
FORUM REVIEW ARTICLE

Magnetic Resonance Spectroscopy Study
of the Antioxidant Defense System in Schizophrenia

Daisuke Matsuzawa1 and Kenji Hashimoto2

Abstract

Accumulating evidence suggests that oxidative stress associated with impaired metabolism of the antioxidant
glutathione (GSH) plays a key role in the pathophysiology of schizophrenia. Magnetic resonance spectroscopy
(MRS) is one of the brain-imaging techniques that can quantitatively measure bioactive substances such as GSH
in the intact human brain. Four different measurement sequences including double quantum coherence (DQC)
filtering, MEscher-GArwood Point-RESolved Spectroscopy (MEGA-PRESS), Stimulated Echo Acquisition Mode
(STEAM), and PRESS have been used to evaluate the 1H-MRS measurement of GSH in the brains of patients
with schizophrenia. Although the results of these studies were somewhat diverse, a negative correlation between
brain GSH levels and the severity of negative symptoms in schizophrenia patients suggests that increasing the
brain GSH levels might be beneficial for schizophrenia patients with negative symptoms. Moreover, a recent
double-blind, placebo-controlled study demonstrated that add-on of N-acetyl-l-cysteine (NAC), a precursor of
GSH, to antipsychotics improved the negative symptoms and reduced the side effects (akathisia) in patients with
chronic schizophrenia. MRS study of the antioxidant defense system in schizophrenia still remains in the in-
fantile stage; future studies are needed to examine the brain GSH level before and after NAC treatment, and
thereby to provide direct evidence of the induced production of GSH in the living brain. Antioxid. Redox Signal.
15, 2057–2065.

Introduction

Accumulating evidence suggests that oxidative stress
plays a role in the pathophysiology of schizophrenia (10,

31, 41, 59). Reactive oxygen species (ROS), such as super
oxide, hydroxyl ions, and nitric oxide, are generated under
physiologic aerobic metabolism, and excess levels of ROS or
impairments to the antioxidant defense system can cause cell
injury in the central nervous system (CNS). Dopamine (DA) is
also a major source of ROS in the CNS, as excess DA can easily
autooxidize to produce DA-quinone (4). Thus, the detoxifi-
cation of ROS is of substantial importance in protecting neural
tissues from oxidative stress (33).

Previous studies have reported the occurrence of impair-
ments in the antioxidant glutathione (GSH) levels and in the
activities of the antioxidant enzymes in patients with schizo-
phrenia (14). Currently, GSH is the only antioxidant that has
been measured with magnetic resonance spectroscopy (MRS)
in schizophrenia patients (15, 32, 50, 56). Therefore, in this
article, we provide a brief overview and recent findings on the
MRS studies of antioxidants in the brains of patients with
schizophrenia.

Glutathione and Schizophrenia

Glutathione (GSH: l-glutamyl-l-cysteinyl-glycine) is the
most abundant thiol in mammalian cells, with intracellular
concentrations as high as 1 to 3 mM. GSH is known to be a
nucleophilic scavenger and an enzyme-catalyzed antioxidant,
and plays an important role in protecting the brain against
ROS and harmful xenobiotics (16, 17, 26, 27). GSH is synthe-
sized in vivo by the consecutive action of two enzymes. g-
Glutamylcysteine synthetase (glutamate cysteine ligase
(GCL)), the rate-limiting enzyme for GSH synthesis, uses l-
glutamate and l-cysteine as substrates and forms the dipep-
tide g-glutamylcysteine, which is combined with glycine in a
reaction catalyzed by the glutathione synthetase to generate
GSH. The balance of cellular synthesis and the consumption
of GSH are regulated by feedback inhibition of the GCL re-
action by the end-product GSH (16, 17, 26, 27).

Several lines of evidence suggest that impaired GSH me-
tabolism has substantial importance in the pathogenesis of
schizophrenia. Decreased activity of glutathione peroxidase
(GSH-Px) in red blood cells (1, 6) and plasma (60) of patients
with schizophrenia has been reported. Plasma GSH-Px levels
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have been significantly and positively correlated with
psychosis-rating scores in schizophrenia patients (58). Fur-
thermore, a study using postmortem brain samples demon-
strated that the levels of GSH, GSSG, GSH-Px, and GSH
reductase in the caudate region of brains from schizophrenia
patients were decreased (57). It has also been shown that dif-
ferences in gene polymorphisms imply the negative effect on
GSH metabolism in patients with schizophrenia. The activity of
GCL, the rate-limiting enzyme for GSH synthesis, as well as the
expressions of the catalytic GCL subunit (GCLC) and GCL
modifier subunit (GSLM) in cultured skin fibroblasts from
schizophrenia patients, were significantly decreased compared
with those in control subjects (22, 23, 52). The distributions of
polymorphisms in the genes of these subunits were also dif-
ferent between the schizophrenia subjects and controls (22, 52).
Taken together, these findings provide functional evidence that
an impaired capacity to synthesize GSH under oxidative stress
is a vulnerability factor for schizophrenia (14).

1H-MRS Technique

Among the in vivo molecular-imaging techniques, MRS
provides direct information on the living biochemistry with-
out using radioactive sources, and thus is widely used for its
noninvasiveness. Because the same magnet is used for mag-
netic resonance imaging (MRI) and MRS, morphologic in-
formation can be acquired simultaneously, combined with
single-voxel localization technique, Point RESolved Spectro-
scopy (PRESS) (8), and STimulated Echo Acquisition Mode
(STEAM) (19, 20). Thereby, one can place the region of interest
(ROI) on the specific brain region. Subtle neurobiologic ab-
normalities that can be detected with MRS often precede
anatomic abnormalities; a good example is a previously
reported case of multiple sclerosis, in which a discrepancy
was observed between the symptoms and anatomic abnor-
malities on MRI (11).

