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Abstract
Reactive oxygen species (ROS) and oxidative stress (OS) play roles in schizophrenia (SCZ), as also in Alzheimer’s (AD) and Parkin-

son’s (PD) disease. Various sources, including oxidases, serve as generators of ROS-OS, such as mitochondria, NADPH, cytochromes
P450, monoamines, ET metal complexes, G72 gene, and microglia. Diverse types of antioxidants (AOs) exert a positive influence on
the harmful effects. However, there are fewer drugs in the phenols and phenolic ethers category, in comparison with AD and PD. A

unifying mechanism based on ET-ROS-OS-AO is involved. Other possible influential aspects are discussed in a multifaceted approach.
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Introduction
Schizophrenia (SCZ) fits into the unifying mechanism which has been widely applied previously as set forth in Kovacic and Som-

anathan’s (2017) article involving electron transfer (ET), reactive oxygen species (ROS) and oxidative stress (OS). This unifying mecha-

nism argues that the preponderance of bioactive substances, usually as the metabolites, incorporate ET functionalities. We believe these
ET-metabolites play an important role in physiological responses. The main group include quinones (or phenolic precursors), metal

complexes (or complexors), aromatic nitro compounds (or reduced hydroxylamine and nitroso derviatives), and conjugated imines (or
iminium species). Resultant redox cycling is illustrated in Scheme 1. In vivo redox cycling with oxygen can occur, giving rise to oxidative

stress(OS) through generation of reactive oxygen species (ROS), such as hydrogen peroxide, hydroperoxides, alkyl peroxides, and diverse
radicals (hydroxyl, alkoxyl, hydroperoxyl, and superoxide) (Scheme 1). Cellular and mitochrondrial enzymes can also perform cataytically
in the reduction of O2.
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Scheme 1: Redox cycling with superoxide and ROS Formation.
In some cases ET results in involvement with normal electrical effects (e.g. neurochemistry). Generally, active entities possessing ET

groups display reduction potentials in the physiologically responsive range (Kovacic & Somanathan, 2017). Hence, ET in vivo can occur

resulting in production of ROS which can be beneficial in cell signaling at low concentrations, but produce toxic results at high levels.
Electron donors consist of phenols, N-heterocycles or disulfides in proteins which produce relatively stable radical cations. ET, ROS and

OS have been increasingly implicated in the mode of action of drugs and toxins, e.g. anticance drugs (Kovacic & Osuna, 2000), carcinogens (Kovacic & Jacintho, 2001), cardiovascular toxins (Kovacic & Thurn, 2005), toxins (Kovacic, Pozos, Somanathan, Shangari, & O’Brian,
2005), ototoxins (Kovacic & Somanathan, 2008) and various other catagories (Halliwell & Gutteridge, 1999).

In addition to the above, there is a plethora of experimental evidence supporting the theoretical framework. This evidence includes

generation of the common ROS, lipid peroxidation, degradation products of oxidation, depletion of AOs, effect of exogenous AOs, and

DNA oxidation and cleavage products, as well as electrochemical data (Kovacic & Somanathan, 2017). This comprehensive, unifying
mechanism is consistent with the frequent observation that many ET substances display a variety of activities (e.g. multiple-drug properties), as well as toxic effects.

It is important to recognize that mode of action in the bio domain is often involved with many physiological actions and is multifac-

eted. In addition to the ET-ROS-OS in relation to mechanism, much attention in the literature is paid to AO action entailing physiological
action.

Two sources will serve to describe the characteristics common to SCZ. It is a serious psychiatric illness whose main symptoms are

hallucinations and delusions (Bentall, 2006). Other features are withdrawal, apathy, cognitive impairment, loosening of associations,
emotional ambivalence, autism, world of fantasy, structural and neuro-developmental abnormalities. Various causes have been proposed
such as genetic influences, pollution from industrialization, traumatic episodes, and abnormal personality.

