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Abstract

Introduction: Oxidative stress and glutathione dysregulation have been implicated in the etiology of schizophrenia. To date,
most in vivo studies have investigated alterations in cerebral glutathione levels in patients in which the disorder is already
established; however, whether oxidative stress actually predates the onset of psychosis remains unknown. In the current
study, we investigated cerebral glutathione levels of antipsychotic-naive individuals at clinical high risk for psychosis. As
exploratory analyses, we also investigated the associations between cerebral glutathione levels and peripheral glutathione
peroxidase activity and clinical and neuropsychological measures.

Methods: Glutathione levels were measured in the medial prefrontal cortex of 30 clinical high risk (n=26 antipsychotic naive)
and 26 healthy volunteers using 3T proton magnetic resonance spectroscopy. Each participant was assessed for glutathione
peroxidase activity in plasma and genotyped for the glutamate cysteine ligase catalytic subunit polymorphism.

Results: No significant differences were observed in glutathione levels between clinical high risk and healthy volunteers
in the medial prefrontal cortex (F,, =0.001, P =0.98). There were no significant correlations between cerebral glutathione
levels and clinical and neuropsychological measures. Similarly, no significant differences were found in peripheral
glutathione peroxidase activity between clinical high risk and healthy volunteers (F, ., =0.15, P =0.70). However, in clinical
high risk, we observed a significant effect of lifetime history of cannabis use on glutathione peroxidase activity (F ,, =7.41,
P =0.01).

Discussion: The lack of significant differences between antipsychotic naive clinical high risk and healthy volunteers suggests
that alterations in glutathione levels in medial prefrontal cortex are not present in the clinical high risk state.

1,23

Keywords: GSH, oxidative stress, magnetic resonance spectroscopy, schizophrenia

Received: June 3, 2017; Revised: September 25, 2017; Accepted: October 6, 2017

© The Author(s) 2017. Published by Oxford University Press on behalf of CINP.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any 311
medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com


mailto:romina.mizrahi@camhpet.ca?subject=

312 | International Journal of Neuropsychopharmacology, 2018

Significance Statement

Alterations in GSH levels have only been investigated in patients in whom the disorder is already established; however,
whether oxidative stress predates the onset of psychosis remains unknown. This is the first in vivo study investigating

GSH levels in individuals at clinical high risk for psychosis.

Introduction

Accumulating evidence suggests a role of oxidative stress in
the pathophysiology of schizophrenia (SCZ) (Yao and Keshavan,
2011; Flatow et al., 2013; Barron et al., 2017). Prooxidants such
as free radicals and reactive oxygen species are constantly
generated as by-products of metabolic reactions and neutral-
ized by antioxidants. Oxidative stress occurs when there is an
imbalance between the production of prooxidants and their
removal by antioxidant defence mechanisms. Accumulation of
prooxidants in the central nervous system can result in dam-
age to macromolecules such as proteins, nucleic acids, lipids,
and cellular membranes, ultimately leading to neuronal dam-
age (Flatow et al., 2013). Glutathione (GSH) is the most abundant
antioxidant in the central nervous system and plays an impor-
tant role in protecting the brain against prooxidants. It acts as a
nucleophilic scavenger and converts harmful free radicals into
less reactive species.

Genetic studies have shown associations between genes
involved in GSH metabolism and SCZ, suggesting a role of GSH
dysregulation in psychosis (Gysin et al., 2007). Supporting this,
several peripheral studies have reported decreased GSH lev-
els in blood cells (i.e., erythrocytes and platelets) and plasma
of antipsychotic naive and chronically medicated SCZ patients
(Altuntas et al., 2000; Raffa et al., 2009; Mic6 et al., 2011; Raffa
et al,, 2011). Decreased GSH levels were also reported in the cer-
ebrospinal fluid (CSF) of untreated SCZ patients (Do et al., 2000).
Similarly, postmortem studies have also reported reduced lev-
els of GSH and glutathione peroxidase (GPx) in the prefrontal
cortex (Gawryluk et al,, 2011) and caudate (Yao et al., 2006) of
SCZ patients. GPx is an important antioxidant enzyme that
reduces hydrogen peroxide to water by converting GSH to oxi-
dized GSH and plays an important role in regulating oxidant
status. Beneficial effects of N-acetyl-L-cysteine, a GSH precur-
sor, as an adjunctive treatment for SCZ was shown in several
clinical trials, further supporting the clinical relevance of GSH
in SCZ (for review, see Sommer et al., 2013).