MRS can be used to study the resonance spectra of com-
pounds in the brain that contain odd-numbered (paramag-
netic) nuclei, such as proton (1H), lithium (7Li), carbon (13C),
oxygen (17O), fluorine (19F), sodium (23Na), magnesium
(25Mg), and phosphorus (31P). Among those nuclei, 1H-MRS
has been the most widely used, because 1H is the most
abundant nucleus and provides the best access to a large
group of compounds in the brain associated with major
metabolic pathways, such as neurotransmitters, fatty acids,
carbohydrates, and free amino acids (34). More than 30
compounds can be quantified with 1H-MRS (21), although
the proton has a narrow range of chemical shifts (15 ppm
range) (9), which leads to unmanageable overlap of metab-
olite spectra (2), particularly at low field strength (<3.0T),
and a requirement that the dominant water signals be sup-
pressed. Because of their substantial concentration in the
brain and singlet resonances, several metabolites have been
used as the main markers for 1H-MRS; these include N-
acetyl aspartate (NAA, 2.0 ppm), creatine (Cre, 3.03 ppm;
composed of creatine and phosphocreatine), and choline
[Cho, 3.2 ppm; composed of four membrane=myelin-related
chemicals: phosphorylethanolamine (PE), phosphorylcho-
line (PC), glycerophosphorylethanolamine (GPE), and gly-
cerophosphorylcholine (GPC)]. In particular, NAA has been
used as an in vivo marker of neuronal density (39, 44, 45).
Some other metabolites of interest are not easily accessible.

For example, Glx has been commonly used as a description of
combined signals of glutamate, glutamine, and g-aminobutyric
acid (GABA) because methylene protons of glutamate [Glu,
2.04- to 2.35-ppm range; GABA, 2.28 ppm; and glutamine
(Gln, 2.12 to 2.46 ppm) resonate as complicated and over-
lapped peaks. A typical 1H-MRS spectrum of human brain
acquired by normal PRESS sequence is shown in Fig. 1.

Detection of GSH with 1H-MRS

Glutathione (GSH) is a tripeptide made up of glutamate,
cysteine, and glycine (Fig. 2a), and protons of each moiety
resonate differently under a magnetic field. Figure 2b shows a
simulated spectral pattern of GSH at a field strength of 3.0 T,
and as shown, GSH spectra show a complicated pattern be-
cause of the strong J-coupling between some of its hydrogen
nuclei. From the glutamate moiety (GSH-Glu), the methylene
protons give two separate multiplets at approximately 2.15
and 2.55 ppm, and the methine proton gives a doublet-of-
doublets at 3.77 ppm. The cysteine moiety (GSH-Cys) gives a
doublet-of-doublets at 4.56 ppm (a-CH ), 2.93 and 2.978 ppm
(b-CH2), and the methylene proton of the glycine moiety
(GSH-Gln) gives a singlet at 3.77 ppm (21). Until recently,
measurement of GSH with 1H-MRS had been elusive mainly
for two reasons. First, the concentration of GSH in the brain is
lower than the cerebral concentrations of other major metab-
olites, such as NAA, Cre, and Cho. Second, the resonances of
other metabolites are overlapped with those of GSH. For ex-
ample, the protons of the glutamyl moiety of the GSH reso-
nance are heavily overlapped with those of free glutamate
(Glu), glutamine (Gln), aspartate (Asp), and the aspartate
group of NAA. Therefore, it is likely that clear dissociation of

FIG. 1. Typical 1H-MRS spectrum of human brain ac-
quired with normal PRESS sequence (TE¼ 30 ms, TR
5,000 ms, NEX¼ 128). NAA, N-acetyl aspartate; Glx, com-
plex of glutamate and glutamine; Cre, creatine; Cho, choline;
mI, myoinositol. Note that NAA is the most distinct at
2.0 ppm. The spectrum was acquired from the ROI placed in
the posterior medial prefrontal cortex (24�22�30 mm, upper
right).
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the resonance of GSH from other overlapped resonances is
crucial for GSH measurement.

Spectral editing is one of the techniques used to reduce the
information content of the spectral acquisition to enhance or
suppress signals of certain nuclei (2, 55). Two spectral editing
techniques, double quantum coherence (DQC) filtering (53)
and MEGA-PRESS (MEscher-GArwood-Point RESolved
Spectroscopy) (50), have been applied in the schizophrenic
brain. The detailed theoretic aspects of these editing tech-
niques are outlined elsewhere (2, 47, 53, 55). The common
point in these techniques is that they focus on the cysteinyl
moiety of GSH (GSH-Cys), which forms a strongly coupled
ABX spin system. Two protons from b-CH2 of GSH-Cys
resonate at 2.93 and 2.97 ppm, and the resonances of these
protons are overlapped by those of Cre (3.03 ppm), Asp
(2.82 ppm), and GABA (3.01 ppm); thus the two editing
techniques separate the GSH-Cys signal from these other
signals, particularly the Cre signal, which is more hazardous
because of high concentration of Cre in the brain.

The detection of GSH in the human brain was first reported
by Trabesinger et al. (53) under 1.5 T, and this method was
subsequently applied to patients with schizophrenia (15).
GSH spectra were acquired by a DQC filtering sequence,
which consists of the filtering of two radiofrequency (RF)
pulse sequence with two field gradients integrated into a lo-
calizing PRESS sequence. In vivo spectra were acquired in
healthy volunteers (53) and in schizophrenia patients and
controls (15) from a 17.4 ml (24�22�33-mm) volume of ROI
placed at the ventral medial prefrontal cortex. As shown in
Fig. 3a, DQC filtering successfully suppressed the signals of
other metabolites, and in vivo GSH signals comparable with
the one from phantoms were obtained from both the controls
and schizophrenia patients (Fig. 3b).

