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Schizophrenia (SZ) is a devastating mental illness with a complex and heterogeneous clinical state. Oxidative stress, and

in particular glutathione (GSH) dysregulation, has been demonstrated to play a crucial role in SZ pathophysiology. In fact,

glutathione is a leading actor of oxidative-stress-mediated damage in SZ and appears to reflect the heterogeneity of the

disease.
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1. Introduction

Schizophrenia is one of the most serious and debilitating psychiatric illnesses , characterized by three groups of

symptoms: positive, negative and cognitive symptoms. Positive symptoms consist of hallucinations (perceptions in the

absence of an external stimulus) and delusions (fixed and false beliefs arising internally). Negative symptoms include

decreased emotional expression, amotivation, apathy and social withdrawal. Impaired cognitive functions involve

disorganization of thought, deficit in long-term memory and sustained attention, problems in processing speed . The

psychiatric diagnosis of SZ remains centered on the analysis of clinical symptoms, as the pathophysiology of the disorder

is still unclear, and there is a lack of appropriate biomarkers. Many alternative hypotheses have been formulated

regarding the pathologic mechanisms of SZ, whose developmental and neurodegenerative nature is still a matter of

debate . The pathogenic pathways include, among others: impaired neurotransmission, neuroinflammation, autoimmune

dysfunctions, oxidative stress, defects of myelination . Although the suggested mechanisms are multiple and disparate,

the general idea is that they may converge on a common pathway . One of the candidates for this process is oxidative

stress . Several studies suggested a role for oxidative stress in the molecular mechanisms involved in the disease

etiology. Evidence for oxidative damage, including decreased levels of antioxidants and in particular reduced glutathione

(GSHr) and total glutathione (GSHt, that is the sum of GSHr and its oxidized form GSSG), has been found in body fluids

and postmortem brain tissues of patients affected by SZ .

2. Oxidative Stress and Glutathione

Oxidative stress is caused by an imbalance between the excessive production of reactive oxygen species (ROS) and the

cellular antioxidant defense, which is usually able to counteract the reactive compounds and repair the resulting injury .

The ROS production occurs inside the cell during normal aerobic metabolism and mainly for mitochondrial respiration with

its consequent incomplete reduction in oxygen to water. ROS include both free radicals (containing highly reactive

unpaired electron), such as: superoxide (O - ) and hydroxyl radical (OH ), and other molecular species, like hydrogen

peroxide (H O ). Prolonged exposure to these oxidant intermediates determines the oxidation of cellular components

(proteins, lipids and DNA). Under normal physiologic conditions, the cell deals with the flux of ROS. Oxidative stress

occurs when the ROS level exceeds the antioxidant systems. The brain is a sensitive site of oxidative damage due to its

high metabolic rate such that consuming a large amount of inspired oxygen produces many reactive species . In

addition, the brain has a low level in antioxidant systems and a reduced capacity for cellular regeneration that worsen its

condition. The most prevalent antioxidant in the brain is glutathione, a tripeptide made up of cysteine, glutamate and

glycine. It is essential for cellular detoxification of reactive oxygen species in the central nervous system, and oxidative

stress together with an altered glutathione metabolism may be implicated in the axonal degeneration observed in various

neurodegenerative diseases . Glutathione exists in a reduced state (GSHr) able to scavenge free radicals and in an

oxidized state (GSSG) capable of causing protein S-glutathionylation, a process that consists in the connection of mixed

disulphide bonds between glutathione and protein cysteine residues (Cys). In GSH metabolism, the oxidation of two

molecules of GSHr generates one molecule of GSSG that, in turn, can be reduced back by the enzyme GSH reductase.

The ratio between GSHr and GSSG has the function of maintaining the redox balance and potential in the cell, and in

normal condition, it is about 100. Under oxidative stress, the GSHr/GSSG ratio decreases to 10 or less, and these values

are able to trigger protein S-glutathionylation, which, in turn, can alter the function, interactions and localization of
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proteins. The oxidation of Cys residues by ROS can cause irreversible modifications that bring to dangerous dysfunction,

thus GSH protects the proteins by reducing their thiols (i.e., their –SH functional groups). More importantly, abnormal

protein S-glutathionylation has been considered the cause of several neurodegenerative diseases exacerbating the injury

of oxidative stress.

3. Glutathione in Schizophrenia

Growing evidence suggests that the dysregulation of GSH metabolism may have a crucial part in SZ pathophysiology. A

huge number of studies report a reduction in GSHr in tissues of SZ patients compared to controls. In GSH metabolism,

the GSHr/GSSG ratio and the GSH levels are the primary causes of oxidative balance. It is, in other words, fundamental

for the cell to maintain a high GSHr level, a low GSSG level and appropriate GSHt values. In SZ conditions, decreased

levels of GSHr and GSHt (generally indicated as relative measures, referred to as either controls or average levels) have

been reported in blood, including plasma , serum  and erythrocytes ,

but also in cerebrospinal fluid (CSF) and postmortem brain tissue of patients .

However, there are also data not consistent with the above mentioned results. For example, in the work of Samuelsson

and colleagues , no differences in plasma and CSF levels of GSH were observed in SZ patients, as compared to

controls.