Given the known limitations associated with postmortem
studies, proton magnetic resonance spectroscopy (*H-MRS)
allows for in vivo quantification of metabolites in the brain,
including GSH. To date, 5 in vivo 'H-MRS studies have inves-
tigated GSH levels in SCZ. The first study by Do et al. (2000)
reported a 52% reduction in GSH levels in the medial prefrontal
cortex (mPFC) of chronic drug-free SCZ patients compared with
healthy volunteers (14 SCZ, 10 healthy volunteers). However,
2 consecutive studies reported no significant differences in
GSH levels in the anterior cingulate cortex (13 SCZ, 9 healthy
volunteers) (Terpstra et al., 2005) or mPFC (20 SCZ, 16 healthy
volunteers) (Matsuzawa et al., 2008) of SCZ patients, though
the latter study reported a negative correlation between GSH
levels and the severity of negative symptoms (Matsuzawa et
al., 2008). Only 2 studies have investigated GSH alterations in
first-episode psychosis (FEP) patients, though with conflicting
results. Wood et al. (2009) reported a 22% increase in GSH lev-
els in the medial temporal lobe of treated FEP patients com-
pared with controls (30 FEP, 18 healthy volunteers), whereas

the most recent study reported no significant differences in
the mPFC of treated FEP patients (25 FEP, 33 healthy volunteers)
(Xin et al., 2016); however, they reported a significant effect of
a polymorphism in the gene coding for the catalytic subunit of
glutamate-cysteine ligase (GCLC), independent of disease sta-
tus on cerebral GSH levels. These contrasting findings may be
explained by differences in GSH acquisition (i.e., methodology),
long-term effect of medication, and/or phase and duration of
illness. Importantly, alterations in GSH levels have only been
investigated in patients in whom the disorder is already estab-
lished, so, whether oxidative stress presents during the prodro-
mal stage that precedes psychosis (i.e., individuals at clinical
high risk for psychosis [CHR]) remains unknown. Furthermore,
it has been suggested that preemptive treatments aiming at
this redox imbalance may prevent psychosis in those at risk
(Sawa and Seidman, 2014).

In the past decade, the CHR (“prodromal,” “ultra-high risk,” or
“at-risk mental state”) group has become a reliably identifiable
clinical constellation with clear and compelling power to predict
the onset of psychosis within the near future (1-2 years) (Cannon
et al., 2008). To our knowledge, this is the first in vivo *H-MRS
study investigating GSH levels in mPFC in a relatively large sam-
ple of 30 CHR (n=26 antipsychotic naive). The mPFC was chosen
as the region of interest based on previous in vivo and postmor-
tem studies that have reported alterations in GSH levels in this
particular region and the known involvement of the mPFC in
SCZ (Do et al., 2000; Gawryluk et al., 2011). As exploratory analy-
ses, we also examined the associations between cerebral GSH
levels and peripheral GPx activity and associations with symp-
tom severity and neuropsychological measures. Lastly, we pre-
sent results corrected for the GCLC polymorphism, as previously
reported (Xin et al., 2016).

Methods

Participants

Thirty CHR and 27 healthy volunteers were initially enrolled and
scanned in this study. One healthy volunteer was excluded due
to motion during 'H-MRS scan. Most of the participants in the
CHR group were antipsychotic-naive (n = 26).

