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Abstract

Human cells are exposed to exogenous insults and continuous production of different metabolites. 

These insults and unwanted metabolic products might interfere with the stability of genomic DNA. 

Recently many studies demonstrated that different psychiatric disorders show substantially high 

level of oxidative DNA damage in the brain accompanied with morphological and functional 

alterations. It reveals that damaged genomic DNA may contribute to the pathophysiology of these 

mental illnesses. Here we review the role of oxidative damage and reduced antioxidant ability in 

some vastly studied psychiatric disorders and emphasize the inclusion of treatment options 

involving DNA repair. In addition, while most currently used antidepressants are based on the 

manipulation of the neurotransmitter regulation in managing different mental abnormalities, they 

are able to prevent or reverse neurotoxin-induced DNA damage. Therefore, it may be plausible to 

target on genomic DNA alterations for psychiatric therapies, which is of pivotal importance for 

future anti-psychiatric drug development.
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 1. Introduction

Psychiatric illnesses such as mood disorders and schizophrenia are common, chronic mental 

disorders involving alterations in neuronal structures and functions. These diseases affect the 

lives of millions of individual worldwide and account for a significant proportion of the 

global disease burden. Despite considerable progress in research on these diseases in past 

decades, many fundamental challenges related to their etiologies and pathophysiology are 

far from being fully elucidated. For example, as one of the most prevalent and costly 

psychiatric disorders worldwide, the major depression disorder (MDD) has been 

hypothesized to be etiologically related to alterations in brain monoamine (Schildkraut 

1965), corticosteroid receptors (Holsboer 2000), neurotrophic factors (Duman & Li 2012), 

and cellular plasticity (Kempermann & Kronenberg 2003), as well as associated to 

inflammation (Muller & Schwarz 2007, Krishnadas & Cavanagh 2012) and oxidative stress 

(Manji et al. 2012, Smaga et al. 2015). While these hypotheses have triggered extensive 
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studies and have resulted in an accumulated evidence to make pathogenic mechanisms 

underlying these diseases gradually being disclosed, none of them has been widely accepted. 

Nevertheless, it may be promising that there is a possibly common pathogenic feature 

among these psychiatric diseases: DNA damage and impaired DNA damage repair (Shiwaku 

& Okazawa 2015). Human cells are constantly exposed to cytotoxic and genotoxic agents 

coming from endogenous and exogenous sources. As one of the consequences of such 

exposure, accumulation of unrepaired damaged DNA leads to ultimate neuronal loss and 

associated neural deterioration (Harman 1981). Brain shows a high rate of metabolic activity 

and a high ratio of membrane surface area to cytoplasmic volume. Especially, to cope with 

greater energy requirement for functional maintenance, the brain consumes about 20% of the 

body’s total oxygen (Zecca et al. 2004). Continuously facing so active oxidative and 

metabolic reactions, brain neurons are more vulnerable to oxidative damage than other cells, 

which leads to pronounced neuropathology, like mutagenesis, cellular dysfunction and 

aberrant phenotypes (Subba Rao 2007). Therefore, DNA damage and unrepaired DNA 

lesions have been recognized as the leading component of many neurological disorders 

(Suberbielle et al. 2013). Currently, the search for biomarkers for DNA damage in 

psychiatric diseases is gaining increased attention and several appeared evidences suggest 

the contribution of this pathogenic mechanism to psychiatric diseases. However, to date very 

few reviews focus on DNA damage and repair in major psychiatric disorders. In this review 

we hypothesize that oxidative DNA damage plays an important role in the pathophysiology 

of psychiatric disorders and then address these issues in MDD, bipolar disorder and 

schizophrenia that represent the common and major psychiatric diseases.

 2. DNA damage and cellular balance between oxidative stress and 

antioxidant processes

DNA damage, mainly in the form of oxidative DNA damage and cytogenetic damage, means 

any modification of DNA leading to changes of its coding properties and functions. This 

DNA lesion can be formed through intracellular and extracellular processes after exposure to 

various exogenous and endogenous insults. The exogenous insults include environmental 

DNA-damaging agents such as ionizing radiation, ultraviolent light, drugs and other 

chemicals (Ward 1988, McMillan et al. 2008, O'Neill & Wardman 2009). The endogenous 

sources of damage can be replication stress and oxidative stress which result in free radicals 

from oxygen metabolism as by-products such as reactive oxygen species (ROS), including 

hydroxyl (OH−), superoxide (O2−) and hydrogen peroxide (H2O2) (Cooke et al. 2003, Valko 

et al. 2007); reactive nitrogen species (RNS), including nitric oxide (NO) and nitrogen 

dioxide; and superoxide radicals from inflammatory responses (Kryston et al. 2011). While 

these free radicals can attack all cellular vital components like DNA, proteins and lipids, the 

nuclear and mitochondrial DNA damage has caught much attention, as it can block genome 

replication and transcription, further leads to mutations or genome aberration that threaten 

cell or organism viability (Uttara et al. 2009). The DNA lesions can occur in several types 

such as small base chemical alteration, helix distorting lesions, single-strand break and 

double-strand break (Rao 1993, Katyal & McKinnon 2008), all of which can interfere 

normal transcription or replication and incur a challenge for repair processes (Hoeijmakers 

2001). DNA damage triggers a number of cellular responses including activation of cell 
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cycle checkpoints which delay cell cycle progression in order to facilitate DNA repair or 

eliminate damaged cells through apoptosis (Zhou & Elledge 2000, Rouse & Jackson 2002). 

Coincidently, DNA damage also activates signaling pathways that serve to halt the cell 

cycle, when DNA repair occurs. Therefore, DNA damage is always synchronously followed 

by DNA repair, which involves the detection, repair and restoration of the damaged DNA 

(Hoeijmakers 2001). There are at least four active DNA repair pathways in nervous system, 

each specific to particular kind of DNA damage. For example, base excision repair is 

specific to correction of DNA base modifications created by reactive oxygen species. 