Treatment has mostly involved antipsychotic drugs. These medicines appear to block dopamine receptors leading to the theory that

SCZ is caused by abnormality in the dopamine system. Therapy based on family or cognitive behavior may be useful; however the present report deals with the properties of therapeutic drugs. Rather sparse treatment of sources for ROS-OS exists in the SCZ literature, as is

also for the case for PD (Kovacic & Weston, 2017a) and AD (Kovacic & Weston, 2017b). However, searches reveal appreciable discussion
of the generators of ROS.

Useful information is available from another source, the Harvard Medical School Health Topics A-Z (Lewine, 2016). SCZ patient have

difficulty recognizing reality, behaving naturally and thinking logically. There is difficulty with thoughts and perception, and withdrawal

from social contacts. Other symptoms are disorganized speech, diminished emotional expression, inability to engage in productive activity, deterioration in logical thinking, and unusual motor activity. The combination of limited speech, social skills, and behavior plus

restrictive emotions suggest to some that the disease may be a combination of several illnesses. Some cases involve substance abuse and
metabolic syndrome involving dysfunction in various organs where several genes are known to play a role.
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Treatment can consist of a combination of medication, psychosocial, counseling, and support by family and community with medica-

tions which comprise older and more recent drugs. The primary side effect of these antipsychotic medications is sedation.

NADPH oxidase is an important producer of ROS which is involved in physiological responses in various organs, including the brain.

A study by Markovic., et al. (2017) dealt with the effect of maternal deprivation (MD) on NADPH oxidase expression. MD causes behavioral changes which resemble SCZ. The AO GSH was reduced in quantity along with changes in OS parameters. Results point to extensive
changes in redox aspects.

G72 is a SCZ susceptible gene which encodes a polypeptide. Activation of D-amino acid oxidase has been suggested as a means of re-

ducing the neurotransmission of N-methyl-D-aspartate receptors (Wang., et al. 2015). G72 effectively increased ROS generation in cells.

Evidence indicates participation of OS. The ROS result can be reversed by tempol which is a scavenger of ROS. Psychiatric symptoms
were enhanced by increase in G72 levels in SCZ patients. ROS enhancement in mental illness may be a result of G72 overexpression in
brain cells.

An earlier report (Drews, Otte, & Zimmer, 2012) also revealed G72 in SCZ. Results point to G72 as a participant in reduction of mi-

tochondrial and synoptic defects, a pathomechanism of SZC. Many of the other findings (Drews, Otte, & Zimmer, 2012) were similar to

those of Wang., et al. (2015). The ROS-OS aspects of mitochondrial action are treated elsewhere in this report (Drews, Otte, & Zimmer,
2012). A more recent article by Akyol., et al. (2017) on G72 protein levels also supports the suggestion that G72 is an activator of D-amino

acid oxidase and may play a role in the pathogenesis of SCZ.

ROS generated by NO synthase have been implicated in an array of harmful behaviors which play a role in SCZ (Walton., et al. 2013).

Evidence demonstrates that the enzymes produce redox signaling cascades which interact in the brain with resultant influences on
social behavior and cognitive function.

Mitochondria provide another source of ROS-OS which has been claimed as a contributor to aging (Kovacic & Somanathan, 2017a;

Kovacic., et al. 2005). Leakage of electrons occurs in the ET chain which react with oxygen to produce superoxide, a precursor of other
ROS. Various neurotransmitters can undergo autoxidation of which dopamine is an example (Kovacic & Weston, 2017a). The molecule

incorporates a catechol entity which metabolizes to an ET o-quinone resulting in toxic ROS-OS. Other examples are cytochromes P450,

ET metal complexes of protein (e.g. iron), monoamine oxidases, and microglia that are microphages of the nervous system capable of
generating superoxide and H2O2 (Halliwell & Gutteridge, 1999). A frequent operator in generation of ROS-OS is ET which may play an
important function.

The present status of SCZ consists of symptom alleviation without a cure. Since ROS-OS appears to be the root of the illness, more

research should be devoted to inhibition of the fundamental causes in order to achieve the desired cure and prevention. This approach
may also be pertinent to other brain diseases, such as PD (Kovacic & Weston, 2017a) and AD (Kovacic & Weston, 2017b).

