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INTRODUCTION

Schizophrenia is a neurodevelopmental disorder 
appearing in adolescence or early adulthood result-
ing from both genetic and environmental risk factors. 
Despite a high heritability (estimations range between 
40% and 60%), monogenic causes cannot account for 
the cases, leading to the hypothesis of an interaction 
between genes and environment. Adverse events dur-
ing prenatal life, perinatal life, childhood, or adoles-
cence have been associated with the illness (Brown, 
2011; van Os, Rutten, & Poulton, 2008; Schmitt, Mal-
chow, Hasan, & Falkai, 2014). The delay between occur-
rence of these events and illness onset has led to the 
concept of a neurodevelopmental disorder (Catts et al., 
2013; Insel, 2010; Weinberger, 1987). Interestingly, 
schizophrenia coincidentally develops with maturation 
of the prefrontal cortex (Fuster, 2002; Hoistad et al., 
2009): volume of white matter in this region progresses 
through adolescence to reach a maximal volume in the 
third decade of life (Bartzokis et al., 2001; Lenroot & 
Giedd, 2006).

Imaging studies implicated anomalies of the pre-
frontal cortex in schizophrenia. Clinical manifesta-
tions of the illness, including cognitive symptoms, are 
hypothesized to reflect abnormal brain connectivity. 
This disconnectivity can result from disturbances of 
long-range neuronal circuits (i.e., white matter tracts) 

or of local circuits (i.e., GABAergic and glutamatergic 
system) (Ruiz, Birbaumer, & Sitaram, 2013; Schmitt, 
Hasan, Gruber, & Falkai, 2011; Steullet et al., 2014), 
both of which have been involved in schizophrenia. 
At the neuropathological level, alterations of oligo-
dendrocytes and myelin appear as clear findings in 
schizophrenia. Because myelin influences conduction 
velocity, an impairment of myelination process would 
disrupt temporal coordination between distant brain 
regions, affect their synchrony, and thus lead to dis-
connectivity (Whitford, Ford, Mathalon, Kubicki, & 
Shenton, 2012).

Current works from our laboratory and others sug-
gest that interactions of genes and environment during 
neurodevelopment converge to induce redox dys-
regulation and oxidative stress in schizophrenia (Do, 
Cabungcal, Frank, Steullet, & Cuenod, 2009; Steullet 
et al., 2014). In the present review, we will focus on 
evidences of redox dysregulation and myelin anoma-
lies in patients with schizophrenia as well as in early 
psychotic patients. Finally, we review data from human 
studies and rodent models of schizophrenia showing 
that known genetic and environmental risk factors of 
schizophrenia induce redox dysregulation/oxidative 
stress and myelin anomalies. We suggest that oxidative 
stress during key periods of brain maturation interferes 
with myelin development thus leading to disconnec-
tivity and schizophrenia symptoms.
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IMBALANCE OF REDOX HOMEOSTASIS 
IN SCHIZOPHRENIA

Key Players of Redox Homeostasis

Redox state is a regulatory system of posttranslational 
modifications that controls cellular signalization in 
response to oxidants and free radicals. Oxidative stress 
is defined as an imbalance between prooxidants and 
antioxidants, which results in macromolecular damages 
(lipid peroxidation, protein carbonylation, and DNA oxi-
dation) and in dysregulation of the redox system. Major 
prooxidants are free radicals, that is, reactive oxygen 
species (ROS; superoxide anion radicals O2%

−, hydrogen 
peroxide H2O2, and hydroxyl radicals OH%) and reac-
tive nitrogen species (nitric oxide NO% and peroxyni-
trite ONOO−) (Do, Bovet, et al., 2009; Valko et al., 2007). 
NO% is produced by the NO synthase in mitochondria 
and peroxisomes (Szibor, Richter, & Ghafourifar, 2001; 

Valko et al., 2007). It diffuses through cytoplasm and 
plasma membranes, and plays signaling roles in various 
processes such as synaptic plasticity, immune response, 
or regulation of blood pressure. NO% toxicity is mainly 
linked to its reaction with O2%

− that forms ONOO−, a 
strong oxidant inducing lipid oxidation and DNA frag-
mentation (Figure 1(A)) (Bergendi, Beneš, Ďuračková, & 
Ferenčik, 1999; Valko et al., 2007). In physiological con-
ditions, O2%

− is produced within the cell by mitochon-
dria and, to a lower extent, by endoplasmic reticulum. 
O2%

− is reduced by the superoxide dismutase (SOD) into 
H2O2 (Figure 1(A)). Moreover, peroxides are generated 
at high rates by anabolic and catabolic reactions ongo-
ing in peroxisomes (Schrader & Fahimi, 2006), where 
catalase catalyzes their decomposition into water. In a 
reaction catalyzed by iron, peroxides may form OH% 
radicals, which are highly reactive and thus can lead to 
lipid peroxidation, protein carbonylation, and DNA oxi-
dation (Figure 1(A)).

FIGURE 1 Antioxidant system (A) and glutathione (GSH) metabolism (B). (A) Free radicals such as O2%
− are catalyzed to hydrogen peroxide 

(H2O2) through superoxide dismutase (SOD). H2O2 can be detoxified to water via peroxiredoxin (Prx) or catalase (CAT). Glutathione peroxidase 
(GPx) also catalyzes the same reaction, using GSH as a reductant. H2O2 can be converted into hydroxyl radical %OH (Fenton reaction), which 
induces macromolecular damages: protein carbonylation, DNA oxidation, and lipid oxidation. Lipid oxidation generates end products such 
as 4-hydroxynonenal (4-HNE) and malondialdehyde (MDA), which are indirect oxidative stress markers. Lipids can be restored via vitamin E 
and GPx reactions using GSH as reductant. GSH acts as reductant to detoxify ROS or lipid via GPx, and is used as substrate by GSH transferase 
(GST) to detoxify xenobiotics. (B) GSH is synthesized by two consecutive enzymes: glutamine-cysteine ligase (GCL) and glutathione synthe-
tase (GS). GCL has two subunits, the catalytic and the modulatory, coded by GCLC and GCLM. GCL combines cysteine to glutamate to form 
γ-glutamylcysteine. The second enzyme (GS) catalyzes the final step of GSH synthesis by adding glycine to γ-glutamylcysteine. Reduced GSH can 
react directly with ROS, generating oxidized GSH (GSSG). Reduced GSH can be recycled via the activity of glutathione reductase (GR).
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Recent advances show that redox systems are regu-
lated under dynamic, nonequilibrium conditions. 
“Redox signaling” is used to describe signaling pro-
cesses in which a specific oxidative signal is conveyed 
through a specific redox element to direct a specific cel-
lular response (i.e., Nrf2 redox-signaling pathway). Nrf2, 
a transcription factor that induces the expression of an 
array of antioxidant enzymes, is regulated by redox-sen-
sitive proteins. Indeed, in conditions of redox dysregu-
lation, the inhibitor of Nrf2, KEAP1, is oxidized on its 
cysteine residues, leading to the release of Nrf2 and its 
translocation to the nucleus (Kensler, Wakabayashi, & 
Biswal, 2007). Many signaling systems including kinase, 
phosphatase, and transmembrane ionic signaling (e.g., 
N-methyl-d-aspartate(NMDA)receptor) can also be reg-
ulated by “redox sensing” thiols of critical proteins in the 
pathways (Jones, 2008). Both redox sensing and redox 
signaling use thiol switches, especially cysteine residues 
in proteins which are sensitive to covalent or noncova-
lent modifications (i.e., reversible oxidation, nitrosyl-
ation, and glutathionylation), leading to structural and 
functional alterations of target protein. This has led to 
the concept of “orthogonal control of signal transduction 
systems by redox-sensing mechanisms” (Jones, 2010). 
Moreover, because redox potentials are differently con-
trolled in subcellular compartments, the same signaling 
mechanism can be differentially regulated by the local 
redox environment. At present, there is no methodology 
to monitor these highly dynamic and unstable dithiol/
disulfide switches neither in real-time nor in space (i.e., 
targeted to specific proteins, cells, and brain regions). 
Recent proteomics-based approaches are efficient but 
they assess the endpoint. Indeed, the effects cannot be 
localized to cell type/structure and artifactual oxida-
tion/reduction can occur during isolation and fixation.