Studies using MEGA-PRESS sequences to detect GSH
in vivo in schizophrenia patients were first reported by
Terpstra et al. (47), and then by our group under 4 T and 3 T
(32), respectively. In brief, two selective editing pulses that
targeted the cysteinyl a proton of GSH (4.56 ppm) enabled its
J-coupled cysteinyl b-CH2 signal to appear inverted, and thus,
subtraction of the editing pulse ‘‘on’’-scans from ‘‘off’’-scans
resulted in the exclusive detection of the cysteinyl b-CH2 GSH
signal. Figure 4 shows the typical spectra from a phantom
solution containing (NAA, Cre, GSH) acquired with normal
PRESS (a), and MEGA-PRESS (b) sequences, and the ones
from the human brain acquired with normal PRESS (c) and
MEGA-PRESS (d) sequences. As is shown, a sufficiently
strong GSH signal appears in the human brain, but it should
be noted that the aspartyl resonances of NAA at 2.45 and
2.67 ppm are coedited (47). The spectra-acquiring parameters,
such as TE and TR, differ among the three studies, and they
are experimentally set at optimal values in each study.

A major advantage of DQC filtering over MEGA-PRESS
editing is its shorter acquisition time (<5 min) because of the
spectra acquisition with a single shot (53, 55). The measure-
ment time is critically important because the motion of sub-
jects severely affects the quality of MRS spectra acquisition.
Motion artifacts are observed as an increase in line width, a
diminished quality of water suppression, or a doubling of
peaks (28). MEGA-PRESS editing requires twice as much time

FIG. 2. Spectra and structure of glutathione. (a) Structure
of glutathione (GSH), composed of three amino acid moie-
ties. (b) Simulated spectra of glutathione under 3 T. (To see
this illustration in color the reader is referred to the web
version of this article at www.liebertonline.com=ars).

FIG. 3. Filtered spectra. (a) DQC filtered spectra of phan-
tom containing Cre, GSH, aspartate, and GABA (7:3:1:1).
Filtered spectra show that the signal of the 2.9-ppm region
from GSH-cys and the other are well suppressed. (b) Re-
presentative in vivo (top) schizophrenic brain and in vitro
(containing 5 mM GSH) DQC filtered spectra. Reproduced
from (15, 53).
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(or more) for acquisition as does DQC filtering, and thus it is
more susceptible to artifacts; however, one of the advantages of
MEGA-PRESS is its high S=N ratio, as shown in Fig. 4b and d.
The recent shift from 1.5-T MRI to 3-T or higher magnetic field
strength MRI is that it shortens the necessary measurement
time (5, 24) in addition to allowing dissociation of overlapped
signals. Thus, the high field strength can highlight the advan-
tages of MEGA-PRESS editing by allowing the acquisition of
GSH spectra with a sufficient number of excitations (NEX).

Very recently, Kaiser et al. (29) reported 1H-MRS detection
of the glycine residue of reduced glutathione (29). In their
study, they focused on the glycine residue (GSH-Gly) whose
protons resonate as a singlet at 3.77 ppm (21). The editing
method is based on J-difference editing, and the quantification
requires a rather complicated process compared with the
GSH-Cys editing. Most of the data validation is achieved by
phantom and simulation under a very high magnetic field (4 T
to 14.0 T); in vivo data were acquired under 4 T only for three
subjects. This method would be an attractive option for de-
tecting GSH in vivo because of the high S=N, although the
same method must be shown as applicable under a more
clinically available magnetic field (3 T or less).

1H-MRS Measurement of GSH in the Brains
of Patients with Schizophrenia

To date, four reports measured GSH in the schizophrenic
brain in vivo with 1H-MRS (15, 32, 50, 56) (Table 1). The
measurement sequences used were DQC filtering (15), MEGA-
PRESS (32, 50), STEAM (50), and PRESS (56), and the quanti-
fication was done by using water (15) or NAA (50) as an
internal reference, GSH in phantom (32), and LCModel (50, 56).

In the first study by Do et al. (15), they applied the same
method as in their previous study (53) with 14 male patients
(nine had schizophrenia, and five had schizophreniform dis-
order), including five drug-naı̈ve patients. Compared with that
in 14 normal controls, the GSH level in schizophrenics was
significantly lower (52%; p¼ 0.0012; Mann–Whitney U test),
and this was the first result showing that GSH is low in the
schizophrenic brain in vivo. This result was strengthened by
their subsequent finding of a significant, 27% decrease in the
level of total GSH ( p< 0.05) in the cerebrospinal fluid of drug-
naı̈ve schizophrenia patients (n¼ 26) (15). These results were a
milestone for the GSH hypothesis in schizophrenia, because
previously no report of in vivo GSH measurement existed for the
schizophrenic brain. However, the next in vivo study by Terp-
stra et al. (50) with MEGA-PRESS did not show a significant
difference in the GSH level between normal controls (n¼ 9) and
schizophrenia patients (n¼ 11). Moreover, no significant dif-
ference was found in other metabolites quantified by LCModel,
such as NAA, Cre, mI, Glu, and Gln. In their study, the primary
objective was to validate the reliability of two different GSH-
quantification methods, MEGA-PRESS editing and LCModel
by the STEAM sequence, as described earlier, and the clinical
characteristics of subjects were not a main concern.