Part of the variability might be due to the different analytical methods and the differences in the processing and/or storage

of the biological samples. For example, red blood cells are responsible for the major amount of GSH in the blood, and a

slight hemolysis (0.1%–1%) can result in an erroneous high value of GSH in plasma .

It is also of particular interest to determine whether the GSHr/GSSG ratio, GSHr, GSHt or GSSG levels can correlate to

stages, severity and type of symptoms . Many authors suggested that GSH levels may vary according to disease stage

(prodromic phase, first episode of psychosis and chronic condition), but this aspect would necessitate further analysis.

Nonetheless, the literature reported studies on the diverse phases of the illness, though not all in parallel. Alongside the

studies already mentioned and preponderantly obtained in chronic patients, there are works specifically regarding the

prodromic stage and first episode of psychosis.

For example, in first-episode psychosis, markers of oxidative damage have been demonstrated to be associated with

positive  and negative symptoms  as well as cognitive impairment . More precisely, total GSH and GSHr were

decreased, while GSSG increased in FEP , indicating that glutathione may be an early indicator of oxidative

stress in the course of schizophrenia. Of particular interest is the correlation between GSSG increase and cognitive

impairment, which is a common clinical feature of the disease and could thus be due to oxidative-stress-mediated

neurodegeneration .

Thus, there is considerable evidence of GSH metabolism dysregulation in the different stages of the disease, although

findings are not always consistent.

The GSH levels and their relation with the severity of clinical symptoms are also matters of conflicting results. Raffa et al.

 reported an inverse correlation between the clinical global impression-severity scores and the levels of total GSH and

GSHr. In accordance with these results, Tsai et al.  also demonstrated a significative negative association of GSH

levels with SZ in the acute phase, and the study of Juchnowicz et al.  found that GSH could be useful in distinguishing

FEP and chronic patients from controls. Overall, some studies showed that GSHr levels are associated with the severity

of both positive or negative symptoms , while others do not observe any association 

.

4. From the Periphery to the Center

The association between peripheral and central GSH levels in SZ, primarily in its chronic stage, allows us to draw

interesting observations. Magnetic resonance spectroscopy (MRS) studies reported a GSH decrease in some SZ-

damaged brain areas, such as the anterior cingulate cortex (ACC), thalamus, striatum and medial prefrontal cortex 

. In particular, the consistent decline of GSH levels detected in ACC is confirmed by a metanalysis revision. This

result links the peripheral datum in the blood with that in the brain, indicating that peripheral glutathione levels can mirror

the brain’s oxidative condition. Nevertheless, the same observations have not been always reported in MRS studies

involving the same cortical regions.
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Many are the variables that could explain the presence of the diverse discrepancies among the MRS studies . The

difference in brain areas, the strength of the magnetic fields used (1.5, 3, 4 and 7T) making it difficult to discriminate the

spectrum of GSH due to the overlap with other neurochemicals, and the type of acquisition strategy all may affect the final

results, in addition to the criteria of patients’ selection such as: FEP vs. chronic, and drug-free vs. medicated. The group of

Palaniyappan  suggested an alternative and interesting hypothesis, positing that the difference in GSH levels could be

due, at least partially, to the presence of two subtypes of patients: one with evident GSH deficit and another one with a

GSH condition rather comparable to that of controls. These subgroups may differ in disease outcome regarding

parameters like disease severity or progression, as well as response to treatments. Hence, the different vulnerability of

patients to oxidative stress may account for the diverse MRS results. In addition, it is reasonable to suppose that not all

brain areas of interest in neuronal damage in SZ owe their condition directly to oxidative stress, but some of them may

rather be affected as a consequence of the oxidative injury of connected areas.

5. N-Acetylcysteine: A Support to GSH Implication in SZ

The implication of GSH in SZ is also supported by preclinical and clinical studies conducted with the antioxidant drug N-

acetylcysteine (NAC), which is a precursor of L-cysteine and plays a role as a cysteine donor for GSH synthesis.

Preclinical studies showed that its use determined an increase in plasma cysteine levels and a subsequent involvement in

rising GSH levels . It has also been shown that NAC penetrates the blood–brain barrier (BBB), augmenting GSH

concentration in the brain . Works performed in SZ animal models demonstrated that the administration of NAC

reverses GSH depletion and behavioral deficit . Placebo-controlled trials confirmed that NAC treatment increases

glutathione levels in the medial prefrontal cortex in early-phase SZ , and several clinical studies found that NAC led to a

significant reduction in positive, negative and cognitive symptoms in patients who either underwent antipsychotic therapy

or were untreated . However, the results regarding negative symptoms are more prominent than those of

positive symptoms. An intriguing finding is the correlation between the baseline level of GSH and the effect of NAC, as a

low level appears associated with a beneficial effect of NAC supplementation mostly on positive symptoms 

. In early-phase SZ, an interesting beneficial effect of NAC administration in protecting white matter integrity has

also been discovered, with a six-month treatment that increases the functional connectivity along the cingulum and the

fornix . This finding collocates glutathione dysregulation in the optic of playing a role in neurodegeneration and

provides additional data on the link between glutathione-mediated oxidative stress and white matter impairment in SZ.