Redox regulators and endogenous antioxidants 
encompass a variety of enzymatic and nonenzymatic 
defenses. The nonenzymatic redox regulation is a mul-
tipartite system relying mainly on glutathione (GSH), 
thioredoxin (Trx), and cysteine. The tripeptide GSH is 
synthesized into two steps, the first and limiting one 
being catalyzed by the glutamate-cysteine ligase (GCL) 
(Figure 1(B)) (Lu, 2013). GSH can react with free radi-
cals via a nonenzymatic reaction. This oxidation of GSH 
generates disulfides (GSSG), which can be restored by 
GSH reductase (Figure 1(B)). Moreover, many enzy-
matic reactions use GSH to detoxify ROS or regenerate 
oxidized molecules. Two main families of enzymes use 
GSH as a substrate: (1) the GSH peroxidase (GPx), which 
reduces peroxides or peroxidized lipids, and (2) the GSH 
transferase (GST), a superfamily of enzymes catalyzing 
the conjugation of GSH, with mixed functions, such as 
the detoxification of xenobiotics and the synthesis of 
steroid hormones (reviewed by Board & Menon, 2013) 
(Figure 1(A)). In addition, GSH can regenerate other 

antioxidants such as vitamin C, vitamin E, and glutare-
doxin (Grx). Grx, Trx, and peroxiredoxin (Prx) are three 
families of thiol-dependant antioxidant proteins that can 
function independently of GSH. Prx catalyze the reduc-
tion of peroxides (Figure 1(A)). Grx and Trx reduce pro-
tein disulphide and mixed GSH disulphide (in the case 
of Grx). They are reduced back to their initial state by Trx 
reductase as well as by GSH in the case of Grx. Both GSH 
and Trx systems are dependent on reduced nicotinamide 
adenine dinucleotide phosphate–reducing potential. 
The very reducing redox state of reduced nicotinamide 
adenine dinucleotide phosphate/nicotinamide adenine 
dinucleotide phosphate + makes it the primary source of 
electrons for redox pathways.

Production of ROS is localized to specific part of the 
cell and, conversely, redox potential and its regulators 
are not evenly distributed (Table 1) (Go & Jones, 2008). 
This distribution has crucial importance in nervous tis-
sues known to present complex compartmentalization. 
Mitochondria, the main source of O2%

−, contain GSH-
dependent as well as GSH-independent enzymes (Trx2, 
TR2 and the manganese SOD, SOD2). In peroxisomes, 
high producers of H2O2, catalase is very active, as well 
as Prx and GPx (Go & Jones, 2008). GSH and Trx1 both 
regulate redox potential in the cytoplasm; however, they 
may vary independently. The nucleus constitutes an iso-
lated environment protecting DNA from chemicals. Few 
antioxidant proteins are specifically addressed to the 
nucleus (Table 1), but oxidative stress and a large range 
of stressors induce translocation of cytoplasmic redox 
regulators as Trx1 and TR1 (Go & Jones, 2008). The extra-
cellular space has a more oxidized state than the cyto-
plasm and the major redox couple is cysteine/cystine in 
contrast with other compartments where GSH/GSSG is 
main redox regulator (Go & Jones, 2008).

Redox Anomalies in Schizophrenia

Measurements of free radicals and nonradicals oxi-
dants per se remain difficult because of their highly 
reactive nature. Similarly, redox homeostasis owing to 
its multipartite nature is not often assessed. Thus, evi-
dences of oxidative stress and redox dysregulation in 
schizophrenia are mostly based on lowered antioxidant 
defenses and accumulation of oxidation end products 
such as 8-oxo-deoxyguanosine (8-oxodG, formed by 
oxidation of DNA), protein carbonylation, and lipid per-
oxidation (malondialdehyde, MDA; 4-hydroxynonenal, 
HNE; thiobarbituric acid reactive substances, TBARS).

Peripheral Marks of Oxidative Stress  
in Schizophrenia Patients

Marks of oxidative stress have been repeatedly 
reported in peripheral samples of schizophrenia 
patients, suggesting a systemic implication of the stress. 
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TABLE 1 Subcellular Localization of the Major Antioxidant Players According to Gene Ontology Annotations in the Uniprot Database (uniprot.org)

Glutathione System

Subcellular 

Localization Major ROS SOD

Peroxiredoxin and 

Catalase

Thioredoxin and 

Glutaredoxin

GSH Synthesis and 

Recycling GPx GST

Cytoplasm SOD1 PRX1
PRX2
PRX4
PRX5
PRX6*

TXN
TXNRD1
GRX1

GCLC
GCLM
GSS
GR

GPX1
GPX2
GPX4

GSTA1-5
GSTM1-4
GSTO1
GSTP1
GSTT1, 2, 2B

Mitochondria O2%
− SOD2 PRX3

PRX5
TXN2
TXNRD2
GRX2
GRX5

GR GPX4 GSTP1

Peroxisomes H2O2 NO% PRX5
CAT

GRX5 GSTK1

Nucleus SOD1 TXN (see note 1)
TXNRD1 (see note 2)
TXNRD3 (see note 3)
GRX2

GSTP1

Secreted SOD3 PRX4 GPX3
GPX5
GPX6*
GPX7*

Others H2O2: ER PRX6*: Lysosomes TXNRD3: Microsome, ER 
(see note 3)

GPX8*: ER lumen GSTCD, exosomes

In the Grx family, the protein coded by GRX3 is probably enzymatically inactive and thus was not included. Note 1: The protein Trx1, coded by TXN, is nuclear after ultraviolet irradiation, but is mainly cytoplas-

mic otherwise. Note 2: Only a splicing variant of TXNRD1 (coding TR1) is reported to be nuclear. Note 3: TXNRD3 (coding TR3) is specifically expressed in testis. ER, endoplasmic reticulum. *: Putative subcel-

lular localization.
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In the urine of patients, reports indicate accumulation of 
8-oxodG (Jorgensen et al., 2013), lipid peroxides (Anna 
Dietrich-Muszalska & Olas, 2009), and bilirubin oxida-
tion (Miyaoka et al., 2005).

Increased lipid peroxidation (MDA or TBARS lev-
els) might be the most robust result in blood of patients. 
Despite some negative studies, plasmatic amounts of 
MDA are mostly reported to be increased in schizophre-
nia patients. Consistently, results of two meta-analyses 
indicate that this increase is present in first episode as 
well as in chronic patients (Flatow, Buckley, & Miller, 
2013; Grignon & Chianetta, 2007). In contrast, some 
oxidation markers as nitrite are accumulating only in 
chronic patients (Flatow et al., 2013).

Altogether, these data indicate an ongoing oxidative 
stress in schizophrenia patients. However, deficiencies 
of the antioxidant system are more controversial, as 
detailed in the next section.