Nucleotide excision repair removes DNA lesions which distort its helical structure and 

creates cross links. Mismatch repair is essential for post-replication repair of 

misincorporated bases. Moreover, pathways like single-strand break repair and double-

strand break repair are instrumental in repairing DNA-strand breaks. Specifically, there 

could be two options for a cell to repair double-strand breaks: nonhomologous end joining 

(NHEJ) or homologous recombination (HR) repair (Dexheimer 2013, Madabhushi et al. 
2014).

Normally there is a balance between oxidative and reductive processes and their regulation 

contributes to the mechanisms in neuronal development and vesicular transport (Wilson & 

Gonzalez-Billault 2015). The reductive processes include several antioxidant enzymes such 

as catalase, superoxide dismutase (SOD), glutathione peroxidase and glutathione reductase 

(Krohne-Ehrich et al. 1977, McCord & Fridovich 1988, Chelikani et al. 2004). This built-in 

clearance system provides protection against ROS and other free radicals. Both exogenous 

(natural/synthetic) and endogenous antioxidants are responsible for inhibiting formation of 

ROS, binding metal ions needed for ROS production, and removing ROS and their 

precursors (Gilgun-Sherki et al. 2001). However, in case of metabolic stress the intracellular 

environment may face accumulation of these free radicals after the clearance pathways get 

exhausted. As such, imbalanced redox processes and oxidative stress will damage cellular 

vital components including DNA, and lead to the development and pathogenesis of several 

biological disorders (Fig. 1). The neuron loss in neural disorders can be the result of a 

complex interplay among oxidative injury, excitatory stimulation, dysfunction of key 

proteins and genetic factors. Similarly important, a perturbation of the redox homeostasis 

including a reduction of cellular antioxidant defenses and DNA repair capabilities also 

contribute to the development of these disorders. Therefore, DNA damage and DNA repair 

defects can lead to a variety of consequences, such as impaired DNA replication and 

transcription processes (Saxowsky & Doetsch 2006, Katyal & McKinnon 2008), which 

certainly contributes to aging and neurodegenerative diseases (Katyal & McKinnon 2008, 

Martin 2008, Coppede & Migliore 2015). Likewise, giving oxidative stress has been 

implicated as a potentially pathophysiological factor in a range of psychiatric disorders (Ng 

et al. 2008, Pandya et al. 2013), the coexistence of DNA damage and impaired DNA repair 

have been identified in these diseases, though still an emerging research area.

It has been reported that there are higher levels of oxidative products and lower levels of 

antioxidants in the brain and peripheral tissues of the patients suffering from psychiatric 

diseases (Smaga et al. 2015). There are two common biomarkers of oxidative damage: 8-

oxo-7, 8-dihydro-2’-dihydroguanosine (8-oxodG, also called 8-OHdG) and 8-oxo-7,8-

dihydroguanosine (8-oxoGuo). 8-oxodG is the end product of the hydroxylation of guanine, 
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and represents major oxidative DNA damage products (Hu et al. 2010). Guanine base is 

known to be the most susceptible to oxidative damage (Spassky & Angelov 1997, Radak & 

Boldogh 2010). Specifically, ROS such as H2O2, hydroxyl radicals, singlet oxygen, and one-

electron oxidants react with guanine residues in cellular DNA, leading to the formation of 8-

oxodG (Kohen & Nyska 2002, Cadet et al. 2008). 8-oxoGuo is a ribonucleoside analogue of 

8-oxodG and considered as a marker of RNA oxidation (Henriksen et al. 2009). These 

biomarkers have been commonly used to estimate the DNA damage in humans after 

exposure to cancer-causing agents, such as tobacco smoke, asbestos fibers, heavy metals, 

and polycyclic aromatic hydrocarbons. However, in recent years, 8-oxodG and 8-oxoGuo 

levels in the urine, blood and brain tissues have been widely used as not only an endogenous 

oxidative nucleotide damage biomarker (Evans et al. 2004, Nishioka & Arnold 2004, Hu et 

al. 2010, Sertan Copoglu et al. 2015), but also as a risk factor for many diseases (Wei et al. 
2009).

 3. DNA damage in MDD

MDD is one of the most prevalent and costly psychiatric disorder and has been estimated to 

be the second cause of disability worldwide (Malberg & Blendy 2005), with 10-30% of 

women and 7-15% of men likely to suffer from general depression in their life-time 

(Malberg & Blendy 2005). MDD is characterized by lowered mood, an inability to 

experience pleasure (anhedonia), combined by cognitive and vegetative symptoms such as 

changes in sleep, appetite, sexual and gastrointestinal motility (Belmaker & Agam 2008). 

Due to a higher suicidal rate than non-depressed subjects, MDD is associated with severe 

morbidity and an increased mortality (Cuijpers et al. 2014). As mentioned above, there have 

been several hypotheses for the pathophysiology of MDD. However, the exact etiology and 

mechanisms underlying MDD have not been determined. Nevertheless, a growing body of 

studies demonstrated that oxidative damage in the brain of the patients suffering from major 

mental illnesses is one of the major pathological process (Glaser et al. 1985, Flint et al. 
2005). As such, in recent years, while general depression as a symptom may be caused by 

different alterations in the brains such as deficiency of neurotransmitters, inflammation, or 

glucocorticoid receptors, etc., an increased severity of major depression has been 

hypothesized to be associated with an increase of oxidative DNA and RNA damage, which 

is attenuated by an effective antidepressant treatment (Jorgensen et al. 2013b).

There is an extensive body of evidence to support the involvement of DNA damage in MDD. 

First, the patients of MDD exhibit an increased level of biological marker of DNA damage. 

For example, higher concentrations of serum 8-oxodG were observed in patients with 

clinical depression (Forlenza & Miller 2006) and in depressive patients with gastric 

adenocarcinoma (Wei et al. 2009), compared to their non-depressive controls. There is a 

positive association between depressive symptoms and 8-oxodG levels in peripheral 

leukocytes in a non-clinical population (Irie et al. 2003), as well as in clinically depressed 

individual (Irie et al. 2005). Furthermore, association between increased levels of urinary 8-

oxodG and major depression was also detected in patients with myalgic encephalomyelitis 

or chronic fatigue syndrome (Maes et al. 2009a). The meta-analysis carried out recently 

confirmed that 8-oxodG and F2-isoprostanes as the oxidative stress markers were increased 

in patients with MDD and bipolar disorder, indicating that depression is associated with 
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increased oxidative damage to DNA and lipids (Palta et al. 2014, Black et al. 2015). 