It is necessary to recognize the importance of the multifaceted nature of physiological action. In addition to ET-ROS-OS-AO, other

factors are at play in SCZ as indicated in this discussion: cell signaling, mitochondria, receptor binding and enzyme inhibition (Walton., et

al. 2013). The literature addresses the basic aspects of these items: cell signaling (Kovacic & Somanathan, 2012), mitochondria (Kovacic.,

et al. 2005), and receptor binding (Kovacic, Pozos, & Draskovich, 2007). The related articles on PD and AD deal with the role of AOs in

decreasing ROS-OS. However, the specific source of the harmful species was not addressed. Information is available on generation of
ROS-OS in the brain.

Discussion

Mechanisms involved in CNS diseases almost always involve OS. For this reason, AOs have been the object of much research, includ-

ing clinical trials; yet, all of these clinical trials have failed (Sorce, Krause, & Jaquet, 2012). A promising option involves targeting of
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specific sources of ROS in the CNS, such as NOX enzymes. These enzymes are importantly involved in a variety of CNS disorders, includ-

ing SCZ, AD, and PD. The review places focus on therapeutics aimed at NADPH oxides of the NOX class. These drugs could solve the
present problem involving incurable CNS pathologies. The majority of the drugs are not phenolic.

Phenothiazines (PTZ) are important drugs used in SCZ treatment. A prior report (Cruz., et al. 2010) dealt with AO activity of thio-

ridazine. Evidence indicates that PTZ enters the mitochondrial membrane and generates radicals which interact with thiol groups
resulting in mitochondrial permeability transition associated with the release of cytochrome c.

Much evidence indicated that ROS are involved with psychiatric disorders, including SCZ. Findings show that the AO vitamin C re-

duced ROS production in rat blood resulting from certain drugs (Heiser., et al. 2010).

The neurohormone melatonin (Figure 1) is linked to the pathogenesis of SCZ. The hormone attenuates behavioral deficits and

reduces OS in the brain in a SCZ model (Onaolapop, Aina, & Onaolapo, 2017). Evidence indicates that melatonin may be useful in SCZ
therapy. The literature provides evidence for involvement as an AO agent by various means, including demethylation to the phenolic

serotonin (Kovacic & Weston, 2017a, Kovacic & Weston, 2017b, Halliwell & Gutteridge, 1999). In a related report (da Silva Araujo., et al.

2017), melatonin reverses all SCZ-like symptoms associated with ROS-OS.

Figure 1: Melatonin.
A 2014 article provides useful information on AO properties of melatonin (Kovacic & Somanathan, 2014). The principal product

of metabolism is the 6-hydroxy derivative (Figure 2). Melatonin demethylation yield the corresponding phenol. Both phenolics are expected to exhibit AO properties. Representative examples are provided from the literature dealing with AO action of melatonin.

Figure 2: 6-Hydroxymelatonin.
Environmental insults increase OS in the adolescent brain (Khan., et al. 2017). Redox dysregulation is an important factor in the de-

velopment of SCZ and other neuropsychiatric disorders. Adolescent exposure to a dopamine transporter inhibitor produces elevation in

indicators of OS. Evidence indicates that oxidative and immune-inflammatory pathways play a role in SCZ (da Silva Araujo., et al. 2017).
Abundant literature deals with inflammation as well (Kovacic & Somanathan, 2014). The condition accompanies numerous illnesses,
including aging. Many reports deal with a link between those conditions and the presence of ROS-OS.

Citation: Peter Kovacic and Wil Weston. “Cause and Treatment of Schizophrenia: Electron Transfer, Reactive Oxygen Species, Oxidative Stress, Antioxidants, and Unifying Mechanism.” Chronicles of Pharmaceutical Science 1.6 (2017): 332-340.

Cause and Treatment of Schizophrenia: Electron Transfer, Reactive Oxygen Species, Oxidative Stress, Antioxidants, and Unifying Mechanism.
336

Adjunctive treatment with AOs, such as vitamin E, rice bran oil, and curcumin, in the early stages may prevent injury by ROS-OS, as

well as other deficits (Shireen, 2016). This 2016 review explains the role of OS with the aim of providing improved therapeutic drugs.