Individuals in the CHR group were recruited from the Focus
on Youth Psychosis Prevention Clinic at the Centre for Addiction
and Mental Health (CAMH), Toronto, Canada. Diagnosis and
severity of psychosis-risk symptoms were assessed with the
Structured Interview of Prodromal Syndromes; participants
were included if they met Criteria of Prodromal Syndromes
(Miller et al., 2003). Healthy volunteers were recruited from
the community and did not have any history of psychoactive
drug use and/or first-degree relatives with a major mental dis-
order. All participants were screened with the Semi-Structured
Clinical Interview (First et al., 2002) for DSM-IV Axis I disorders
to rule out psychiatric comorbidities and were excluded for any
of the following: current DSM-IV substance abuse/dependence,



pregnancy or current breastfeeding, unstable medical or neuro-
logical illness, history of severe head trauma (resulting in loss of
consciousness), and the presence of metal implants precluding
an MRI scan. Neurocognitive performance was assessed using
the Repeatable Battery for the Assessment of Neuropsychological
Status (RBANS) (Randolph et al., 1998).

This study was approved by the Research Ethics Board at
CAMH. All participants provided written informed consent after
procedures were explained thoroughly.

'H-Magnetic Resonance Spectroscopy

The GSH measurements were acquired on a 3T 750 MR scanner
(General Electric HealthCare), equipped with an 8-channel head
coil for excitation and reception. To minimize head motion, each
subject was positioned at the center of the head coil with tape
strapped across the forehead and restraint soft padding around
the head. A 24-cc (20 x 40 x 30 mm?) single voxel 'H-MRS was
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carefully placed in the mPFC (Figure 1A). Magnet homogene-
ity was adjusted using the manufacture automated shimming
routine. For a conventional single voxel PRESS data acquisition
acquired at moderate echo time of 68 milliseconds, as used in
this study, GSH resonance at 2.95 ppm is invisible due to the
strong overlap by the up to 10-fold stronger total creatine reso-
nance. The standard J-editing MEGA-PRESS method used in this
study has been described elsewhere (Mescher et al., 1998; Wang
et al., 2006; Shungu, 2012; Weiduschat et al., 2014; Lapidus et
al., 2014). Briefly, a pair of frequency selective inversion pulses
(Sailasuta et al., 2001) with pulse width of 14.4 milliseconds were
used to invert coupled GSH resonances. The frequencies of the
edited RF pulses were cycled in an interleave manner between
the “on” condition at the frequency of GSH a-cysteinyl resonance
(at 4.56 ppm) and the “off” condition at 7.5 ppm using TE/TR =
68/1500 milliseconds. Prior to subtraction of the on from the off
condition (Figure 1B), the raw 'H-MRS datasets were combined
in the time domain based on coil sensitivity (Wright and Wald,

B)
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Figure 1. (A) Axial, sagittal, and coronal views of the voxel placement in the medial prefrontal cortex (mPFC). (B) Typical fitting results from a patient, (a) *H-MRS sub-
spectra acquired for the “on” condition (see text), (b) “off” condition, (c) subtracted to obtain clean glutathione (GSH) resonance at 2.9 ppm, (d) frequency domain model-
fitting of edited GSH resonance only, and (e) residual of the difference between c and d. (C) Representation of the subtracted subspectra from 3 subjects.
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1997), followed by frequency correction using the unsuppressed
water signal. The subtracted spectrum results in J-edited GSH
spectrum at 2.9 ppm (Figure 1C). Data acquisition parameters
were as follows: spectral bandwidth = 5 kHz, number of excita-
tions = 528 (512 of water suppressed, and 16 of water unsup-
pressed), number of data points = 4096. A 3-Hz Gaussian filter
was applied to the difference data and zero-filled to 8192 points,
which was then Fourier transformed.

IDL-based software (XSOS) was used to quantify GSH
within the volume of interest. The area of GSH resonance
was obtained by modeling the GSH peak area as a linear com-
bination of pseudo-Voigt lineshape functions and then fitted
in the frequency domain using a highly optimized public-
domain Levenberg-Marquardt nonlinear least-squares mini-
mization routine, MPFIT (Markwardt, 2009). The pseudo-Voigt
lineshape function enabled more precise analysis of line-
shapes that consist of mixtures of Lorentzian and Gaussian
functions (Marshall et al., 2000), as is often the case for in vivo
spectra. The GSH/H,0 peak area ratio was reported. Typical
unsuppressed water resonance frequency width at half max-
imum intensity (FWHM) is between 8 and 10 Hz. Examination
was rejected if FWHM was >11 Hz or head motion resulting in
incomplete subtraction.