However, one study did not find any significant association between urinary 8-oxodG and 

depressive symptoms in a large, non-clinical population of Japanese office workers (Yi et al. 

2012). Another cross sectional study found a slight correlation between depressive 

symptoms and oxidative stress in college students (Matsushita et al. 2010). Second, the 

peripheral blood leukocytes showed significantly lower copy number of mitochondrial DNA 

(mtDNA) and higher oxidative damage due to higher oxidative stress in MDD patients 

(Chang et al. 2015). Similarly, another study reported higher number of single and double 

stranded breaks in DNA along with oxidative damage with reduced DNA repair activity in 

patients with depressive disorder (Czarny et al. 2015b). The same group further genotyped 

single nucleotide polymorphisms (SNPs) of three genes encoding glycosylases, which are 

essential enzymes for adequate operation of base excision repair (BER). They found a 

stronger association of certain SNPs with early-onset depression than with late-onset 

depression supporting the hypothesis that altered DNA repair may be involved in 

pathogenesis of depression (Czarny et al. 2015a). Other studies also showed an increased 

level of telomere shortening (Simon et al. 2006) and an increased frequency of DNA damage 

(Andreazza et al. 2007). Moreover, depression can alter the ability of a cell to repair 

damaged DNA (Czarny et al. 2015b, Forsberg et al. 2015), including a reduced plasma 

antioxidants, antioxidant enzyme function and total antioxidant capacity (Maes et al. 2011). 

There is a significant decreased activity of antioxidants such as whole-blood reduced 

glutathione, and decreased levels of antioxidant enzymes such as glutathione peroxidase, 

erythrocyte SOD and serum heme oxygenase 1 in depressed patients (Rybka et al. 2013). 

Besides DNA damage, depressed individuals also exhibit increased peripheral markers of 

oxidative damage to lipid and proteins, (Maes et al. 2011), as indicated by increased levels 

of malondialdehyde, a byproduct of polyunsaturated fatty acid peroxidation and arachidonic 

acid (Khanzode et al. 2003, Ozcan et al. 2004, Galecki et al. 2009a, Galecki et al. 2009b, 

Rybka et al. 2013), and F2 isoprostanes, an oxidized derivative of arachidonic acid (Yager et 
al. 2010, Chung et al. 2013). It is noteworthy that there is a clear clinical difference between 

MDD and general depression. Long history of depressive episodes and their severity are the 

most important differential features in MDD. This may be the reason why alterations listed 

above for the involvement of DNA damage are mostly from the studies on MDD, rather than 

general depression. This is in line with the concept of allostasis and allostatic load (McEwen 

1998), as neuronal damage observed in MDD is the result of the maladaptation to oxidative 

stress and dysfunction of DNA repair mechanisms after prolonged and severe depression 

episodes.

DNA damage observed in MDD may mainly be caused by oxidative stress, which has been 

hypothesized to constitute a pathogenic mechanism in depression (Ng et al. 2008), and 

supported by many evidences, including increased peripheral markers of oxidative damage 

to lipids, proteins and DNA, as well as a reduced plasma antioxidants level, activity and total 

antioxidant capacity (Maes et al. 2011). In a human study on gene expression profiles in 

cells from autopsies of the frontal cortex, MDD was associated with molecular signs of 

inflammation, apoptosis and oxidative stress (Shelton et al. 2011). Also, there are reports 

related to increased plasma levels of peroxides and xanthine oxidase (Herken et al. 2007, 

Maes et al. 2010) and increased xanthine oxidase activity in post-mortem brain tissue of 
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patients with recurrent depression (Michel et al. 2010). Furthermore, oxidative stress 

impacts telomere stability and functions to damage telomeric DNA, rendering the cell 

susceptible to apoptosis (Opresko et al. 2005, Zhang et al. 2007). Moreover, oxidative stress 

stimulates and amplifies inflammatory responses (Krishnadas & Cavanagh 2012). Increased 

exposure and potency of oxidative stress to neural cells leads to stress-induced neural 

dysfunction and neuronal cell death (Jesberger & Richardson 1991). In patients with MDD, 

this is especially true to neurons in the hippocampus (Sapolsky 2000), as there is a decrease 

in blood flow and glucose uptake by the hippocampus (Kalia 2005). This is supported by the 

marked decrease in hippocampal volume caused by substantial loss of cells via neuronal cell 

death (Sapolsky 2000). Much of this volume loss and cell death can be directly attributed to 

oxidative stress-induced apoptosis of the hippocampal neurons (Bremner et al. 2000).

Stress is often a predisposing factor in the development of MDD (Sapolsky 1996). 

Prolonged elevations of glucocorticoids are often observed in patients with MDD, which 

may also contribute to an increased oxidative damage found in MDD (Joergensen et al. 
2011). Many in vivo and in vitro studies support this notion. For example, stress-induced 

higher glucocorticoids negatively interfere mitochondrial function (Madrigal et al. 2001, Du 

et al. 2009), increase DNA strand breaks, decrease total repair capacity and influence a 

number of genes related to DNA damage signaling pathways (Flint et al. 2007). Both acute 

and chronic stress significantly elevates 8-oxodG levels and DNA strand breaks in the 

frontal cortex, amygdala and hippocampus (Adachi et al. 1993, Liu et al. 1996, Consiglio et 
al. 2010). Human studies also showed that even a non-pathological stress like heavy 

workload and fatigue or psychological stress positively correlated with 8-oxodG levels in the 

peripheral blood leukocytes among the female workers (Irie et al. 2001, Irie et al. 2002, 

Inoue et al. 2009).