Peripheral Levels of Antioxidant Defenses  
in Schizophrenia Patients

Mirroring the accumulation of oxidation products, 
the total antioxidant capacity is deficient in blood of 
schizophrenia patients (Dietrich-Muszalska & Kontek, 
2010; Yao, Reddy, McElhinny, & van Kammen, 1998). 
Although there are negative findings (Sarandol et al., 
2007; Sofic, Rustembegovic, Kroyer, & Cao, 2002), it 
remains significant in a recent meta-analysis (Flatow 
et al., 2013). The decrease of total antioxidant capacity 
might be due to lowered levels of GSH in blood, which 
was reported in schizophrenia patients as early as 1934 
(Looney & Childs, 1934) and subsequently in early psy-
chosis patients (Altuntas, Aksoy, Coskun, Caykoylu, & 
Akcay, 2000; Mico et al., 2011; Raffa et al., 2009).

Data on enzymatic activity are more contrasted, 
with increase, decrease and no change being reported 
for SOD, catalase, and GPx. Ruiz-Litago et al. con-
ducted a 1-year follow-up of young drug-naive 
patients following their hospitalization (mean age at 
inclusion: 23.1 years) (Ruiz-Litago et al., 2012). They 
could show the transient nature of some antioxidant 
defects in plasma: GSH, total antioxidant defenses, 
as well as SOD and GPx activities were decreased 1 
and 6 months after the first episode while TBARS 
were increased. After 1 year, they were all normalized. 
Interestingly, a similar study, but with less power, was 
performed on older patients in acute phase of illness 
(mean age at inclusion: 36.5 years) (Tsai, Liou, Lin, 
Lin, & Huang, 2013). This study did not reveal any 
change for TBARS, SOD, or GPx at 1 month of follow-
up, suggesting that the deficits in antioxidant system 
reported by Ruiz-Litago et al. are specific of disease 
onset and might be suitable as early prognosis mark-
ers in at-risk individuals (Ruiz-Litago et al., 2012). 
Longitudinal assessment of redox markers on the long 

term is necessary to characterize their progression and 
potential phase specific evolution.

Limits and Best Practices for Future Studies

Heterogeneity between studies is concerning, the 
impact of medication is controversial and the source 
of variability remains unclear. As suggested by Gri-
gnon et al. for MDA levels, heterogeneity of the results 
might be linked to the variable proportion of drug-free 
patients (Grignon & Chianetta, 2007). A good example 
of variability concerns data on SOD activity: the type of 
sample (plasma, serum, or red blood cells) and smoking 
status may change the picture completely (Flatow et al., 
2013). Moreover, genetic background may account for 
some differences in the pattern of antioxidant response 
between individuals. Additional covariates as type of 
antipsychotic treatment, disease duration, disease phase 
(acute or not, early or chronic), body mass index, coti-
nine, glucose levels, and genotyping of key genes of the 
antioxidant systems are required in future studies. How-
ever, recent data noted the absence of exogenous factor 
contributions (e.g., antipsychotic, diet, and smoke) to 
blood GSH levels (Ballesteros et al., 2013). In addition, 
GSH can undergo artifactual oxidation and thus it might 
be difficult to setup optimal conditions for its measure-
ment in clinical settings.

The complexity of the antioxidant system is also 
linked to the compartmentalization of the different play-
ers. One concern regarding the previously mentioned 
studies is the lack of discrimination between subcellular 
compartments. A more detailed characterization of the 
defects within different organelles and of GSH-indepen-
dent systems would greatly help to pinpoint the defec-
tive systems.

Finally, an important point is also the lack of data to 
relate anomalies reported in periphery to their poten-
tial impact on the central nervous system. Nevertheless, 
and as detailed later, there are evidences of anomalies in 
redox homeostasis in the brain of schizophrenia patients.

Evidence for Disrupted Redox Homeostasis in the 
Brain of Schizophrenia Patients

Postmortem studies revealed increased lipid peroxi-
dation (4-HNE) in the anterior cingulate cortex (Wang, 
Shao, Sun, & Young, 2009) but TBARS decreased in cere-
brospinal fluid. SOD1 (Cu-Zn SOD) is decreased in cere-
brospinal fluid of recent-onset schizophrenia patients 
(Coughlin et al., 2013), but SOD1 and SOD2 (Mn SOD) 
are increased in chronic patients’ brains (Michel et al., 
2004). GSH deficits are reported in caudate nucleus 
and prefrontal cortex of patients (Gawryluk, Wang, 
Andreazza, Shao, & Young, 2011; Yao, Leonard, & Reddy, 
2006). Moreover, GSH levels are found to be reduced 
by 27% in cerebrospinal fluid of drug-naive chronic 
patients and by 40% in the prefrontal cortex in a group 
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of patients as assessed by magnetic resonance spectros-
copy (MRS) (Do et al., 2000). Matsuzawa et al. report 
no change in GSH levels in the posterior medial frontal 
cortex in chronic patients compared with healthy sub-
jects, although low GSH levels are associated with more 
severe negative symptoms (Matsuzawa & Hashimoto,  
2011). GSH quantification by MRS is a challenging 
approach and many technical issues may contribute to 
variability in the results reported previously (Poels et al., 
2014). Moreover, recent observations from our group 
point to a crucial contribution of genotypes to brain GSH 
levels: indeed, polymorphisms associated with abnor-
mal regulation of GCL and of GSH levels in periph-
ery (“high-risk” genotypes, see Genetic Susceptibility 
to Oxidative Stress in Schizophrenia Patients Section) 
predict low GSH levels in prefrontal cortex (Xin et al., 
2014). Thus, variability of genotype distribution of this 
polymorphism in the different relatively small studied 
samples may explain discrepancies between reports.

Genetic Susceptibility to Oxidative Stress  
in Schizophrenia Patients

What may cause oxidative stress and redox dysregula-
tion in schizophrenia patients? Genetic factors, as NRG1, 
PRODH, and DISC1, may lead to oxidative stress via 
an indirect and yet unclear pathway (see Contribution 
of Genetic Factors Section). Other rare variants that have 
been associated with schizophrenia using linkage analy-
sis approaches may directly impact on GSH metabo-
lism. Indeed, copy number variation of genes coding for 
members of the GST family have been associated with 
schizophrenia—GSTT1 (Saadat, Mobayen, & Farrash-
bandi, 2007), GSTT2 (Rodriguez-Santiago et al., 2010), 
and GSTM1 (Gravina et al., 2011; Harada, Tachikawa, & 
Kawanishi, 2001)—however, there is one negative report 
in the Japanese population (GSTT1, GSTT2, and GSTM1) 
(Matsuzawa et al., 2009). SOD1 was associated with 
schizophrenia in a Turkish study (Akyol et al., 2005), but 
was not replicated (Hori et al., 2000; Pae et al., 2007; 
Ventriglia et al., 2006). Finally, different polymorphisms 
of the NOS have been associated with the disease in var-
ious ethnic groups (Fallin et al., 2005; Reif et al., 2006; 
Tang et al., 2008), including in the Japanese population 
for which there is also one negative report (Okumura 
et al., 2009). Moreover, polymorphisms in GCLM and 
in the 5′ noncoding region of GCLC, which code for the 
modulatory (GCLM) and catalytic (GCLC) subunit of 
the rate-limiting enzyme for GSH synthesis (GCL), have 
been associated with schizophrenia (Gysin et al., 2007; 
Ma et al., 2010; Tosic et al., 2006). These gene associations 
were not reproduced in studies of Japanese population 
(Hanzawa et al., 2011; Kishi et al., 2008; Matsuzawa et al., 
2009). However, there are technical issues: GCLC poly-
morphism is a tri-nucleotide repeat of usually seven, 

eight, or nine repeats. No good surrogate single-nucle-
otide polymorphism could be identified for any of the 
repeat lengths (Kulak et al., 2013); therefore, genotypes 
cannot be derived from available single-nucleotide poly-
morphisms, for instance, in genome-wide association 
studies. GCLC tri-nucleotide genotypes that are more 
frequent in patients than control individuals are associ-
ated with a decrease in plasma thiol levels (Gysin et al., 
2007), impaired regulations of metabolism and of GCL 
activity following oxidative stress (Fournier et al., 2014; 
Gysin et al., 2007), and low GSH levels in the anterior 
cingulate cortex as assessed by MRS (Xin et al., 2014).