Thus, when our group started its 1H-MRS study, conflicting
results were noted about GSH in the schizophrenic brain. We
investigated GSH in schizophrenia, not within the context of a
simple case–control study, but rather with the goal of exam-
ining the correlations between the GSH level and clinical fea-
tures, including the severity of clinical symptoms (positive
symptoms, negative symptoms, and cognitive deficits), and
genetic aspects (32) of subjects, which had been mostly ignored
in the two previous studies (15, 50). For this aim, clinical se-
verity was assessed with the Scale for the Assessment of Ne-
gative Symptoms (SANS) and Brief Psychiatry Rating Scale
(BPRS). Subjects enrolled in our study were 16 controls (four
women) and 20 schizophrenia outpatients (eight women), with
a mean 7.3 years duration of illness. The result was that no
significant difference in the overall GSH level was found
between patients (0.808� 0.26 mM) and normal controls
(0.928� 0.24 mM) (Table 1). However, a significant negative
correlation (r¼�0.68; p< 0.001; Pearson correlation coeffi-
cients) was seen between the GSH level and the SANS total
score, as well as the SANS subscales (affective flattering or
blunting, alogia, avolition-apathy, and anhedonia-asociality) in
schizophrenia patients (Fig. 5). To examine the genetic aspects,
we analyzed the polymorphisms of several genes involved in
GSH metabolism and, although we did not find significant
associations, we did find trends toward significance in the
difference in the GSH level in specific genotypes of GSTT2 and
GCLM between the patients and controls ( p¼ 0.058 and 0.099,
respectively), although a further detailed study using a larger
sample will be necessary. Interestingly, it has been reported
that the GSH concentration dramatically changes according to
the induced oxidative stress at the cellular level, and the in-
crease is regulated by the expression level of the GCLM or
GCLC gene (51, 54). In the cultured human skin fibroblast study
by Gysin et al. (22, 23), specific GCLC gene polymorphisms alter
the production of GSH. Thus, the results of GSH measurement
with 1H-MRS might reflect those genetic differences in gene
polymorphisms or transient expression level in the brain.

Quantification of GSH was accomplished by those editing
studies (Table 1). Trabesinger et al. (53) used tissue water

FIG. 4. Representative spectra of GSH from a phantom
(containing GSH, 15 mM; NAA, 10 mM; and Cre, 8 mM)
and a human subject. Spectra shown are not edited (a, c) and
edited by MEGA-PRESS (b, d). (To see this illustration in
color the reader is referred to the web version of this article at
www.liebertonline.com=ars).
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content as an internal standard, but they estimated the GSH
concentration only as roughly 2 to 5 mM in the brain because
of the limited information on the relaxation time of the two
compounds. In the study by Terpstra et al. (47), co-edited as-
partyl NAA was basically used as an internal standard, and
then the concentration values were obtained by applying the
edited spectra to the LCModel fitting. Our group applied the
areas of in vivo GSH spectra to a reference linear concentration
curve from GSH phantom solutions (containing GSH, 0.3 to
30.0 mM; NAA, 10 mM; and Cre, 8 mM) (Fig. 6a).

The fourth study was reported by Wood et al. (56); the GSH
data were quantified by LCModel. LCModel analyzes in vivo
spectra as a linear combination of in vitro model spectra ac-
quired from a set of phantom metabolites under comparable in
vivo conditions, and thus it provides well-separated values of
overlapped metabolite peaks, such as Glx (35, 36). Subjects
were normal controls (n¼ 18) and patients with first-episode
psychosis, which included schizophrenia (n¼ 9), schizoph-
reniform psychosis (n¼ 11), schizoaffective disorder (n¼ 3),
major depression with psychotic symptoms (n¼ 4), and
psychosis NOS (n¼ 3). Of the total 30 patients, 13 were
neuroleptic-naı̈ve, and the remaining 17 had received at least
one atypical antipsychotic. By using 3-T MRS, they placed an
8 cm3 ROI on the temporal lobe, including the hippocampus,
and used a standard PRESS sequence with a short echo (TE
30 ms) and TR of 3 s. The results were inconsistent with the
previous three studies (15, 32, 50), in that the GSH level was,
surprisingly, 22% higher ( p¼ 0.035) in the patient group than
in the healthy control subjects. They also evaluated the skin-
flush response to topical niacin as an indirect indicator of
oxidative stress. A higher GSH level was more evident in
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FIG. 5. Correlation between GSH levels and the severity
of negative symptoms in schizophrenia. A significant neg-
ative correlation (r¼ 0.68; p< 0.001) was found between GSH
levels and SANS total scores of schizophrenia patients
(n¼ 20). Reproduced from (32).
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nonresponders to niacin treatment, possibly indicating that
GSH is increased in a compensatory manner. Although their
result was very intriguing, it should be noted that the mean
percentage standard deviation (%SD) of the fit of the obtained
data was higher than 20%. According to the manufacturer’s
manual, it is demanded that the %SD (also called Cramer-Rao
lower bonds) of the estimated concentration be lower than 20%
(37). A rather broad (>11 Hz) mean full-width half-maximum
spectrum also represents insufficient uniformity in the local
magnetic field. Meanwhile, Terpstra et al. (50) reported in vivo
GSH data from LCModel analysis by using 4-T MRS with
reliable exclusion criteria for %SD (data with >15% SD were
disregarded). The results were well comparable with the data
from MEGA-PRESS editing with low %SD (mean, 14%).