Under severe stress, the body begins to produce ROS that go unchecked due to unbalanced 

antioxidant levels seen in MDD. Buildup of ROS has deleterious consequences involving 

hemolysis, producing excessive amounts of heme iron, which acts as a pro-oxidant 

(Friedman & Caflisch 2010). The heme iron can react with the hydroxyl radical produced in 

the Fenton Reaction and causes both nuclear and mtDNA damage (via single or double 

stranded breaks) (Lloyd et al. 1997). A separate study that measured antioxidant enzymes 

and non-enzymatic molecules in addition to total antioxidant potential and plasma H2O2, 

reported a correlation between amount of oxidative stress and the severity of depression, 

determined by the total number of depressive episodes. In the plasma, these authors 

measured increased H2O2, which is lipid soluble and can diffuse out of the erythrocytes into 

the plasma. They also measured a decrease in antioxidative status, including a significant 

decrease detected in plasma uric acid levels (Yanik, Erel, & Kati, 2004), which is the most 

prevalent antioxidant molecules without enzymatic properties.

 4. DNA damage in bipolar disorder

Bipolar disorder is the second most studied psychiatric disorder after schizophrenia and 

characterized by recurrent episodes of mania or hypomania along with general depression. 

Depression appears to be more common and longer lasting in bipolar disorder patients 

cultivating suicidal tendencies in affectees (Anderson et al. 2012). As a highly disabling 
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psychiatric disorder, bipolar disorder has been considered as one of the leading causes of 

disability and is associated with increased morbidity and mortality (Kupfer 2005). 

Pathologically, this disorder has been associated with greater cognitive impairment, elevated 

levels of inflammatory markers, brain atrophy and poorer response to treatment (Robinson & 

Ferrier 2006, Berk 2009). However, the molecular mechanisms underlying pathogenesis of 

bipolar disorder remain unclear.

Similar to MDD, bipolar disorder has recently been linked to an increased DNA damage, 

possibly due to increased oxidative stress (Andreazza et al. 2007). For example, a meta-

analysis revealed the presence of oxidative damage in bipolar disorder, showing higher 

levels of lipid peroxidation and DNA/RNA damage, as well as increased levels of NO in 

bipolar disorder patients (Ozcan et al. 2004, Brown et al. 2014). Biochemical measurements 

using peripheral samples showed that serum 8-oxodG levels (Soeiro-de-Souza et al. 2013), 

and urinary 8-oxodG and 8-oxoGuo levels (Munkholm et al. 2015) were higher in bipolar 

disorder patients compared to healthy controls and positively correlated with the number of 

manic episodes. The increased oxidatively generated nucleoside damage was present 

through all affective phases of the illness (Munkholm et al. 2015). Similarly, post-mortem 

studies demonstrated a higher DNA fragmentation in the anterior cingulate cortex of bipolar 

disorder patients (Buttner et al. 2007) and increased levels of single-strand and double-

strand breaks in selective brain areas like the frontal cortex, hypothalamus, thalamus, 

cerebellum, pons and medulla in bipolar disorder patients, but not in the hippocampus 

(Mustak et al. 2010). However, another study revealed that damage in the hippocampus 

occurs predominantly in the cytoplasm of cells and thus affects RNA more than DNA (Che 

et al. 2010). The increase in DNA damage may lead to increased cell necrosis and 

subsequent inflammation of nearby tissues. In addition, patients suffering from bipolar 

disorder exhibited altered antioxidant systems (Ozcan et al. 2004), and a significantly 

decreased levels of poly ADP-ribose polymerase, a DNA repair enzyme, as well as SOD and 

catalase in the post-mortem brain hippocampus (Benes et al. 2006). Consistent to the above 

findings, neuronal loss has been reported in the medial prefrontal cortex, a key system in the 

regulation of emotional, behavioral, endocrine and innate immunological responses to stress 

(Guidotti et al. 2000, Savitz et al. 2014), the paraventricular nucleus and supraoptic nucleus 

of patients suffering from bipolar disorder (Manaye et al. 2005). The psychosocial stress, 

which results due to dysfunctional hypothalamic-pituitary-adrenal (HPA) axis, releasing 

high levels of glucocorticoids, also has role in bipolar disorder (Leverich et al. 2002, Brown 

et al. 2005, Johnson 2005, Bender & Alloy 2011). These higher levels of glucocorticoids 

negatively affect DNA repair machinery and antioxidant enzyme efficiency, which could be 

attributed to increased DNA damage in this disorder and moreover causes neuronal loss in 

the hippocampus, cingulate gyrus, striatum, amygdala and subcortical regions in the brain of 

bipolar patients (Cecil et al. 2002, Bertolino et al. 2003, Berretta et al. 2007, Reynolds & 

Reynolds 2011).

In a case report of monozygotic twins with bipolar disorder diagnosed via the DSM-IV, the 

authors examined the role of oxidative damage (Frey et al. 2007) and measured serum levels 

of thiobarbituric acid reactive substances, H2O2, as well as enzymatic activity levels of SOD 

and catalase. They found increased levels of SOD but lower levels of catalase along with 

increase in plasma levels of H2O2. Interestingly, they found that following a two-week 
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treatment with lithium, one of the patients with bipolar disorder had levels of SOD similar to 

the control. However, her twin counterpart who did not undergo treatment had remained 

high levels of H2O2 and SOD. Furthermore, the treated patient’s levels of catalase remained 

low and her DNA damage levels remained high (Frey et al. 2007). This suggests that the 

damage to DNA in patients with bipolar disorder is a trait that is continuous and unchanging 

regardless of treatment and is not a state that can be altered with antioxidants. A similar 

study measured the methylation patterns of monozygonic twins discordant for bipolar 

disorder and found differences in four of the 10 explored regions (Kuratomi et al. 2008), 

showing a possible pathophysiological role of altered DNA methylation in Bipolar disorder.

Human mtDNA is prone to oxidative injury because mitochondria generate reactive oxygen 

species during the respiratory chain reactions (Yamada et al. 2006). Oxidative damage 

induces both point mutations and large deletions in mtDNA. The relative amount of mtRNA 

is reported to decrease with age in bipolar disorder (Kakiuchi et al. 2005, Vawter et al. 
2006), though others found no differences compared to controls (Sabunciyan et al. 2007). 