SCZ is a complex pathology. Neurochemical theories have been the most studied, leading to the neurodevelopmental theory. Find-

ings indicate that oxidative and nitrosative stress are importantly involved (Mhillaj., et al. 2015). These findings may lead to novel
biomarkers of pathology, as well as improved therapy. Similarly, the aim of a 2013 study by Tsai et al. was to investigate activities of OS

markers in SCZ patients. The markers are superoxide dismutase (SOD), glutathione (GSH), and glutathione peroxidase (GPx). Results
indicate that these markers may be indicators of SCZ severity. Antipsychotic drugs might influence GPx activity. In SCZ, the status and
interrelationship of OS, NO, and thyroid hormones were determined. OS index was calculated as the percent ratio of peroxides and AO
potential.

In the Dietrich-Muszalska, Kontek, & Rabe-Jablonska’s 2011a study, various drugs were investigated for their effect on lipid peroxi-

dation. Quetiapine (QUE) and olanziapine did not produce OS. In addition, QUE demonstrates AO properties. OS in SCZ may result in

part from treatment with certain antipsychotics; β-d-Glucan, a polysaccharide from yeast, exerts protection against harmful effects of
lipid peroxidation (Dietrich-Muszalska., et al. 2011b). β-d-Glucan proved to be a more effective AO than resveratrol.

Treatment for millions worldwide is limited to a small number of SCZ victims. Despite drug treatment, the efficacy is suboptimal. A

possible alternative may be AO therapy, based on involvement of OS. Use of AOs has been more fully investigated. Evidence suggests that

AOs, such as N-acetyl cysteine, may provide distinct benefits (Reddy & Reddy, 2011). Additionally, vitamin E may offer a salutary effect;
however, more clinical research remains to be done (Dietrich-Muszalska & Olas, 2009).

Free radicals induce OS with damage to a variety of molecules which might play a role in SCZ. A result can be membrane deforma-

tion caused by lipid peroxidation. The byproducts of enzymatic peroxidation of arachidonic acid were determined to result in substanc-

es such as isoprostanes and TBARS (Dietrich-Muszalska & Olas, 2009). Haloperidol caused a marked increase in lipid peroxidation,
which significantly reduced AO polyphenols (Dietrich-Muszalska & Olas, 2010). Relevant drug examples of the class are resveratrol and
quercetin.

In 2009, a report examined the biomarkers of OS in SCZ by oxidative/nitrative alteration of plasma proteins (Dietrich-Muszalska., et

al. 2009). The amount of thiol was also ascertained. The data obtained indicated that the amount of carbonyl groups and 3-nitrotyrosine
in proteins may be significant indicators of protein damage.

The effect of the AO vitamin C on SCZ patients was investigated (Dakhale., et al. 2005). Supplementation reverses ascorbic acid

levels, reduces OS and improves the brief psychiatric rating scale. Hence, clinical use of the AO is recommended.

Recently, a 2017 article has found a potential application for the treatment of SCZ (Samad & Haleem, 2017). The study assessed

the protective properties, such as AO effects, of rice bran oil (RBO). A beneficial role was noted for RBO in attenuation of haloperidol
induced tardive dyskinesia which is associated with antipsychotic drugs.

In relation to the mechanistic aspects of SCZ, further evidence indicates that free radicals or OS may be involved. The AO ability of

six antipsychotics was determined by the ability to scavenge ROS (Sadowska-Bartosz., et al. 2016). Clozapine and olanzapine displayed

AO effects against ROS. Olanzapine demonstrated the greatest activity, followed by clozapine and then aripoprazole. The top two drugs
showed limited toxicity and protected against the toxic action of NaOCl. Both drugs reduced protein nitration by peroxynitrite. Since
SCZ is linked to oxidative and nitrosative stress, the AO activity of the two drugs may have therapeutic value.