Contribution of NMDA Hypofunction and 
Inflammation to Oxidative Stress

At the molecular level, redox dysregulation may 
also arise following the impairments of other path-
ways involved in schizophrenia: NMDA receptor hypo-
function and inflammation. Redox pathways present 
numerous reciprocal interactions with the glutamater-
gic and immune systems. Indeed, activation of synap-
tic NMDA receptors strengthens neuronal antioxidant 
defense mechanisms (Hardingham & Bading, 2010) 
and NMDA receptor hypofunction increases oxidative 
stress levels (Jiang, Cowell, & Nakazawa, 2013). In con-
trast, redox state modulates NMDA receptor function 
(Aizenman, Lipton, & Loring, 1989; Talukder, Kazi, & 
Wollmuth, 2011). Likewise, oxidative stress is tightly 
linked to inflammation. Many inflammatory mediators 
are activated by oxidative molecules, whereas activated 
immune cells such as microglia generate ROS/reactive 
nitrogen species (Buelna-Chontal & Zazueta, 2013; Dwir 
et al., 2014). These three systems are closely interacting 
and potentiating each other and a dysregulation within 
any of these factors can lead to disturbances of the others. 
It is proposed that dysregulations of redox homeostasis, 
neuroimmune, and glutamatergic systems induced by 
interaction between genetic and environmental risk fac-
tors during neurodevelopment, constitute one “central 
hub” contributing to schizophrenia pathophysiology. 
An imbalance within any of these “hub” systems would 
affect the excitatory/inhibitory balance of local neuro-
nal circuits (microcircuits) and the connections between 
distant brain areas (macrocircuits) (Do, Cabungcal, et al., 
2009; Kulak et al., 2013; Steullet et al., 2014).

In summary, these data indicate that there are abnor-
mal oxidation levels in the periphery (blood) and in the 
central nervous system of schizophrenia patients. These 
redox anomalies are present early in the course of the 
disease and might be driven by an interaction between 
genetic and environment risk factors as well as by defects 
in other molecular pathways involved in schizophrenia 
(NMDA receptor hypofunction and neuroinflamma-
tion). The following sections aim at summarizing the 
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impact of redox homeostasis imbalance on white matter 
integrity and connectivity in schizophrenia context.

WHITE MATTER IMPAIRMENTS IN 
SCHIZOPHRENIA

Connectivity abnormalities have been well-estab-
lished in schizophrenia. Connectomic studies, mapping 
neuronal connections based on functional magnetic res-
onance imaging, revealed abnormal functional connec-
tivity of the prefrontal cortex in first-episode patients. 
Functional connectivity is enhanced between prefrontal 
cortex and temporal lobe, and reduced between prefron-
tal cortex and parietal lobe, posterior cingulate cortex, 
thalamus, and striatum of patients (Zhou et al., 2007). 
Hypo- and hyperconnectivity in parietal, occipital lobe, 
and prominently in frontal and temporal lobe indicate 
a diffuse functional disconnectivity in schizophrenia 
(Fornito, Zalesky, Pantelis, & Bullmore, 2012).

Brain regions are wired through white matter tracts, 
whose development and integrity are essential for the 
flow of information and synchronization of distant brain 
regions, and thus for connectivity. Myelination starts 
before birth, continues through childhood and adoles-
cence and even adulthood for long association tracts 
(Peters & Karlsgodt, 2014). Neuroimaging and post-
mortem studies highlighted white matter abnormali-
ties in schizophrenia patients, which may participate to 
disconnectivity.

Evidences of White Matter Abnormalities in 
Imaging Studies

The noninvasive properties of magnetic resonance 
imaging have made it possible to address key questions 
in regards of timing of brain changes. Diffusion tensor 
imaging (DTI) is used to probe diffusion of water mol-
ecules, and thus reflects the underlying structure of the 
brain. Fractional anisotropy (FA), a frequently used met-
ric, describes the degree of anisotropy of water diffusion: 
low FA values are often interpreted as impairment of 
myelin integrity although it is acknowledged that other 
factors influence FA as well (fiber coherence and axon 
diameter for instance) (Beaulieu, 2002).

Despite some discrepancies among studies, low FA 
has been repeatedly reported in frontal and temporal 
brain regions of schizophrenia patients (Fitzsimmons, 
Kubicki, & Shenton, 2013; Kanaan et al., 2005; Kyria-
kopoulos, Bargiotas, Barker, & Frangou, 2008). Bundle 
tracts connecting these regions (uncinate fasciculus, cin-
gulum bundle, and arcuate fasciculus) have disrupted 
integrity, which emphasize frontotemporal circuitry 
abnormalities in the illness (Takahashi, Sakurai, Davis, &  
Buxbaum, 2011). To disentangle from other factors the 

contribution of myelin abnormalities to FA, Du and 
Ongür propose to combine different imaging meth-
ods. Diffusion tensor spectroscopy and magnetization 
transfer ratio can be used to assess axonal integrity and 
myelin volume, respectively (Du & Ongur, 2013).

From a functional point of view, there may be a rela-
tion between lost white matter integrity and psychopa-
thology. Indeed, more severe cognitive symptoms are 
associated with greater deficits in the volume of the fron-
tal white matter (Ho, Alicata, et al., 2003; Ren, Wang, & 
Xiao, 2013).

To summarize, imaging studies indicate disruption of 
frontotemporal tracts in schizophrenia patients. These 
anomalies may reflect myelin impairments as suggested 
by transcriptomics and neurocytochemical findings 
described in the following section.

Evidences of Oligodendrocyte Disruption  
in Postmortem Studies

Postmortem studies and histological characterization 
of patients’ brain support the view of altered white matter 
in schizophrenia patients. Indeed, structural alterations of 
myelinated fibers are reported in gray and white matter 
of prefrontal cortex and caudate nucleus of patients 
(Uranova, Vikhreva, Rachmanova, & Orlovskaya, 2011). 
Most studies report a decrease in oligodendrocyte density 
in thalamic nuclei and in prefrontal cortex (Byne et al., 
2006; Hof, Haroutunian, Copland, Davis, & Buxbaum, 
2002; Uranova, Vostrikov, Orlovskaya, & Rachmanova, 
2004; Vostrikov, Uranova, & Orlovskaya, 2007). In prefron-
tal cortex, the age-related increase in number of mature 
oligodendrocytes normally observed in control subjects 
is absent in schizophrenia patients (Vostrikov & Uranova, 
2011). Microarray analysis of prefrontal and anterior cin-
gulate cortex of schizophrenia patients indicate a reduced 
expression of several genes related to myelin and oligo-
dendrocytes (Dracheva et al., 2006; Hakak et al., 2001; 
Tkachev et al., 2003) and an altered expression of genes 
coding for cell-cycle maintenance or arrest (Katsel et al., 
2008). Altogether, these findings point to impairment of 
oligodendrocyte maturation and of myelination.