Leukocytes have been shown to be a good cell model for studies of mitochondrial function 

(Liu et al. 2003, Leuner et al. 2012). The leukocyte mtDNA copy number of the bipolar 

disorder group was significantly lower than that of the control subjects, except for one report 

that no change was observed in this marker (de Sousa et al. 2014), indicating that more 

studies are warranted to evaluate mtDNA content. However, another study on bipolar 

patients showed a significantly higher mitochondrial oxidative damage than compared 

groups (Chang et al. 2014). Bipolar disorder has been associated with decreased 

mitochondrial electron transport chain activity and increased oxidative stress. Also, mtDNA 

encodes mitochondrial electron transport chain proteins and has been associated with altered 

oxidative stress.

Through comet assay, a sensitive method to assess DNA damage in single cells (Tice et al. 
2000), it was shown that higher DNA damage appeared to be associated with the severity of 

manic or depressive episodes, suggesting that high oxidative stress found in the bipolar 

disorder may be responsible for elevated DNA damage (Andreazza et al. 2007). Supported 

evidence for the involvement of oxidative stress in DNA damage, found in bipolar disorder, 

came from an increased telomere shortening among patients with bipolar disorder (Simon et 

al. 2006). Consistent with these observations, the mood stabilizer lithium that is typically 

effective in bipolar disorder patients significantly decreased the SOD/catalase ratio similar to 

healthy subjects (Khairova et al. 2012). Preclinical studies showed that lithium treatment 

increased mtDNA content (Vawter et al. 2006). In addition, those patients who had been 

treated with lithium and valproate showed lower levels of oxidation related DNA damage, 

suggesting a role of oxidative stress induced DNA damage in bipolar disorder (Shao et al. 
2005, Andreazza et al. 2007). In an animal model of mania, lithium and valproate were able 

to prevent and/or reverse DNA damage and antioxidant enzyme changes caused by 

amphetamine treatment (Andreazza et al. 2008).

 5. DNA damage in schizophrenia

Schizophrenia is a chronic and severe mental illness that affects about 1% of world 

population (Schultz et al. 2007). It is characterized by positive symptoms (disturbances of 
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thought, hallucinations and delusions), negative symptoms (anhedonia, social withdrawal, 

and apathy), and cognitive dysfunctions (Ettinger et al. 2014, Rosell et al. 2014). 

Etiologically these symptoms can be related to the neurodevelopmental, neurodegenerative, 

and structural abnormalities, which may originate from the interactions between 

malfunctioning genetic (variation of genes) and non-genetic (environmental stimuli) factors 

(Weinberger 1987, Lewis & Lieberman 2000, Lewis & Levitt 2002, Sawa & Snyder 2002, 

Harrison & Weinberger 2005). In addition, an integration of treatment studies, postmortem 

and animal investigations reveal that schizophrenia is also related to dysregulation of 

dopaminergic and glutamatergic neurotransmission, as well as increased pro-inflammatory 

status of the brain (Stevens 1982, Howes et al. 2009, Anticevic et al. 2012, Schwartz et al. 
2012). This may be the reason why the majority of antipsychotic interventions target on 

dopaminergic and monoaminergic receptor systems (Taly 2013). Nevertheless, the clear 

mechanisms underlying the pathogenesis of schizophrenia remain to be elucidated.

Schizophrenia exhibits peripheral and cerebral mitochondrial dysfunctions (Prabakaran et al. 
2004, Regenold et al. 2009, Rosenfeld et al. 2011), decreases in antioxidant defenses (Do et 
al. 2000, Reddy et al. 2003, Gysin et al. 2007) and increases in a range of oxidative stress 

markers (Yao et al. 2004, Zhang et al. 2006, Gama et al. 2008). As such, oxidative DNA 

damage has been proposed as culprits in the most recent hypotheses concerning the 

pathophysiology of schizophrenia and its associated symptoms (Zhang et al. 2010). This 

alteration has been recognized in treated, untreated and early-stage schizophrenic patients 

(Boskovic et al. 2011). For example, a higher level of 8-oxodG in the blood has been 

reported in non-remission schizophrenia patients (Sertan Copoglu et al. 2015). Also, both 

urinary 8-oxodG and 8-oxoGuo levels were significantly increased in the schizophrenia 

patients (Jorgensen et al. 2013a). The higher rate of these two DNA/RNA damage markers 

persists in these patients despite some controlling manipulations such as smoking and 

alcohol intake were applied. Postmortem studies reveal a higher level of 8-oxodG in the 

midbrain, caudate putamen and hippocampus in schizophrenia patients compared to the 

control, even up to10-folds higher (Cardozo-Pelaez et al. 2000, Nishioka & Arnold 2004, 

Che et al. 2010). In addition, using the comet assay technique, a significantly greater DNA 

damage level has been demonstrated in the blood samples from drug naïve schizophrenia 

patients, compared to matched controls (Muraleedharan et al. 2015). Paralleling to an 

increased DNA damage, schizophrenia patients also exhibited the decrease in antioxidant 

defenses such a lower level of glutathione peroxidase (Altuntas et al. 2000, Ranjekar et al. 
2003), which has been recognized as a contributing factor for brain structural abnormalities 

found in schizophrenia (Buckman et al. 1987). All these studies suggested that DNA damage 

has been a common pathogenic process that contributes to declining course and poor 

outcome in schizophrenia. To support this notion, postmortem analysis shows that there is a 

significant neuronal loss in the prefrontal cortex and mammillary bodies of schizophrenia 

patients (Guidotti et al. 2000, Bernstein et al. 2007b, Bernstein et al. 2007a, Cabungcal et al. 
2013). This neuronal loss may also be contributed by psychosocial stress, which has been 

recognized to trigger the onset and initial recurrence of schizophrenia (Nuechterlein et al. 
1992, Norman & Malla 1994, Benes 1997, Walker & Diforio 1997, Gispen-de Wied 2000). 