Effect of GSSG Signal to GSH Signal

In addition to the difficulty of detecting GSH signals in vivo,
one should consider that GSH actually is present in two forms,
reduced (GSH) and oxidized (GSSG) under physiologic con-
ditions (18). The contribution of GSSG signals to GSH signals
was conducted with a MEGA-PRESS sequence under 3 T (40)
and 4 T (49). In the study by Satoh and Yoshioka (40), spectra
were acquired by MEGA-PRESS editing, and Fig. 7 shows the
signals from phantoms containing GSH=GSSG¼ 100:1, 10:1,
and 1:1 and 10% BSA as a negative control. As can be seen, the
100:1 solution had almost no effect on the GSH signals, and the
10:1 solution gave a very small reverse signal of GSSG, which
was almost negligible. Under the normal physiologic condi-
tions, GSSG exists only at the 1=100 GSH level (12), and even
under oxidative stress, GSSG could be increased to the 1=10
GSH level (3), which means GSH is much more abundant, even
under severe oxidative stress. Aging affects the GSSG level in
plasma, but it remains at the 1=100 GSH level as well (18).
Therefore, GSSG signals would be negligible when obtaining
GSH signals in vivo with 1H-MRS with MEGA-PRESS editing.
In a recent study of Terpstra and colleagues (48) in which si-
multaneous detection of GSH and vitamin C (ascorbic acid) was
achieved, the GSSG signal was shown to be negligible. In ad-

dition, our preliminary data suggest that this is true for the GSH
spectra obtained with DQC filtering and LCModel as well.

1H-MRS Detection of Ascorbic Acid

Recently, another antioxidant, ascorbic acid (vitamin C) in
the human brain was quantified with 1H-MRS (42, 46). As-
corbic acid is well established as an essential nutrient that
functions as an antioxidant. The concentration of ascorbic acid
in the human brain is about 1.0 mM (38). This concentration is

FIG. 6. Correlations between
negative signal and phan-
tom concentration. (a) Repre-
sentative data of reference
phantom spectra of GSH (0.5,
1.0, and 3.0 mM). Note that the
GSH signal increases according
to the phantom concentration.
(b) Quantification of GSH. Plots
showing a linear correlation
(r2¼ 0.994) between the GSH
signal area at 2.95 ppm and the
concentration of GSH. (c) Re-
presentative GSH signal from
the posterior medial frontal
cortex of a human subject. The
GSH level was calculated as
0.735 mM by applying the lin-
ear concentration curve on (b).
Pictures in (a) and (c) represent
the ROIs placed in phan-
tom and human, respectively.
Reproduced from (32) with
permission.

FIG. 7. The MEGA-PRESS–edited spectra from phantoms
containing GSH=GSSG, 100:1, 10:1, and 1:1, and 10% BSA.
Bold arrows, reversed signals that originated from GSSG.
Reproduced from (40) with permission.
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sufficiently high to be detectable with MRS. Ascorbic acid
resonates at 3.73, 4.01, and 4.50 ppm, with overlapped reso-
nances with Glu (3.75 ppm). By applying MEGA-PRESS
editing for both ascorbic acid (targeted the proton at
4.01 ppm) and GSH alternatively in one examination, Terpstra
and Gruetter (48) successfully quantified both of them si-
multaneously in the human brain. Shih et al. (42) demon-
strated that the ascorbic acid in the brain could be quantified
by LCModel with a PRESS sequence under 3 T when suffi-
ciently narrow full-width half-maximum values were ob-
tained. Because the supplementation of antipsychotic drugs
with agents such as ascorbic acid has beneficial effects on the
positive and negative symptoms of schizophrenia (13, 43), it
will be of interest to examine whether levels of ascorbic acid
are altered in the brains of patients with schizophrenia.

Summary and Future Perspectives

In this review, we summarized the currently available
methods for 1H-MRS detection of the major antioxidant GSH.
To date, four articles report measuring GSH levels in the brains
of patients with schizophrenia (15, 32, 50, 56), but the results of
these studies have not been congruent with respect to whether
GSH is decreased in the schizophrenic brain compared with
normal controls. The discrepancy is partly explained by the
methodologic differences in magnetic field strength, reference
signal, and the location of the ROI. Tissue segmentation would
be demanded in the future studies to evaluate partial-volume
effects due to the composition of cerebrospinal fluid in the
ROI. Furthermore, although the GSH level in vivo exists at a
sufficient concentration to be detected by the editing sequence
methods, these methods are too complicated for use in routine
examinations. LCModel quantification after the signal acqui-
sition by a normal PRESS or STEAM sequence is a much easier
option (47, 48, 56), but this method will require further veri-
fication in terms of its reliability at magnetic fields of 3 T or
lower. In addition, it remains to be elucidated whether the
GSH level in the brain reflects a transient increase of oxidative
stress or a prolonged increase, or whether it changes dynam-
ically in relation to the brain function, psychotic state, and
medication. From the data currently available, we cannot
conclude that decreased or increased GSH levels in schizo-
phrenia patients constitute trait level (i.e., static) differences,
rather than being a reflection of transient oxidative stress.
Further evidence should be accumulated with more homoge-
neous patient profiles in diagnosis as well.