Abnormalities of White Matter at Early Stages  
of Schizophrenia

Many studies revealed impairment of white matter 
integrity in tracts connecting frontal and temporal regi-
ons already at early stages of schizophrenia (reviewed 
in Samartzis, Dima, Fusar-Poli, & Kyriakopoulos,  
2014), and even at illness onset for the frontal lobe 
(Hao et al., 2006; Samartzis et al., 2014; Witthaus et al., 
2008; Yao et al., 2013). Voxel-based morphometry of 
structural magnetic images revealed smaller white 
matter volumes in temporal gyrus, frontal gyrus, and 
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cingulum of first-episode patients compared with healthy  
subjects (Witthaus et al., 2008). In addition, early psy-
chosis patients have a reduced progression of frontal 
white matter volume over time compared with control 
subjects (Ho, Andreasen, et al., 2003). Based on a recent 
meta-analysis study, FA values are decreased in two 
main clusters of the brain in first-episode patients: the 
right anterior cingulum (uncinate fasciculus and cingu-
lum bundle) and the left temporal deep white matter 
(longitudinal fasciculus, fornix, fronto-occipital fascicu-
lus, and interhemispheric fibers) (Yao et al., 2013). Fur-
thermore, ultra-high-risk individuals with attenuated 
positive symptoms (i.e., at risk of developing psychosis) 
display a reduced volume of white matter in temporal 
lobe when compared with healthy subjects (Witthaus 
et al., 2008). Supporting these results, DTI analyses of 
ultra-high-risk individuals revealed alterations of white 
matter integrity in various brain regions (Karlsgodt 
et al., 2008; Peters et al., 2009; Samartzis et al., 2014), the 
superior and middle frontal lobe as well as the major 
frontoparietal connecting tract (Carletti et al., 2012). Also 
in line with these data, ultra-high-risk individuals pres-
ent abnormal functional connectivity between frontal 
and temporal regions (Crossley et al., 2009). Interest-
ingly, transition to psychosis in ultra-high-risk subjects 
is associated with a progressive decrease of white matter 
integrity in frontal and temporal lobes (Bloemen et al., 
2010; Carletti et al., 2012).

In summary, imaging data indicate that white mat-
ter deficits are present before onset of illness, at illness 
onset, and persist in chronic schizophrenia patients. 
Additional observations suggest that white matter of 
patients fails to undergo normal myelination. Struc-
tural abnormalities in myelin and oligodendrocytes can 
interfere with long-range neuronal circuitry (Takahashi 
et al., 2011), and may disrupt synchronization across 
brain regions (Whitford et al., 2012), leading to com-
plex symptoms in schizophrenia. In the somatosensory 
system, myelination is an important process to close the 
critical period of brain plasticity during which the neu-
ral circuits are shaped by experiences (Bavelier, Levi, 
Li, Dan, & Hensch, 2010; Morishita & Hensch, 2008; 
Takesian & Hensch, 2013). The notion of critical period 
for brain plasticity could be extended in other systems, 
including cognition (Barkat, Polley, & Hensch, 2011; 
Bavelier et al., 2010; Gogolla, Caroni, Luthi, & Herry, 
2009). The consequences of delayed myelination on 
brain maturation remain to be explored in the context 
of schizophrenia. We will discuss next the evidence in 
human and animal models suggesting that oxidative 
stress and redox dysregulation underlie the impaired 
maturation of white matters and oligodendrocytes in 
frontal cortex.

ROLE OF REDOX IMBALANCE IN MYELIN 
IMPAIRMENTS ASSOCIATED WITH 

SCHIZOPHRENIA

Oligodendrocyte Development and Maturation

To understand how redox dysregulation and oxida-
tive stress affect oligodendrocyte maturation, a descrip-
tion of oligodendrocyte development stages is first 
needed. Oligodendrocytes undergo a series of matura-
tion stages, which are characterized by the expression of 
specific cellular surface and myelin component proteins 
(Figure 2(A)) (Baumann & Pham-Dinh, 2001). Oligoden-
drocyte progenitor cells (OPC) proliferate in response to 
growth factors such as platelet-derived growth factors 
(PDGF) throughout PDGF receptor-signaling pathway. 
At this stage, OPC present the markers A2B5, NG2, and 
PDGF receptor. OPC differentiate into preoligodendro-
cyte cells, which are characterized by multiple processes, 
a reduced motility, and a decreased sensitivity to growth 
factors as PDGF. Preoligodendrocytes present typical 
sulfated glycolipids that are recognized by the O4 anti-
body. Although preoligodendrocyte branches become 
more complex throughout development, the transition 
into immature oligodendrocytes is accompanied by a 
complete cell-cycle arrest. At this stage, expression of 
galactocerebroside and 2′,3′-cyclic nucleotide 3′-phos-
phodiesterase (CNP) begins. After a complete differen-
tiation into mature oligodendrocytes, specific markers 
such as myelin-associated protein (MAG), myelin oli-
godendrocyte glycoprotein (MOG), proteolipid protein 
(PLP), and myelin basic protein (MBP) are present.

Sensitivity of Oligodendrocyte to Redox State

Oligodendrocytes are sensitive to redox dysregu-
lation and oxidative stress because of their intrinsic 
properties and functions. During myelination process, 
oligodendrocytes have a high metabolic rate to produce 
and maintain membranes (Bradl & Lassmann, 2010;  
Cammer, 1984; El Waly, Macchi, Cayre, & Durbec, 2014). 
High metabolic activity is known to generate large amo-
unt of ROS (Dringen, 2000). Moreover, oligodendrocytes 
are the predominant iron storing cells in the brain, as it 
is a required cofactor for myelin synthesis (Thorburne &  
Juurlink, 1996). Iron catalyzes the formation of oxy-
gen radicals (Figure 1(A)). In addition, myelin sheaths 
are enriched in polyunsaturated fatty acids (Baumann 
& Pham-Dinh, 2001), which are vulnerable to radi-
cal attacks. Surprisingly, oligodendrocytes display a 
low activity of GPx and low endogenous GSH levels 
(Baud et al., 2004; Juurlink, Thorburne, & Hertz, 1998). 
Data available online indicate that messenger RNA 
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expression of genes related to antioxidant capacity 
(GCLC) in the prefrontal cortex follow the same expres-
sion profile than myelin-related genes (e.g., MAG, PLP, 
http://braincloud.jhmi.edu/) (Kang et al., 2011). Expres-
sion of these genes peaks at late childhood and early 
adolescence period. Consistently, the most expressed 
genes in the prefrontal cortex at adolescence are related 
to myelin, lipid synthesis, the antioxidant system, and 
energy metabolism (Harris et al., 2009).

In schizophrenia patients, the direct role of redox 
control for myelin is supported by the positive correla-
tion found between prefrontal cortex GSH levels and FA 
along the cingulum bundle, which connects the anterior 
cingulate to limbic structures (Monin et al., 2014). Inter-
estingly, this correlation is present only in individuals 
younger than age 30 years and is lost when older sub-
jects are included (Monin et al., 2014). The third decade 
of life corresponds to the final stage of prefrontal cortex 
maturation and cingulum myelination (Bartzokis et al., 
2001; Lebel & Beaulieu, 2011; Lenroot & Giedd, 2006).