Stress-induced hypercortisolemia may be one possible cause for the damage in the brain of 

schizophrenia patients.
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Most likely, these nucleic lesions can result from oxidative stress, a common pathogenic 

process occurring in schizophrenia (Mahadik & Mukherjee 1996, Michel et al. 2004). An 

elevated level of oxidative stress markers such as ROS has been found in the samples of 

peripheral blood and cerebrospinal fluid of schizophrenia patients (Do et al. 2000, Sirota et 
al. 2003, Dietrich-Muszalska & Olas 2009, Korotkova et al. 2011). Post-mortem study 

demonstrated that the levels of SOD, nitric oxide, Cu, Zn- and MnSOD in the frontal cortex, 

caudate, and substantia innominate from schizophrenia patients were significantly increased 

(Michel et al. 2004, Yao et al. 2004). It was reported that the oxidative stress in the brain not 

only leads to DNA damage, but downstream can further cause hypoactive NMDA receptors, 

mitochondrial dysfunction and impaired inflammatory responses (Bitanihirwe & Woo 2011). 

The cognitive deficits accompanying schizophrenia are found to be caused by an increase in 

ROS and could be subject to modification via medications that lower oxidative stress, such 

as antidepressants, or those that directly reduce DNA damage, like mood stabilizers 

(Massaad & Klann 2011). In addition to inflammatory similarities to the other psychiatric 

disorders, patients with schizophrenia also presented with increased levels of 

malondialdehyde, a lipid peroxidation product (Loidl-Stahlhofen et al. 1994). Unlike the 

others, however, schizophrenia is associated with a decrease in SOD in neuroleptic-free 

patients, while catalase and glutathione peroxidase remain unaffected (Zhang et al. 2010). 

Nevertheless, chronic schizophrenic patients taking long-term neuroleptics showed increased 

levels of SOD (Raffa et al. 2009), indicating these drugs could have effects to normalize 

levels via endogenous antioxidative mechanisms (Padurariu et al. 2010).

In addition to the general oxidative markers like SOD, nitric oxide, catalase and 

malondialdehyde, patients with schizophrenia also show an imbalance in neurotransmitter 

levels, including dopamine and glutamate. Particularly important is the auto-oxidation of 

dopamine, which leads to production of hydrogen peroxide, quinones and superoxide, 

resulting in an increase of oxidant levels and stress (Fleckenstein et al. 2007). These auto-

oxidation induced products cause further deterioration of antioxidant systems trying to 

combat high oxidant levels. Dopamine alone can reduce levels of reduced glutathione by 

40% (Grima et al. 2003). Dopamine auto-oxidation with low levels of antioxidants can lead 

to retrograde degeneration of the mediodorsal nucleus of the thalamus (Popken et al. 2000). 

As neurons from the mediodorsal nucleus project to the dorsolateral prefrontal cortex, a 

substantial neuronal loss in this nucleus contributes to the cognitive impairment found in 

schizophrenia (Weinberger et al. 1986, Maher et al. 1995). Since glutamate is the major 

excitatory neurotransmitter of the brain, it must be balanced by its counterpart, γ-amino-

butyric acid (GABA). Any interference to normal GABA secretion, or over-excitation of 

glutamate will turn to glutamate excitotoxicity, which is heavily associated with 

schizophrenia (Olney et al. 1999). Excess glutamate leads to calcium influx and release from 

internal sources, which in turn, can lead to generation of ROS (Hirose & Chan 1993) and 

subsequently oxidative stress and DNA damage in these brain regions (Lidow 2003).

 6. RNA damage and mental illnesses

RNA is a single-stranded nucleic acid and is mostly located in cytoplasm in the proximity of 

the mitochondria. Thereby cytoplasmic RNA is especially vulnerable to the hydroxylation 

and may be at higher risk of being oxidatively modified than DNA (Nunomura A et al., 
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2009). The reason is possibly that the nitrogen bases in single-strand RNA are not protected 

by hydrogen bonding as in double-stranded DNA (Bregeon & Sarasin 2005, Li et al. 2006, 

Nunomura et al. 2009). As such, the oxidation of mRNA may cause improper translation 

and protein aggregation (Shan et al. 2007, Tanaka et al. 2007). Similarly, the oxidation of 

non-coding RNA species could affect the regulation of protein translation, gene expression, 

and neural synaptic plasticity (Satterlee et al. 2007). There was equal amount of damaged 

RNA along with damaged DNA in psychiatric diseases (Munkholm et al. 2015), indicating 

that the oxidative stress can interfere with the stability of all nucleic acids and that 

oxidatively generated nucleoside damage plays an important role in the development of 

these diseases. The consequences can be severe, which range from altering the gene 

expression to death of neurons. It can even have diagnostic implications as in some studies 

oxidative RNA damage increases at the early stages of neurodegenerative disease 

progression (Bradley-Whitman & Lovell 2013).

There are studies on RNA damage occurring in MDD, bipolar disorder and schizophrenia, 

respectively. It was reported that systemic RNA damage, as measured by urinary 8-oxoGuo 

excretion, was higher with increasing severity of depression, which was even further 

increased after therapies like electroconvulsive therapy (Jorgensen et al. 2013c, Jorgensen et 

al. 2013b). Similarly, urinary 8-oxoGuo excretion was increased in patients suffered from 

schizophrenia (Jorgensen et al. 2013a) or bipolar disorder (Munkholm et al. 2015), 

compared to healthy controls. However, more comprehensive studies reveal that RNA 

damage appears in all three mental illnesses mentioned above. Post-mortem studies 

demonstrated that hippocampal levels of intracellular DNA and RNA oxidation levels were 

increased in all schizophrenia, bipolar disorder and MDD patients (Che et al. 2010). Brain 

autopsies of dead patients suffering from MDD, bipolar disorder and schizophrenia have 

shown RNA oxidative damage (Joergensen et al. 2011, Jorgensen et al. 2013a). The 

magnitude of RNA oxidative damage was highest in patients with schizophrenia, whereas it 

was more modestly increased in patients with bipolar disorder and less so in patients with 

major depression. These findings suggest that RNA oxidative damage may be associated 

with the severity of these mental illnesses. The pattern of predominant oxidative damage to 

cytoplasmic RNA rather than nuclear DNA may be reversible after pharmacological 

intervention.