Interestingly, we found a negative correlation between
GSH levels and negative symptom severity (32), suggesting
that increasing the brain levels of GSH should be considered a
potential therapeutic approach for negative symptoms in
schizophrenia. Recently, Lavoie et al. (30) reported that
treatment of schizophrenia patients with N-acetyl-l-cysteine
(NAC), a precursor of GSH, significantly improved impaired
mismatch negativity, which is an auditory evoked poten-
tial component related to N-methyl-d-aspartate (NMDA)-
receptor function. Furthermore, a multicenter double-blind,
placebo-controlled trial of NAC showed improvement of
negative symptoms after 6 months of treatment with NAC (7).
These findings suggest that NAC has potential as a thera-
peutic drug for negative symptoms in schizophrenia. This is
encouraging, because the present antipsychotic treatments are

rather ineffective against cognitive and negative symptoms of
patients with schizophrenia. It would be an intriguing issue to
examine the brain GSH level before and after NAC treatment,
and thereby provide direct evidence of the induced produc-
tion of GSH in the living brain (25).

Finally, further detailed studies of the antioxidant defense
system in the brain by using MRS technology would provide
novel biomarkers for the early detection of schizophrenia as
well as possibly a novel therapeutic approach for prevention
of this disease.

Acknowledgments

We thank our collaborators, who are listed as the co-
authors of our articles in the reference list. This study was
supported in part by grants from the Japan Society for the
Promotion of Science (to K.H.).

References

1. Abdalla DS, Monteiro HP, Oliveira JA, and Bechara EJ.
Activities of superoxide dismutase and glutathione peroxi-
dase in schizophrenic and manic-depressive patients. Clin
Chem 32: 805–807, 1986.

2. Allen PS, Thompson RB, and Wilman AH. Metabolite-
specific NMR spectroscopy in vivo. NMR Biomed 10: 435–
444, 1997.

3. Almeida A and Bolanos JP. A transient inhibition of mito-
chondrial ATP synthesis by nitric oxide synthase activation
triggered apoptosis in primary cortical neurons. J Neurochem
77: 676–690, 2001.

4. Baez S, Segura-Aguilar J, Widersten M, Johansson AS, and
Mannervik B. Glutathione transferases catalyse the de-
toxication of oxidized metabolites (o-quinones) of cate-
cholamines and may serve as an antioxidant system
preventing degenerative cellular processes. Biochem J 324:
25–28, 1997.

5. Barker PB, Hearshen DO, and Boska MD. Single-voxel pro-
ton MRS of the human brain at 1.5T and 3.0T. Magn Reson
Med 45: 765–769, 2001.

6. Ben Othmen L, Mechri A, Fendri C, Bost M, Chazot G, Gaha
L, and Kerkeni A. Altered antioxidant defense system in
clinically stable patients with schizophrenia and their unaf-
fected siblings. Prog Neuropsychopharmacol Biol Psychiatry 32:
155–159, 2008.

7. Berk M, Copolov D, Dean O, Lu K, Jeavons S, Schapkaitz I,
Anderson-Hunt M, Judd F, Katz F, Katz P, Ording-Jespersen
S, Little J, Conus P, Cuenod M, Do KQ, and Bush AI. N-
acetyl cysteine as a glutathione precursor for schizophrenia:
a double-blind, randomized, placebo-controlled trial. Biol
Psychiatry 64: 361–368, 2008.

8. Bottomley PA. Selective volume method for performing
localized NMR spectroscopy. USPatent 4 480: October 30,
1984.

9. Burlina AP, Aureli T, Bracco F, Conti F, and Battistin L. MR
spectroscopy: a powerful tool for investigating brain func-
tion and neurological diseases. Neurochem Res 25: 1365–1372,
2000.

10. Carter CJ. Schizophrenia susceptibility genes converge on
interlinked pathways related to glutamatergic transmission
and long-term potentiation, oxidative stress and oligoden-
drocyte viability. Schizophr Res 86: 1–14, 2006.

11. Chard DT, Griffin CM, McLean MA, Kapeller P, Kapoor R,
Thompson AJ, and Miller DH. Brain metabolite changes in

MRS STUDY OF THE ANTIOXIDANT DEFENSE SYSTEM 2063



cortical grey and normal-appearing white matter in clini-
cally early relapsing-remitting multiple sclerosis. Brain 125:
2342–2352, 2002.

12. Cogger VC, Muller M, Fraser R, McLean AJ, Khan J, and Le
Couteur DG. The effects of oxidative stress on the liver sieve.
J Hepatol 41: 370–376, 2004.

13. Dakhale GN, Khanzode SD, Khanzode SS, and Saoji A.
Supplementation of vitamin C with atypical antipsychotics
reduces oxidative stress and improves the outcome of
schizophrenia. Psychopharmacology (Berl) 182: 494–498, 2005.

14. Do KQ, Cabungcal JH, Frank A, Steullet P, and Cuenod M.
Redox dysregulation, neurodevelopment, and schizophre-
nia. Curr Opin Neurobiol 19: 220–230, 2009.

15. Do KQ, Trabesinger AH, Kirsten-Kruger M, Lauer CJ,
Dydak U, Hell D, Holsboer F, Boesiger P, and Cuenod M.
Schizophrenia: glutathione deficit in cerebrospinal fluid and
prefrontal cortex in vivo. Eur J Neurosci 12: 3721–3728, 2000.

16. Dringen R. Metabolism and functions of glutathione in
brain. Prog Neurobiol 62: 649–671, 2000.

17. Dringen R, Gutterer JM, and Hirrlinger J. Glutathione me-
tabolism in brain metabolic interaction between astrocytes
and neurons in the defense against reactive oxygen species.
Eur J Biochem 267: 4912–4916, 2000.

18. Erden-Inal M, Sunal E, and Kanbak G. Age-related changes
in the glutathione redox system. Cell Biochem Funct 20: 61–
66, 2002.

19. Frahm J, Bruhn H, Gyngell ML, Merboldt KD, Hanicke W,
and Sauter R. Localized high-resolution proton NMR spec-
troscopy using stimulated echoes: initial applications to
human brain in vivo. Magn Reson Med 9: 79–93, 1989.