The importance of redox control for white matter integ-
rity and oligodendrocyte development is further sup-
ported by animal models and in vitro research. Redox state 

controls oligodendrocyte maturation as well as the switch 
between proliferation and differentiation (Monin et al., 
2014; Noble, Smith, Power, & Mayer-Proschel, 2003). In 
reduced state, oligodendrocytes proliferate while they dif-
ferentiate in oxidized state (Noble et al., 2003). Abnormal 
redox control would interfere with oligodendrocyte devel-
opment. Consistently, GCLM-deficient mice, which pres-
ent a 70% GSH deficit within the brain and an increase in 
oxidative stress marks in prefrontal cortex and ventral hip-
pocampus (Cabungcal, Steullet, Kraftsik, Cuenod, & Do,  
2013; Steullet et al., 2010), have reduced levels of mature 
oligodendrocytes and of myelin in the prefrontal cortex at 
peripubertal period (Monin et al., 2014). Although myelin-
ation reaches similar levels in adult GCLM-deficient and 
wild-type mice, DTI study shows persistent impairment 
of white matter integrity in fornix and anterior commis-
sure (Corcoba et al., 2014). At functional levels, conduction 
velocity is reduced in both white matter tracts (Corcoba 
et al., 2014). Therefore, a delay in oligodendrocyte matu-
ration and myelination generated by a redox dysregula-
tion may induce permanent disturbance of FA values. At 
the cellular level, GSH deficiency in oligodendrocyte pro-
genitors leads to cell-cycle arrest and reduces proliferation 

FIGURE 2 Regulation of oligodendrocyte maturation. (A) Oligodendrocyte maturation and markers used to characterize each step of oligo-
dendrocyte development. PDGFR, receptor of platelet-derived growth factors; GalC, galactocerebroside; CNP, 2′,3′-cyclic nucleotide 3′-phospho-
diesterase; MAG, myelin associated protein; MOG, myelin oligodendrocyte glycoprotein; PLP, proteolipid protein; MBP, myelin basic protein. (B) 
Redox state influences the switch between proliferation and differentiation of oligodendrocytes via the modulation of Fyn kinase. (1) In conditions 
of low GSH levels or oxidative stress, protein tyrosine phosphatases (PTPs) may be oxidized to sulfenic acid (S-OH), inactivating PTPs. (2) Via 
other signaling pathways or through the inactivation of PTP, Fyn kinase may be activated via autophosphorylation of Fyn activation loop. (3) Fyn 
kinase phosphorylates Cbl ubiquitin ligase, which (4) ubiquitinylates PDGFR. (5) Tagged PDGFR is targeted and degraded by the proteasome. (6) 
In response to PDGFR degradation, OPC lost sensitivity to growth factors and (7) switch to early differentiation.



28. ROLE OF REDOX DYSREGULATION IN WHITE MATTER ANOMALIES490

II. NEUROBIOLOGY OF PSYCHOTIC DISORDERS

that can be reversed by the antioxidant N-acetylcysteine 
(Monin et al., 2014; Noble et al., 2003). In presence of 
growth factors, GSH depletion favors the early differen-
tiation of oligodendrocytes as indicated by the increase 
of O4 and CNP markers (Monin et al., 2014; Noble et al., 
2003) but, in presence of differentiating factor, a deficit in 
GSH prevents full oligodendrocyte maturation (Monin 
et al., 2014). Consistently, pharmacological inhibition of 
GCL decreases the expression of genes that promote oli-
godendrocyte differentiation and increases expression of 
those that inhibit differentiation (French, Reid, Mamontov,  
Simmons, & Grinspan, 2009). At the molecular level, 
the switch from proliferation to early differentiation is 
controlled by the PDGFR-Fyn pathway (Figure 2(B)) 
(Li, Dong, Proschel, & Noble, 2007; Monin et al., 2014). 
Indeed, redox dysregulation induced by a GSH deficit or 
oxidative stress generated by toxicants (methylmercury, 
paraquat, and lead) activates Fyn pathway. Activation 
of Fyn, a nonreceptor tyrosine kinase, induces phos-
phorylation of the ubiquitin ligase Cbl known to target 
PDGFR degradation through proteasome (Figure 2(B))  
(Li et al., 2007). The mechanisms underlying the activation 
of Fyn remain elusive. Phosphorylation and dephosphor-
ylation of Fyn at different tyrosine residues are needed 
to drive its activity, which could be regulated by protein 
tyrosine phosphatases (PTPs). PTPs can either negatively 
or positively modify tyrosine kinases (Ostman & Bohmer, 
2001). Although it has been shown that PTPα member 
activates Fyn (Ponniah, Wang, Lim, & Pallen, 1999), other 
members of PTPs family could, in contrast, inactivate 
Fyn. Interestingly, these PTPs have a cysteine residue on 
their active site, which is sensitive to oxidation (Salmeen 
& Barford, 2005). In conditions of redox dysregulation or 
oxidative stress, the inactivation of PTPs via their redox-
sensitive site could trigger the activity of tyrosine kinases 
as Fyn (Figure 2(B)). Interestingly, regulation of Fyn 
expression is impaired in early psychosis patients associ-
ated with a vulnerability to redox dysregulation (Monin 
et al., 2014). Postmortem studies in prefrontal cortex of 
schizophrenia patients also reveal abnormal expression of 
Fyn (Stanley database) (Ohnuma, Kato, Arai, McKenna, &  
Emson, 2003).

In conclusion, a proper timing of redox regulation is 
crucial to control the proliferation and differentiation 
of oligodendrocyte. Oxidative stress or abnormal redox 
control during the development could therefore contrib-
ute to myelin disruptions associated with schizophrenia.

Role of Nonredox Risk Factors in Oxidative 
Stress and Myelin Impairment

Contribution of Genetic Factors

NRG1

Genetic association studies of schizophrenia identi-
fied several alleles of NRG1 as risk factors for the disease 

(Mei & Nave, 2014). Specifically, the C allele at rs35753505 
and the T allele at rs6994992 were widely associated with 
the disease (Mei & Nave, 2014). Few studies investigate 
the relation between NRG1 and oxidative stress in brain. 
However NRG1 is known to regulate the level of ROS 
in vitro (Goldshmit, Erlich, & Pinkas-Kramarski, 2001) 
and several evidences indicate a protective role of NRG1 
against oxidative stress by regulating endoplasmic retic-
ulum stress in myocardial cells (Xu et al., 2014).

In schizophrenia patients, carriers of C allele at 
rs35753505 present a reduction in white matter volume 
within tracts binding frontal to posterior areas (Cannon 
et al., 2012). In contrast, T carrier patients have a lower 
FA in the anterior cingulum (Wang, Jiang, et al., 2009). 
The relation between NRG1 risk variants and micro-
structural integrity was further investigated in healthy 
subjects to avoid bias because of antipsychotic drugs. 
White matter integrity in the subcortical white matter of 
the medial frontal and in the anterior thalamic radiation 
is reduced in carriers of the schizophrenia risk allele C at 
rs35753505 (Sprooten et al., 2009; Winterer et al., 2008). 
In addition, healthy subjects with the risk-associated T 
variant of NRG1 at rs6994992 display a decreased FA in 
thalamic connecting tracts and in the fornix (Douet et al., 
2014; McIntosh et al., 2008; Sprooten et al., 2009). More-
over, this T allele is associated with differential devel-
opmental trajectories of frontal, temporal, and parietal 
lobes (Douet et al., 2014). At the molecular level, NRG1 
gene is required to promote specification of oligoden-
drocyte lineage (Wood, Bonath, Kumar, Ross, & Cunliffe, 
2009). NRG1-deficient mice are hypomyelinated in the 
prefrontal cortex (Makinodan, Rosen, Ito, & Corfas, 
2012). NRG1, which is axonally bound or secreted, pro-
motes oligodendrocyte survival and modulates myelin 
thickness through ErbB signaling (Mitew et al., 2013).