 7. Effects of antidepressants against oxidative DNA damage

Antidepressants are mainly used for the treatment of MDD and for depressive symptoms 

appearing in many other psychiatric and degenerative disorders (Briley & Moret 1993, 

Martin 2008). They can be used alone or in combination with other medications. The most 

important classes of antidepressants are the selective serotonin reuptake inhibitors (Geddes 

& Cipriani 2004), serotonin and norepinephrine reuptake inhibitors and tricyclic 

antidepressants. Serotonin, dopamine and norepinephrine are the most important 

neurotransmitters primarily involved in regulation of mood and emotions (Butler & Meegan 

2008). Selective serotonin reuptake inhibitors, norepinephrine reuptake inhibitors and most 

tricyclic antidepressants are believed to increase the extracellular level of serotonin and 

norepinephrine by inhibiting their reuptake into the presynaptic neurons. As a consequence, 

treatments with most of these antidepressants are believed to lead to an elevation in intra-
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synaptic concentration of these neurotransmitters and improve neurotransmission (Tatsumi 

et al. 1997, Gillman 2007), which also is the base for the hypothesis of the “monoamine 

theory” for etiology of major depression (Schildkraut 1965).

As mentioned above, a number of proposed mechanisms for major depression are brought 

into sight. However, none of them has been widely accepted. Recent years’ studies showed 

that general depression is accompanied by mitochondrial dysfunctions. DNA damage caused 

from ROS, RNS, and oxidative and nitrosative stress (O&NS), as well as lowered levels of 

antioxidants and antioxidant enzymes are involved in the pathophysiology of major 

depression (Maes et al. 2009b, Maes et al. 2011). Therefore, some studies have revealed the 

new targets for antidepressants. For example, antidepressants may protect neurons against 

neurotoxicity caused by several toxic compounds. Fluoxetine suppresses kainic acid-induced 

neuronal loss in the rat hippocampus, and the neuroprotective effect might be associated 

with its anti-inflammatory effects. It was reported that both R and S isomers of fluoxetine 

attenuated chronic neurodegeneration induced by a commonly used inflammogen 

lipopolysaccharide (LPS) (Zhang et al. 2012).

Furthermore, antidepressants may exert their therapeutic effects through targeting on 

oxidative and nitrosative mechanisms (Lee et al. 2013). Some studies suggest that 

conventional antidepressants and mood stabilizers may act in part through antioxidant 

mechanisms (Berk et al. 2011, Maes et al. 2011), and conversely that antioxidants have 

antidepressant properties (Berk et al. 2008, Scapagnini et al. 2012). The increasing evidence 

showed antioxidant effects of antidepressants and the relevance of intracellular oxidative 

pathways in the pathophysiology of major depression (Michel et al. 2007, Maes et al. 2009b, 

Maes et al. 2011, Behr et al. 2012, Michel et al. 2012). A few antidepressants have come up 

as potential treatment options to reduce oxidative damage in major depression. For example, 

beneficial effects of fluoxetine in reducing oxidative stress in brains (Omar M.E. Abdel-

Salam 2011), shielding effects of desipramine against ischemia/reperfusion-induced 

oxidative stress in mice brain(Gaur & Kumar 2010), the protective role of venlafaxine 

against stress-induced oxidative neuronal DNA damage (Abdel-Wahab & Salama 2011), and 

the effect of deprenyl in protecting substantia nigra neurons from oxidative stress (Wu et al. 
1993) have been reported. Coenzyme Q10 is a fat-soluble vitamin-like substance and 

possesses antidepressant activity. It was reported that coenzyme Q10 can protect chronic 

restraint stress-induced hippocampal DNA damage which is possible through in part by 

maintaining mitochondrial function and its well documented antioxidant properties (Aboul-

Fotouh 2013). Similar observations also showed that treatment with antidepressants can 

normalize stress-induced increased levels of malondialdehyde and protein carbonyl 

accumulations in the brain, suggesting that these drugs attenuate lipid peroxidation (Bilici et 
al. 2001, Khanzode et al. 2003, Galecki et al. 2009a, Zafir et al. 2009).

Our previous studies showed that almost all tested antidepressants with different action 

mechanisms can prevent or reverse DSP4/CPT-induced DNA damage response and cell 

cycle arrest, indicating that the effects of antidepressants against DNA damage may be one 

of the common mechanisms of action for their clinical use to relieve depressive symptoms 

that appear in psychiatric diseases (Wang et al. 2015). These findings may explain why 

antidepressants with different mechanisms can generally relieve symptoms of depression. 
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These effects may be ascribed to the abilities of some antidepressants in scavenging 

hydroxyl radicals or the up-regulation of the expression of antioxidant defense enzymes and 

may add a new feature to the neuroprotective potency of these antidepressants. Further 

exploration of these underlying mechanisms may shed light on therapeutic strategies for 

treatment of these diseases.

 8. Conclusion

Previously, articles have described the importance of oxidative stress in psychiatric disorders 

and highlighted its implications in therapeutics (Ng et al. 2008, Smaga et al. 2015), but its 

important association as a symptomatic factor in almost all psychiatric conditions has not 

been discussed in detail. In this review we have described that DNA damage is involved in 

MDD, bipolar disorder and schizophrenia (Table 1). Oxidative damage has been strongly 

associated with the development of psychiatric symptoms. It produces an unfavorable 

intracellular environment to work properly for DNA repair enzymes and can even halt the 

process. The accumulation of mutations load in nuclear genome can not only be a driving 

force for neurodegeneration but also initiate tumorigenesis. So DNA damage acts like a 

double edged sword, making conditions worse for cells. It is noteworthy that psychiatric 

disorders are complex multifactorial illness comprising changes in neural structures and 

functions. Genetic factors are important in the etiology of most psychiatric disorders too, 

which is also related to DNA damage. For example, an impaired capacity to synthesize 

glutathione, an important antioxidant component, due to genetic polymorphism is a 

vulnerability factors for schizophrenia (Gysin et al. 2007). Also, study in schizophrenia 

patients showed a positive association between schizophrenia and a functional 

polymorphism in the gene for manganese SOD (Boskovic et al. 2011). On the other hand, 

environmental factors such as psychosocial and oxidative stress play an important role in the 

onset and progression of these diseases. Striking evidence has revealed that as the 

consequence of exposure to these environmental insults, maladaptation-induced 

abnormalities including changes in gene expression are a source of epigenetic modifications 

in specific brain regions. Therefore, abnormal transcriptional and epigenetic regulation may 

be a unifying theme in these psychiatric disorders, which may share common molecular 

mediators encoded by a subset of interrelated genes, controlling neurotransmission and 

survival signaling (Fig. 2).