20. Frahm J, Bruhn H, Gyngell ML, Merboldt KD, Hanicke W,
and Sauter R. Localized proton NMR spectroscopy in dif-
ferent regions of the human brain in vivo: relaxation times
and concentrations of cerebral metabolites. Magn Reson Med
11: 47–63, 1989.

21. Govindaraju V, Young K, and Maudsley AA. Proton NMR
chemical shifts and coupling constants for brain metabolites.
NMR Biomed 13: 129–153, 2000.

22. Gysin R, Kraftsik R, Sandell J, Bovet P, Chappuis C, Conus
P, Deppen P, Preisig M, Ruiz V, Steullet P, Tosic M, Werge T,
Cuenod M, and Do KQ. Impaired glutathione synthesis in
schizophrenia: convergent genetic and functional evidence.
Proc Natl Acad Sci U S A 104: 16621–16626, 2007.

23. Gysin R, Riederer IM, Cuenod M, Do KQ, and Riederer BM.
Skin fibroblast model to study an impaired glutathione
synthesis: consequences of a genetic polymorphism on the
proteome. Brain Res Bull 79: 46–52, 2009.

24. Harada M. New trend of MRI diagnosis based on the
function and metabolism in the central nervous system. J
Med Invest 53: 199–203, 2006.

25. Hashimoto K. Regarding "N-acetyl cysteine as a glutathione
precursor for schizophrenia: a double-blind, randomized,
placebo-controlled trial." Biol Psychiatry 64: e1, 2008.

26. Hashimoto K, Okamura N, Shimizu E, and Iyo M. Glutamate
hypothesis of schizophrenia and approach for possible ther-
apeutic drugs. Curr Med Chem CNS Agents 4: 147–154, 2004.

27. Hashimoto K, Shimizu E, and Iyo M. Dysfunction of glia-
neuron communication in pathophysiology of schizophre-
nia. Curr Psychiatry Rev 1: 151–163, 2005.

28. Jansen JF, Backes WH, Nicolay K, and Kooi ME. 1H MR
spectroscopy of the brain: absolute quantification of metab-
olites. Radiology 240: 318–332, 2006.

29. Kaiser LG, Marjanska M, Matson GB, Iltis I, Bush SD, Soher
BJ, Mueller S, and Young K. (1)H MRS detection of glycine

residue of reduced glutathione in vivo. J Magn Reson 24:318–
332, 2009.

30. Lavoie S, Murray MM, Deppen P, Knyazeva MG, Berk M,
Boulat O, Bovet P, Bush AI, Conus P, Copolov D, Fornari E,
Meuli R, Solida A, Vianin P, Cuenod M, Buclin T, and Do
KQ. Glutathione precursor: N-acetyl-cysteine, improves
mismatch negativity in schizophrenia patients. Neu-
ropsychopharmacology 33: 2187–2199, 2008.

31. Mahadik SP and Mukherjee S. Free radical pathology and
antioxidant defense in schizophrenia: a review. Schizophr Res
19: 1–17, 1996.

32. Matsuzawa D, Obata T, Shirayama Y, Nonaka H, Kanazawa
Y, Yoshitome E, Takanashi J, Matsuda T, Shimizu E, Ikehira
H, Iyo M, and Hashimoto K. Negative correlation between
brain glutathione level and negative symptoms in schizo-
phrenia: a 3T 1H-MRS study. PLoS One 3: e1944, 2008.

33. Miyazaki I and Asanuma M. Approaches to prevent dopa-
mine quinone-induced neurotoxicity. Neurochem Res 34: 698–
706, 2009.

34. Prichard JW and Shulman RG. NMR spectroscopy of brain
metabolism in vivo. Annu Rev Neurosci 9: 61–85, 1986.

35. Provencher SW. Automatic quantitation of localized in vivo
1H spectra with LCModel. NMR Biomed 14: 260–264, 2001.

36. Provencher SW. Estimation of metabolite concentrations
from localized in vivo proton NMR spectra. Magn Reson Med
30: 672–679, 1993.

37. Provencher SW. LCModel and LCMgui user’s manual.
http:==s-provenchercom=pages=lcm-manualshtml 2001.

38. Rice M. Ascorbate regulation and its neuroprotective role in
the brain. Trends Neurosci 23: 209–216, 2000.

39. Rowland L, Bustillo JR, and Lauriello J. Proton magnetic
resonance spectroscopy (H-MRS) studies of schizophrenia.
Semin Clin Neuropsychiatry 6: 121–130, 2001.

40. Satoh T and Yoshioka Y. Contribution of reduced and oxi-
dized glutathione to signals detected by magnetic resonance
spectroscopy as indicators of local brain redox state. Neurosci
Res 55: 34–39, 2006.

41. Schulz JB, Lindenau J, Seyfried J, and Dichgans J. Glu-
tathione, oxidative stress and neurodegeneration. Eur J Bio-
chem 267: 4904–4911, 2000.

42. Shih YY, Buchert M, Chung HW, Hennig J, and von Elver-
feldt D. Vitamin C estimation with standard (1)H spectros-
copy using a clinical 3T MR system: detectability and
reliability within the human brain. J Magn Reson Imaging 28:
351–358, 2008.

43. Sivrioglu EY, Kirli S, Sipahioglu D, Gursoy B, and Sarandol
E. The impact of omega-3 fatty acids, vitamins E and C
supplementation on treatment outcome and side effects in
schizophrenia patients treated with haloperidol: an open-
label pilot study. Prog Neuropsychopharmacol Biol Psychiatry
31: 1493–1499, 2007.

