The activity of cyclooxygenase 2 (COX-2) responsible
for the synthesis of prostaglandins is also elevated.

Infection-induced developmental neuroinflammation may be pathologically rel-
evant beyond the neonatal periods and may contribute to disease progression associ-
ated with the gradual development of the disease. Elevated risk of schizophrenia
following prenatal exposure to infection is connected with cytokine-associated
inflammatory events (prenatal cytokine hypothesis). The existence of the chronic
inflammatory syndrome in schizophrenia has been described (Korschenhausen
et al. 1996; Miiller and Schwarz 2010). There is also increasing evidence that
chronic inflammation, mediated by cytokines, contributes to the pathophysiology of
this disorder (Potvin et al. 2008; Kim et al. 2000, 2009). Cytokines are an essential
element of cell-to-cell communication in the immune system but also in the interac-
tion between the immune system and the brain. Cytokines affect the differentiation
and survival of neurons (Marx et al. 2001). Disturbances of brain development
caused by prenatal maternal infections seem to be the result of cytokine-related
inflammatory events (Meyer et al. 2008). The origins of increased cytokine levels in
schizophrenia are not known yet. Schizophrenic patients had higher level of cyto-
kines IL-2 and IL-6 than healthy controls (Lin et al. 1998; van Kammen et al. 1999;
Behrens et al. 2008; Meyer et al. 2011). The elevated superoxide anion level in
schizophrenia (with lower SOD activity) acts as a second messenger to activate
NF-kB which initiates the transcription of many genes involved in the synthesis of
cytokines such as IL-6, IL-1, and TNFa (Zhang et al. 2002).

Developmental neuroinflammation may affect processes that are pivotal for nor-
mal brain maturation, including myelination, synaptic pruning, and neuronal con-
nectivity, all of which occur to a great extent during the postnatal brain maturation
(Kasper and Papadimitriou 2009). Microglia that are resident macrophage of the
brain are involved directly in the neuronal degeneration by producing various pro-
inflammatory cytokines and free radicals (Yao et al. 2003; Bernstein et al. 2009).
The neuropathology of schizophrenia is closely associated with microglial activa-
tion (Stefano et al. 2004). Changes in immune-inflammatory pathways with the acti-
vation of microglia increase proinflammatory cytokine generation and oxidative
stress, autoimmune responses and activation of the tryptophan metabolite (TRYCAT)
pathway and consequent modulation of NMDA receptors, and glutamate production
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(Yao et al. 2010b). These factors may account for the higher neurodevelopmental
pathology in schizophrenia.

Various lines of evidence suggest immune dysfunction in schizophrenia (Yolken
and Torrey 1995) and the association of schizophrenia with autoimmune disorders
and increased levels of cytokines IL-1, IL-6, and IFNy (Zhang et al. 2009b).
Neopterin that is the catabolic product of GTP serves as a marker for immune sys-
tem activation and might elucidate the interaction between immune pathogenesis
and oxidative stress in schizophrenia (Yao et al. 2010a). It is produced in mono-
cytes/macrophages upon stimulation with cytokine interferon y. High level of neop-
terin is associated with increased production of ROS. Conflicting findings were
presented by Chittiprol et al. (2010). They have reported that antipsychotic-naive
patients with schizophrenia had significantly higher levels of neopterin nitrates and
lower levels of antioxidants; after treatment with antipsychotics, there were a sig-
nificant decrease in the neopterin levels and an increase in antioxidants. These stud-
ies support the view that oxidative stress in schizophrenia might be linked with
immune pathogenesis (Zhang et al. 2009b).