6. NMDAR Hypofunction and Its Link to Glutathione in SZ

The two major hypotheses formulated to explain the pathophysiological involvement of GSH in SZ are the N-methyl-d-

aspartate (NMDA) receptor (NMDAR) hypofunction, or glutamatergic hypothesis, and the myelination impairment. It has

been demonstrated that NMDAR hypofunction acts synergistically with oxidative stress, revealing an interesting SZ

pathophysiological mechanism. In adult SZ rodent model systems, both NMDAR hypofunction and oxidative stress induce

similar behavioral and cognitive disturbances, suggesting that they may be reciprocally correlated . Steullet and

colleagues  found that GSH deficit determines a reduced NMDAR function in rat hippocampal slices. The hypothesis is

that GSH depletion may lead to an alteration of the redox state and to an oxidative modification of redox-sensitive sites of

NMDAR. Particularly vulnerable to NMDAR hypofunction are also parvalbumin (PV) interneurons, presumed to be

implicated in SZ pathophysiology. The NMDAR contains redox-sensitive active sites located on cysteine residues, and

glutathione is able to depress the function of the receptor by oxidizing those sites . Moreover, depletion of GSH

leads to NMDAR impairment of synaptic plasticity with a decrease in the response and LTP . On the other hand,

NMDAR hypofunction can reduce GSH levels, contributing to a further redox imbalance. It has also been demonstrated

that NMDAR antagonists increase ROS production  and that synaptic activity mediated by NMDAR increases the

GSH synthesis, coping with the need of antioxidant requested by neuron activity to avoid oxidative stress . This

scenario highlights a reciprocal NMDAR–GSH link. The glutamatergic hypothesis proposes that NMDAR hypofunction

governs the damage of PV fast-spiking GABAergic interneurons and their synchronization activity [89], resulting in the

diverse SZ symptoms.

Among the neurobiological anomalies derived from oxidative stress and potentially involved in the pathophysiology of SZ,

there is also abnormal myelination. In fact, widespread disruption of white matter integrity has been observed in SZ. This

pattern of myelination damage is typical in both GCLM-KO mice and SZ patients. The oligodendrocytes and their

progenitors are highly susceptible to redox dysregulation. It is known that glutathione depletion causes the death of

oligodendrocytes and their precursors , with a consequent deficit in myelination.
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7. Glutathione as a Biomarker for Schizophrenia

The accumulating evidence of GSH involvement in SZ pathophysiology candidate this antioxidant molecule as an SZ

biomarker. Given that direct access to the brain is impossible, peripheral tissues such as blood and cerebrospinal fluid are

considered good sources for identifying potential biomarkers and molecular mechanisms that underlie SZ. Indeed, there is

a significant and constantly growing interest in searching for blood-based biomarkers to assist in the SZ diagnosis. Blood

biomarkers are easily accessible, minimally invasive and, at the same time, not expensive, therefore optimal for clinical

use. Glutathione could be one of these markers, as it can cross the BBB in its reduced form , but a number of

controversial outcomes characterize the GSH role in SZ, probably because of the complexity of this mental illness and its

great heterogeneity of symptoms. In this scenario, the variability of results regarding the GSH levels in SZ patients may

reflect the different disease conditions and may allocate glutathione as a biomarker for the SZ states, where scholars

intended for SZ “state” the different groups of symptoms that define the phenotype of a subject (i.e., deficit or non-deficit

schizophrenia). To define a biomarker able to distinguish the different states of a complex disease is crucial to favor a

correct diagnosis and to drive the treatments in the context of personalized medicine.

Indeed, a wide body of evidence shows a reduction in glutathione levels in plasma and serum of chronic and FEP SZ

patients that makes into correlation the dysregulation of GSH metabolism not only with the chronic stage, but also with the

initial acute phase of the pathology, suggesting that glutathione could be an early biomarker of SZ.

However, the contradictory results of GSH levels among studies (especially those using MRS) could be explained by a

different vulnerability of the brain regions to oxidative damage. Accordingly, a different expression of glutathione in the

diverse brain areas has been shown in mouse models, where a higher GSH expression may indicate a condition less

prone to oxidative stress. Different human brain regions and subregions likely show different GSH expressions, and a

GSH measurement conducted without distinguishing between the diverse areas may lose these differences. Thus, the

initial baseline level of glutathione accounting for the propensity to an oxidative insult in the corresponding region should

be considered.

8. Conclusions

In conclusion, even if the role of glutathione in the pathophysiology of SZ is largely recognized, the heterogeneity of

results poses several problems and reflects not only the disparity of methods used and experimental systems performed

among the studies but also the possible influence of the variability in SZ phenotypes, stage and severity of the disease.

Therefore, it is believed that this heterogeneity, rather than a mere problem of techniques, is an intriguing puzzle that

could redefine the classification of SZ patients. In this scenario, the identification of glutathione as a diagnostic biomarker

able to distinguish between patient subtypes leads to a promising and challenging concept, which could pave the way for

innovative personalized approaches in the treatment of SZ.
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