44. Soares JC and Innis RB. Neurochemical brain imaging in-
vestigations of schizophrenia. Biol Psychiatry 46: 600–615,
1999.

45. Tallan HH. Studies on the distribution of N-acetyl-L-aspartic
acid in brain. J Biol Chem 224: 41–45, 1957.

46. Terpstra M and Gruetter R. 1H NMR detection of vitamin C
in human brain in vivo. Magn Reson Med 51: 225–229, 2004.

47. Terpstra M, Henry PG, and Gruetter R. Measurement of
reduced glutathione (GSH) in human brain using LCModel
analysis of difference-edited spectra. Magn Reson Med 50: 19–
23, 2003.

48. Terpstra M, Marjanska M, Henry PG, Tkac I, and Gruetter R.
Detection of an antioxidant profile in the human brain

2064 MATSUZAWA AND HASHIMOTO



in vivo via double editing with MEGA-PRESS. Magn Reson
Med 56: 1192–1199, 2006.

49. Terpstra M, Tkac I, Rao R, and Gruetter R. Quantification of
vitamin C in the rat brain in vivo using short echo-time 1H
MRS. Magn Reson Med 55: 979–983, 2006.

50. Terpstra M, Vaughan TJ, Ugurbil K, Lim KO, Schulz SC, and
Gruetter R. Validation of glutathione quantitation from
STEAM spectra against edited 1H NMR spectroscopy at 4T:
application to schizophrenia. MAGMA 18: 276–282, 2005.

51. Tirmenstein MA, Hu CX, Scicchitano MS, Narayanan PK,
McFarland DC, Thomas HC, and Schwartz LW. Effects of 6-
hydroxydopamine on mitochondrial function and glutathi-
one status in SH-SY5Y human neuroblastoma cells. Toxicol
In Vitro 19: 471–479, 2005.

52. Tosic M, Ott J, Barral S, Bovet P, Deppen P, Gheorghita F,
Matthey ML, Parnas J, Preisig M, Saraga M, Solida A, Timm
S, Wang AG, Werge T, Cuenod M, and Do KQ. Schizo-
phrenia and oxidative stress: glutamate cysteine ligase
modifier as a susceptibility gene. Am J Hum Genet 79: 586–
592, 2006.

53. Trabesinger AH, Weber OM, Duc CO, and Boesiger P. De-
tection of glutathione in the human brain in vivo by means
of double quantum coherence filtering. Magn Reson Med 42:
283–289, 1999.

54. Tran PO, Parker SM, LeRoy E, Franklin CC, Kavanagh TJ,
Zhang T, Zhou H, Vliet P, Oseid E, Harmon JS, and Ro-
bertson RP. Adenoviral overexpression of the glutamylcys-
teine ligase catalytic subunit protects pancreatic islets
against oxidative stress. J Biol Chem 279: 53988–53993, 2004.

55. Weber OM, Trabesinger AH, Duc CO, Meier D, and Boesiger
P. Detection of hidden metabolites by localized proton
magnetic resonance spectroscopy in vivo. Technol Health
Care 5: 471–491, 1997.

56. Wood SJ, Berger GE, Wellard RM, Proffitt TM, McConchie
M, Berk M, McGorry PD, and Pantelis C. Medial temporal
lobe glutathione concentration in first episode psychosis: a
1H-MRS investigation. Neurobiol Dis 33: 354–357, 2009.

57. Yao JK, Leonard S, and Reddy R. Altered glutathione redox
state in schizophrenia. Dis Markers 22: 83–93, 2006.

58. Yao JK, Reddy RD, and van Kammen DP. Human plasma
glutathione peroxidase and symptom severity in schizo-
phrenia. Biol Psychiatry 45: 1512–1515, 1999.

59. Yao JK, Reddy RD, and van Kammen DP. Oxidative damage
and schizophrenia: an overview of the evidence and its
therapeutic implications. CNS Drugs 15: 287–310, 2001.

60. Zhang XY, Tan YL, Zhou DF, Cao LY, Wu GY, Haile CN,
Kosten TA, and Kosten TR. Disrupted antioxidant enzyme
activity and elevated lipid peroxidation products in schizo-
phrenic patients with tardive dyskinesia. J Clin Psychiatry 68:
754–760, 2007.

Address correspondence to:
Dr. Kenji Hashimoto

Division of Clinical Neuroscience
Chiba University Center for Forensic Mental Health

Chiba 260-8670
Japan

E-mail: hashimoto@faculty.chiba-u.jp

Date of first submission to ARS Central, July 11, 2010; date of
final revised submission, August 1, 2010; date of acceptance,
August 13, 2010.

Abbreviations Used

Asp¼ aspartate
BPRS¼Brief Psychiatry Rating Scale

Cho¼ choline
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Cys¼ cysteine
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GABA¼ g-aminobutyric acid
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Gln¼ glutamine
Glu¼ glutamate

GSH¼ glutathione
GSH-Px¼ glutathione peroxidase

GSSG¼ glutathione disulfide
GSTT2¼ glutathione-S-transferase T2

LCModel¼ linear combination model
MEGA-PRESS¼Mescher-Garwood point-resolved

spectroscopy
MRI¼magnetic resonance imaging
MRS¼magnetic resonance spectroscopy
NAA¼N-acetyl aspartate
NAC¼N-acetyl-l-cysteine
NEX¼number of excitations

NMDA¼N-methyl-d-aspartate
PRESS¼point-resolved spectroscopy

ROI¼ region of interest
ROS¼ reactive oxygen species

SANS¼ Scale for the Assessment of Negative
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TE¼ echo time
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