Tryptophan/kynurenine metabolism with kynurenic acid (KA) and neurotoxic
TRYCAT production is regulated by cytokines (see Chapter “The Kynurenine
Pathway at the Interface Between Neuroinflammation, Oxidative Stress and
Neurochemical Disturbances: Emphasis in Schizophrenia”). Increased KA and
TRYCAT pathway has the effect on NMDA receptor dysfunction and neuroprogres-
sion (Anderson and Maes 2013; Najjar et al. 2013). Maternal infection and subsequent
immune-inflammatory responses are also associated with oxidative stress and lower
level of an important antioxidant — glutathione. This process contributes to altera-
tions in neurodegeneration and myelination. Oxidative stress and TRYCAT pathway
could modulate the CNS glial-neuronal interactions that determine synaptic plastic-
ity as well as myelin generation and maintenance (Anderson and Maes 2013).
Schizophrenia is a brain disease with extensive abnormalities found in the cognitive
function and brain structures. The use of magnetic resonance imaging (MRI) allowed
to measure the amount of gray and white matter. In schizophrenic patients (first epi-
sode), the loss of gray matter is accelerated, particularly in the frontotemporal corti-
cal regions and sulcal and ventricular expansion (Kasper and Papadimitriou 2009).
However, there is considerable inhomogeneity of brain abnormalities in this disor-
der, and the alterations in mean volume of neuron and glial cell densities in different
brain regions and changes in neurotransmitter/receptor systems, growth factors, hor-
mones, regulatory proteins, and brain energy metabolism with dysfunction of mito-
chondria and ROS production have been reported (Rezin et al. 2009). There is some
evidence that oxidative stress supports pathophysiological progression in schizo-
phrenia. It is consistent with neurodegeneration hypothesis.

Based on the role of oxidative stress and lipid peroxidation, Horrobin in 1998
presented two hypotheses that:

1. Alteration in membrane phospholipid composition and the lipid metabolism
results in neuronal dysfunction leading to disruption of the membrane and cell
damage.



Oxidative Stress in Schizophrenia 61

2. Deficiency in antioxidant defense in the cortex of maturational development and
stressful physiological activity lead to increased concentrations of ROS, which
cause cellular injury dysfunction and potentially cell death.

These hypotheses highly theoretical are supported by described oxidative stress
in schizophrenia and integrate basic neurobiological mechanisms with the clinical
dimensions of the illness. Clinical deterioration is manifested by the development
and increasing severity and persistence of psychotic and negative symptoms and
cognitive impairment.

Although a number of hypotheses have been proposed in an attempt to explain
the pathophysiology of schizophrenia, no single theory seems to account for all
aspects of the disease.

Each hypothesis explains only some of the phenomena associated with schizo-
phrenia; however, many variables described in these hypotheses interact to produce
a disorder characterized by heterogeneous symptomatology and its progression.
Converging lines of evidence including reduced neuropil suggest that disrupted cor-
tical synaptic circuitry is a central deficit in schizophrenia (Lewis and Lieberman
2000) and apoptotic mechanisms may also be involved in this process and the
pathophysiology of schizophrenia (Jarskog et al. 2005). Cortical pyramidal neurons
from individuals with schizophrenia exhibit smaller somal volume, decreased spine
density, decreased dendritic length, and decreased terminals compared to healthy
control. These postmortem findings contribute to the hypothesis that schizophrenia
stems from altered synaptic circuitry. The cortical neuropathology of schizophrenia
includes neuronal atrophy, decreased neuropil, and alterations in neuronal density
with suggestion of altered synaptic circuitry (Kasper and Papadimitriou 2009).
Moreover, neuroimaging studies also indicate that a progressive loss of cortical gray
matter occurs in the early course of schizophrenia (Lewis and Sweet 2009; Lewis
2012). The underlying mechanisms of the defects and synaptic dysfunction suggest
that the dysregulation of neuronal apoptosis may contribute to the pathophysiology
of the disorder. Usually, the activation of complex apoptotic pathway may lead to
rapid neuronal death. The dysregulation of neuronal apoptotic cascade of pro- and
antiapoptotic proteins could lead to a limited form of apoptotic pathway in terminal
neuritis and individual synapses to cause synaptic elimination without the cell death
and with synaptic deficit and cortical dysfunction in schizophrenia. Apoptotic
mechanism seems to be responsible for progressive gray matter volume loss (first
onset of psychosis) when antioxidant activity is low (Glantz et al. 2006, 2010).

Apoptotic mechanisms that can influence synaptic connectivity, and neuronal
complexity seem to support the apoptotic hypothesis of schizophrenia connected
also with oxidative stress. Apoptotic hypothesis proposing that limited apoptotic
activity with apoptotic dysregulation can contribute to a gradual reduction in
neuronal viability and to synaptic deficits without causing neuronal death might
be taken into account. Oxidative stress could contribute to complex apoptotic
mechanisms.
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