Furthermore, mitochondrial dysfunction is at the base of development and progression of 

MDD, bipolar disorder and schizophrenia. While mtDNA damage, overproduction of free 

radicals, abnormal mitochondrial dynamics and other factors can be the cause of 

mitochondrial malfunction. The overall consequence of this may result in the impairment of 

mitochondrial electron transport chain and cellular energy crises in the central nervous 

system in these psychiatric diseases. For example, there is a significant decrease of 

mitochondrial ATP production rates and mitochondrial enzyme ratios in MDD patients 

(Gardner et al. 2003). As such, regional abnormalities in the frontal lobe have been found in 

the subjects with MDD (Lee et al. 2008). The postmortem brain of schizophrenia showed 

reduced activities and expression of mitochondrial respiratory chain components (Maurer et 
al. 2001), reduced ATP levels (Rezin et al. 2009) reduced expression of genes involved in the 

regulation of arnithine and polyamine metabolism (Middleton et al. 2002) and complex I 
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abnormalities (Rosenfeld et al. 2011). Similarly, in the brain of subjects with bipolar 

disorder, there are disrupted intracellular calcium homeostasis, and decreased mitochondrial 

respiration complex I in the prefrontal cortex (Andreazza et al. 2010, Uemura et al. 2011). 

Energy metabolism impairment would lead cells to apoptosis and neuronal loss occurs.

Moreover, any biomarkers of oxidative damage mentioned in this manuscript are from 

peripheral samples, possibly due to the fact that no information is available about the 

endogenous antioxidant status of brain in patients suffering from psychiatric disorder. Also, 

the expression of oxidative stress-response gene was not activated in the prefrontal cortex of 

patients with MDD (Teyssier et al. 2011), which lead to the notion that peripheral markers 

may not necessary correlate with change in the central nervous system. However, there is 

evidence that the antioxidant transcriptional response of the cortical cells is impaired due to 

a deficit in neurotrophic factors such as brain-derived neurotrophic factor, which plays a 

major role in the redox control of neuronal cells by up-regulating the expression of 

antioxidant enzymes (Gardiner et al. 2009), but is down-regulated in the hippocampal 

formation and prefrontal cortex of depressed patients (Hu & Russek 2008). Furthermore, 

while the assessment of peripheral analytes is comprised to increase the confidence in the 

target (Carboni 2013), peripheral biomarkers detected during acute mood episodes could in 

fact constitute markers of disease activity (Kapczinski et al. 2010, Kapczinski et al. 2011).

As we have mentioned earlier, many psychiatric disorders have recurrent episodes of 

depression and anxiety along with other chronic symptoms like cognitive decline. The 

disease progression accompanies with increased severity of these symptoms. As most 

antipsychotic drugs tend to relieve the symptoms by altering the neuron signaling, there is a 

need for inclusion of multimodal therapies including drugs that boost up the DNA repair 

process and relieve the psychiatric symptoms. A more thorough approach will help in 

unraveling disease pathogenesis, facilitating prediction and prevention, as well as a better 

treatment of psychiatric disorders.
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 Abbreviations

H2O2 hydrogen peroxide

8-oxodG 8-oxo-7,8-dihydro-2’-dihydroguanosine

8-oxoGuo 8-oxo-7,8-dihydroguanosine

MDD major depression disorder

mtDNA mitochondrial DNA

NO nitric oxide

RNS reactive nitrogen species

ROS reactive oxygen species
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SOD superoxide dismutase
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Fig.1. Role of imbalanced ROS production in psychiatric disorders
In normal states there is a balance between ROS production and antioxidant systems inside 

cells. Different factor can alter this ROS homeostasis, which has damaging effect on 

intracellular contents that leads to development of different psychiatric conditions.
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Fig. 2. 
Schematic diagram showing proposed etiological mechanism for psychiatric symptoms in 

major psychiatric disorders.
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Table 1

Studies reporting DNA damage in major psychiatric disorders.

Psychiatric disorder Biomarkers Source References

Major Depressive
Disorder

8-oxodG increase Serum Forlenza & Miller 2006, Maes et al. 2009

Leukocytes Irie et al. 2003

mtDNA damage Leukocytes Chang et al. 2015

ss & dsDNA breaks Leukocytes Czarny et al. 2015

Telomere shortening Leukocytes Simon et al. 2006

Bipolar Disorder 8-oxodG increases Serum Soeiro-de-Souza et al. 2013

8-oxodG and 8-oxoGuo
increases

Urine Munkholm et al. 2015

More DNA fragmentation Brain tissue Buttner et al. 2007

ss & dsDNA breaks Brain tissue Mustak et al. 2010

RNA damage Brain tissue Che et al. 2010

mtDNA copy number
decrease and damage

Leukocytes Chang et al. 2014

Telomere shortening Simon et al. 2006

Schizophrenia 8-oxodG increase Serum Sertan Co-poglu et al. 2015

8-oxodG and 8-oxoGuo
increase

Urine Jorgensen et al. 2013

8-oxodG increase Brain tissue Cardozo-Pelaez et al. 2000. Nishioka & Arnold 2004,
Che et al. 2010

ss & dsDNA breaks Leukocytes Muraleedharan et al. 2015

ss & dsDNA: single strand &double strand DNA; mtDNA: mitochondrial DNA; 8-oxodG: 8-oxo-7, 8-dihydro-2-dihydroguanonine; 8-oxi-Guo: 8-
oxo-7,8-dihydroguanonine.
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