SCZ is a mental illness with involvement of OS or excessive free radical production. Polyphenols, such as curcumin, may alleviate

serious side effects associated with neuroleptics in patients with SCZ (Trebaticka & Durackova, 2015). Polyphenols in the diet have the
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potential to act as drugs in mental health. For example, neuroprotective mechanisms, such as AO action, are described for a natural

product, ginkgo biloba, in relation to potential therapeutic effects on psychiatric disorders, including SCZ (Montes., et al. 2015). The
potential use is proposed for psychiatric disorders, alone or combined with other medication treatment. The brain is a major organ for

the metabolism of oxygen with little protection by AOs. Alteration of the prooxidant - antioxidant balance can be used in therapy for
neuroprotection against OS (Popa-Wagner., et al. 2013). AO therapy comprises a novel strategy in treatment.

OS is an important aspect in SCZ. Ketamine induces SCZ-like symptoms. α-Lipoic acid (ALA) is an important natural AO. ALA and

clozapine reverses SCZ-like behavioral alterations induced by ketamine (Vasconcelos., et al. 2015). The drugs reverse decrease in GSH
and increase in lipid peroxidation. The combination reverses behavioral and some neurochemical aspects. The mechanism partially
involves an AO pathway.

Brain diseases are pathologies with large social and economic impacts. Treatment by drugs only alleviates the conditions. Flavo-

noids, such as quercetin (Figure 3), are phenolic AOs that counter OS which is involved in the disorders. In a 2013 review, Grosso et

al. discuss the benefit of these diet drugs in the therapy of brain diseases, including SCZ. The AO effect of this class is reviewed and the
structure-activity relationships are also addressed. AO capacity of a given flavonoid depends upon its chemical structure. This review
demonstrates the protective AO effects of flavonoids in countering the OS linked to the neuropathological conditions of SCZ.

Figure: 3: Quercetin.
Evidence indicates that excess radical generation or OS may be harmful to SCZ making for increase in ROS or decrease in AO pro-

tection (Wu, Kosten, & Zhang, 2013). Lipid peroxidation plays an adverse role and abnormalities due to the radicals may result. Novel
therapy could be based on OS mechanisms.

A related article proposes that potent AOs may serve as useful drugs in treatment of SCZ (Shirai, Fujita, & Hashimoto, 2012). Evi-

dence indicates that sulforaphane, present in vegetables, may exert a beneficial effect. Redox regulated processes can contribute to our
understanding of SCZ (Bokkon & Antal, 2011). Such knowledge, including participation of ROS, is essential for gaining insight into signal
pathways in the brain, as well as design of new drugs.

This concept is further explored in another relevant article that deals with nitric oxide (NO) as an important neurotransmitter and

neurotoxin, based on involvement of ROS and ET (Kovacic & Jacintho, 2003). Evidence demonstrates that ROS play an important role in
SCZ. A study by Akyol., et al. (2002) involves nitric oxide (NO) and other aspects. Their findings indicate the possible role of increased
OS and decreased AO enzymes, which may be relevant to the pathophysiology of SCZ. Increased enzymatic production of NO suggests a
possible role for NO, as well as new treatment strategies.

SCZ patients exhibit damage to membrane metabolism, excess free radicals, and harm to AO enzymes (Tylec., et al. 2007). The

alteration of genes and proteins is related to GSH and OS pathways. The brain is unusually prone to oxidative insult. Antipsychotic treatment affects the oxidative state. Research on AO enzymes could contribute to knowledge in the design of new drugs.
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Postmortem of the SCZ brain revealed increases in superoxide generation which would contribute to OS (Marchbanks., et al. 2003).

AO glycosides, such as quercetin rutoside, are beneficial in quenching superoxide production without adverse interference in ET activ-

ity.

SCZ, whose etiology is unknown, is a major mental illness that affects young people worldwide Marchbanks., et al. 2003. OS can

involve neuronal peroxidation. This oxidative neuronal injury can be prevented by dietary AOs. OS is related to altered AO defenses, increased lipid peroxidation, and reduced levels of polyunsaturated fatty acids (PUFAs) (Mahadik, Evans, & Lal, 2001). There is improvement in patients supplemented with PUFAs and AOs. Use of AOs at the onset of psychosis may reduce OS injury and improve outcome.
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