DISC1

DISC1 has been associated with various psychiatric 
conditions, including with schizophrenia (Blackwood 
et al., 2001; Millar et al., 2000). A missense variant of 
DISC1 linked to schizophrenia is associated with low 
white matter integrity in fiber tracts interconnecting 
frontal to posterior areas (Sprooten et al., 2011). DISC1 
is a multifunctional protein known to be involved in 
the neurodevelopment, cortical thickness, gray matter, 
and white matter control (Hikida, Gamo, & Sawa, 2012). 
DISC1 also plays a role in mitochondria fusion and fis-
sion (Park et al., 2010). A reduction in its function impairs 
mitochondrial dynamic, which leads to enhanced pro-
duction of ROS and redox dysregulation (Park et al., 
2010). In transgenic mice expressing a dominant nega-
tive variant of DISC1, levels of carbonylated proteins 
and of 8-oxodG are increased in the prefrontal cortex 
(Johnson et al., 2013). Moreover, these transgenic mice, 
which display phenotypes associated with schizophre-
nia, are characterized by disturbances in oligodendrocyte 
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differentiation markers (CNP, MAG, PLP, and PDGFR) 
(Katsel et al., 2011). Indeed, DISC1 is known to be crucial 
for oligodendrocyte development (Wood et al., 2009). At 
molecular levels, DISC1 variant may induce impairment 
of oligodendrocyte development via NRG1/ErbB signal-
ing pathway (Katsel et al., 2011). These data also suggest 
a relationship between DISC1 and NRG1 for oligoden-
drocyte function.

Together, these data support the notion that schizo-
phrenia involves several genetic loci that are indirectly 
associated with both disruption of oxidative stress and 
oligodendrocyte maturation.

Contribution of Environmental Factors

Environmental factors may also lead to redox dys-
regulation, oxidative stress, and myelination defect. To 
date, few studies have focused on the relation between 
early-life adversity and the impairment of white matter 
integrity in schizophrenia patients. However, several 
evidences in healthy subjects and other myelin-asso-
ciated disorders suggest that environmental stress or 
childhood trauma alter white matter tracts.

Inflammation

Inflammation and oxidative stress widely influence 
each other (Bitanihirwe & Woo, 2011; Kirkpatrick & 
Miller, 2013; Steullet et al., 2014). Infection induces the 
formation of cytokines, inflammatory agents associated 
with free radical production that in turn promote inflam-
mation. Little is known about the impact of pre- or post-
natal inflammation on white matter in schizophrenia 
patients, but diseases with a prominent inflammatory 
component (such as multiple sclerosis and periventricu-
lar leukomalacia) are accompanied with disruption of 
white matter and marks of oxidative stress (Ferreira et al., 
2013; Gironi et al., 2014; Haynes, Folkerth, Trachtenberg, 
Volpe, & Kinney, 2009). Multiple sclerosis is an autoim-
mune disease with abnormal integrity of white matter 
and demyelinating lesions mainly in the spinal cord, in 
addition to immune cell infiltration (El Waly et al., 2014; 
Roosendaal et al., 2009). Patients also display increased 
lipid peroxidation and impairment of GSH and of 
antioxidant enzymatic defenses (Ferreira et al., 2013;  
Pasichna, Morozova, Donchenko, Vinychuk, & Kopchak, 
2007; Seven, Aslan, Incir, & Altintas, 2013). Interestingly, 
recent data strongly associate infectious agents such as 
Epstein-Barr virus and human herpes virus 6A to mul-
tiple sclerosis (El Waly et al., 2014).

In rodent, prenatal immune challenge with synthetic 
analog of double-stranded RNA (polyriboinosinic-poly-
ribocytidilic acid (poly I:C)) has been used to mimic viral 
infection. Injected in dams, this inflammatory agent gen-
erates behavioral deficits reminiscent of schizophrenia 
in the offsprings (Bitanihirwe, Peleg-Raibstein, Mouttet, 
Feldon, & Meyer, 2010; Meyer & Feldon, 2012). More-
over, poly I:C prenatal administration decreases GSH 

levels in the whole brain (Makinodan et al., 2009) and 
induces a delay in myelination (Makinodan et al., 2008). 
Indeed, myelin thickness and myelin protein levels such 
as MBP are reduced in 14-day-old mice but not in adult 
animals (Makinodan et al., 2008). Myelin impairments 
were specifically reported within the hippocampus and 
absent for the prefrontal cortex. In culture, poly I:C treat-
ment promotes oligodendrocyte apoptosis and drasti-
cally reduces the number of the mature oligodendrocytes 
(Bsibsi, Nomden, van Noort, & Baron, 2012; Steelman & 
Li, 2011).

Obstetric Complications

Oxidative stress may play a role in obstetric compli-
cations such as preeclampsia and preterm birth because 
these events are associated with inflammation and 
marks of oxidation in the placenta. Moreover, hypoxia 
and hyperoxia are reported in preterm infants (Burton 
& Jauniaux, 2011). Premature babies present reduced 
volumes of white matter compared with term children 
(Back & Rosenberg, 2014; Salmaso, Jablonska, Scafidi, 
Vaccarino, & Gallo, 2014) and abnormal white mat-
ter integrity persists in adulthood (Eikenes, Lohaugen, 
Brubakk, Skranes, & Haberg, 2011). White matter injury, 
including the periventricular leukomalacia, is the major 
cause of brain injury in preterm birth (Back & Rosenberg, 
2014; Chew, Fusar-Poli, & Schmitz, 2013). This disease 
with problems of motor control is characterized by peri-
ventricular white matter injuries and periventricular 
necrosis (Haynes et al., 2003). Interestingly, lipid peroxi-
dation and nitrosative stress marks are present in oligo-
dendrocytes of patients (Haynes et al., 2003).

In rodents, hypoxia or hyperoxia exposure, which are 
used to model the consequences of preterm birth, induce 
aberrant myelination process. Mice exposed to chronic 
hypoxia specifically present a delay in oligodendrocyte 
differentiation leading to abnormal myelin structure as 
demonstrated by electron microscopy (Jablonska et al., 
2012). Consistently, hyperoxia exposure between 6 and 
8 postnatal days generates ROS and triggers a delay in 
white matter and oligodendrocyte maturation in the cor-
pus callosum (Gerstner et al., 2008; Schmitz et al., 2011). 
Interestingly, the number of oligodendrocyte labeled 
with CC1 marker returns to normal levels by 15 days 
(Schmitz et al., 2011). Hyperoxia exposure transiently 
disrupts development of myelin and generates persis-
tent impairment in white matter integrity along corpus 
callosum as indicated by a low FA value in young adult 
rodents (Ritter et al., 2013; Schmitz et al., 2011).

Early-Life Trauma

Clinical evidences associate early trauma such as 
emotional abuse to schizophrenia. Emotional abuses 
encompass several forms, including physical and 
sexual abuse, verbal aggression, and social neglect. 
Early-life adversity deregulates the control of reaction 
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to stress by the hypothalamic-pituitary-adrenal (HPA) 
axis and therefore may contribute to oxidative stress 
(Schiavone, Jaquet, Trabace, & Krause, 2013). Indeed, 
several evidences showed a role of the oxidative stress 
in the control of HPA axis. After psychosocial stress 
conditions, reduced nicotinamide adenine dinucleo-
tide phosphate oxidase, which generates ROS, is 
increased in the hypothalamus and consequently dis-
turbs HPA axis (Colaianna et al., 2013). In addition, 
oxidative stress reduces glucocorticoids negative feed-
back loop through nuclear translocation of glucocorti-
coid receptors (Asaba et al., 2004). Moreover, in the 
serum, oversecretion of glucocorticoids induces ROS 
(Sato, Takahashi, Sumitani, Takatsu, & Urano, 2010). 
In the brain, glucocorticoids also reduce the activities 
of antioxidant defenses (SOD, catalase, and GST) and 
the level of GSH (Zafir & Banu, 2009). Thus, oxidative 
stress affects HPA axis that further induces redox dys-
regulation and oxidative stress.

Posttraumatic stress disorder (PTSD) is commonly 
reported in maltreated children who suffered of emo-
tional abuse. Maltreated children and adolescents 
diagnosed with PTSD present a reduction of the white 
matter volume in the superior temporal gyrus and the 
prefrontal cortex compared with nonmaltreated con-
trol subjects (De Bellis, Keshavan, Frustaci, et al., 2002; 
De Bellis, Keshavan, Shifflett, et al., 2002). Interestingly, 
brain volume negatively correlates with the duration 
of abuse (De Bellis, Keshavan, Shifflett, et al., 2002). 
Because these studies do not include subjects with mal-
treatments and without PTSD, consequences of mal-
treatment and/or the presence of PTSD on white matter 
cannot be distinguished. In young adults without PTSD, 
DTI analysis reveals a negative correlation between 
FA value within the inferior fronto-occipital fasciculus 
and early-life adversity (Frodl et al., 2012). Individuals 
exposed to early traumatic experiences also present a 
reduction in white matter integrity in the corpus callo-
sum compared with nonexposed group (Lu et al., 2013; 
Paul et al., 2008). In young adults, subjects exposed to 
parental verbal abuse display reduced microstructural 
integrity in the arcuate fasciculus, and around the cingu-
lum bundle and the fornix (Choi, Jeong, Rohan, Polcari, 
& Teicher, 2009). Consequently, parental verbal abuse is 
associated with alteration of the white matter integrity in 
tracts connecting parts of the limbic systems, including 
the prefrontal cortex (Choi et al., 2009). Early neglect is 
one type of trauma that has been considerably studied 
in the past few decades (Eluvathingal et al., 2006; Gov-
indan, Behen, Helder, Makki, & Chugani, 2010; Hanson 
et al., 2013). Children who experienced early neglect in 
orphanage have a decrease volume of total white matter 
(Hanson et al., 2013). Despite a greater FA in the anterior 
thalamic radiation and the forceps minor, lower FA in 

early-deprived children has been underlined in a num-
ber of white matter tracts connecting the temporal lobe 
to the prefrontal cortex (Hanson et al., 2013). In addition, 
adopted children present a decreased FA in pathways 
of the limbic system, including the uncinate fasciculus 
(Eluvathingal et al., 2006; Govindan et al., 2010). Such 
disruption of the structural integrity was negatively 
associated with the duration of stay in the orphanage 
(Govindan et al., 2010).

In adult rodents, social isolation compromises the activ-
ity of GSH-related antioxidant defenses in blood and liver, 
and increases oxidation marks such as lipid peroxidation 
(Djordjevic, Djordjevic, Adzic, & Radojcic, 2010; Goncalves, 
Dafre, Carobrez, & Gasparotto, 2008). Social isolation of 
adult mice reduces myelin thickness in the prefrontal cor-
tex (Liu et al., 2012). Early social isolation endured during 
juvenile and early adolescent periods specifically impairs 
oligodendrocyte maturation and myelination in the pre-
frontal cortex (Makinodan et al., 2012). Indeed, levels of 
MBP and MAG messenger RNA expression are reduced 
in socially deprived animals (Makinodan et al., 2012). 
In contrast, social deprivation endured after adolescent 
period, when oligodendrocyte development is completed, 
does not alter myelin contents. At the molecular level, the 
NRG1/ErbB signaling pathway has been proposed to con-
tribute to such oligodendrocyte maturation impairments 
(Makinodan et al., 2012).

Altogether, these data suggest that oligodendrocyte 
maturation and myelination are particularly sensitive 
to oxidative stress generated by trauma endured during 
childhood or adolescence, and may lead to white matter 
anomalies in adulthood.

CONCLUSIONS AND PERSPECTIVES

Marks of oxidation and lowered antioxidant defenses 
are repeatedly associated with schizophrenia, thus 
tightening the link between redox dysfunction and ill-
ness physiopathology. We suggest that redox imbalance 
in tight interaction with NMDA receptor hypofunction 
and neuroinflammation constitutes a hub on which con-
verge genetic and environmental risk factors, leading to 
brain disconnectivity (Figure 3(A)). Evidence from the 
literature indicates that risk factors for schizophrenia are 
associated with both oxidative stress and myelin defects 
in human. The sensitivity of oligodendrocytes to redox 
changes is well-demonstrated in vitro because dysregu-
lation of redox homeostasis affects the balance between 
proliferation and differentiation of precursor cells. There-
fore, a proper redox control is essential during periods 
of myelination that close window of plasticity in brain 
development. Because dynamics of maturation vary 
across brain regions, we propose that environmental 
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insults would preferentially impair myelin within 
maturing regions rather than in those fully developed. 
Different timing of environmental insults could thus 
lead to clinically heterogeneous symptoms. This model 
raises the hypothesis of a time window during which 
individuals with predisposition for redox dysfunction 
would be primed to develop schizophrenia by environ-
mental factors that occurred during key periods of brain 
development (Figure 3(B)).

This model highlights the need for early interven-
tions that prevent or limit the disruption of white mat-
ter integrity. Fyn, which participates to the switch of 

oligodendrocyte precursor proliferation to differentia-
tion (Monin et al., 2014), is an interesting drug target. 
Broader antioxidants are already tested in clinical tri-
als: some studies report positive effects of vitamins 
C and E, omega-3 fatty acid, and N-acetylcysteine on 
schizophrenia symptoms and even on psychosis pre-
vention. Exploring the effect of these add-on therapies 
on white matter parameters and on disconnectivity in 
early stages of the disease should clarify their mode of 
action and, in the long term, help avoiding transition to 
psychosis and reducing the disabilities associated with 
the illness chronicity.

FIGURE 3 Potential mechanism underlying macrocircuit impairments in schizophrenia. (A) Redox dysregulation and oxidative stress, neu-
roinflammation, and glutamatergic system constitute one hub on which converge environmental and genetic factors. Redox dysregulation and 
oxidative stress are known to impair parvalbumin interneurons and excitatory/inhibitory balance of local neuronal circuits, and alter proliferation 
and differentiation of oligodendrocytes. Together, they may lead to microcircuit and macrocircuit disconnectivity. (B) The sensitivity of oligoden-
drocytes to redox dysregulation is specific to their maturation stage. The coincidence of schizophrenia onset with late prefrontal cortex develop-
ment and the several evidences of structural abnormalities in prefrontal cortex support the hypothesis of a vulnerability window, during which 
stress would induce a myelination delay.
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