The data acquisition approach employed in this study has
been successfully used in numerous brain pathologies (Lapidus
et al., 2014; Weiduschat et al., 2014). In addition, the strength of
using MPFIT to estimate the GSH/H,O ratio has recently been
reported (Shungu et al., 2016). Given that GSH levels in the
human brain are very low, we acquired the 'H-MRS signal from
a larger voxel size, 24 cc (3 times larger than a typical single
'H-MRS voxel of 8 cc), and a rather long acquisition time of 15
minutes (compared with 3-5 minutes from a typical single voxel
'H-MRS scan). Moreover, we routinely obtained a signal to noise
ratio of GSH to unsuppressed water signal between 0.001 and
0.002. For our specific MR scanner, we performed test-retest
reliability scans on the J-edited data acquisition and data pro-
cessing. The coefficient of variation for intra- and inter- subject
variability was 20% and 17%, respectively. Duplicate examina-
tions were delayed by 1 to 2 hours after the first scan, represent-
ing test-retest scans.

In addition, tissue composition was measured to determine
the fractions of gray matter, white matter, and CSF within the
volume of interest. Briefly, from the 'H-MRS raw data file and
3D T1-weighted images, mPFC voxel mask, and volume images
were created using an in-house Matlab-based code. Segment
function available from Statistical Parametric Mapping version
8 (SPM8) software (http://www.fil.ion.ucl.ac.uk/spm/software/
spm8/) was used to determine fractional tissue composition
within the voxel. GSH was corrected for CSF fraction as previ-
ously described elsewhere (Harris et al., 2015).

Peripheral GPx Enzymatic Activity in Plasma

Peripheral GPx activity (nmol/min/mL) was obtained from 39
participants (25 CHR and 14 healthy volunteers) for whom
blood samples were available. Blood samples were taken on
average within 15.03 days of the 'H-MRS GSH scan. GPx enzym-
atic activity was assessed in plasma using the GPx assay kit
from Cayman Chemical according to the manufacturer instruc-
tions (CaymenChem, www.caymanchem.com/pdfs/703102.
pdf). We chose to measure the levels of GPx instead of GSH in
plasma, as samples had not been deproteinized prior to freez-
ing, hence compromising blood GSH quantification (Tipple and
Rogers, 2012). In our sample, the intra-assay CV was calculated

to be 11.79% and the inter-assay CV was calculated to be 2.02%.
These values are considered to be within the acceptable range
for this assay (www.salimetrics.com/assets/ documents/Spit_
Tips_-_Inter__Intra_ Assay_ Coefficients_ of_ Variability.pdf).

Genotyping of GCLC Polymorphism

A GAG trinucleotide repeat polymorphism in the GCLC gene
encoding for the rate-limiting enzyme for GSH synthesis
has been shown to influence GSH in the periphery and to be
associated with SCZ (Gysin et al., 2007). GCLC high-risk geno-
types were 30% more frequent in patients and associated with
lower GSH levels in fibroblasts when challenged with oxida-
tive stress (Gysin et al., 2007), and lower cerebral GSH levels,
compared with GCLC low-risk genotypes (Xin et al., 2016). In
this study, 40 participants (27 CHR and 13 healthy volunteers)
for whom blood samples were available were genotyped for
GCLC trinucleotide polymorphism and were categorized based
on the polymorphism as high risk (7/8, 8/8, 8/9, 9/9) or low risk
(7/7, 7/9), as described elsewhere (Gysin et al., 2007). Details
of genotyping procedures are provided in the supplementary
material.

Statistical Analysis

The statistical analyses for the primary outcome measure,
cerebral GSH levels, were performed using univariate ANOVA,
with GSH levels (corrected and uncorrected for CSF fraction) as
the dependent variable and group (CHR vs healthy volunteers)
as the independent variable. Similarly, to test for differences
in GPx activity between groups, a univariate ANOVA was per-
formed with GPx activity as the dependent variable and group
as the independent variable. To study the potential effects of
GCLC polymorphism on cerebral GSH levels and GPx activity,
the analysis was repeated adding GCLC genotype (high-risk vs
low-risk) as a fixed factor. In addition, we explored the potential
effects of confounding factors such as age, other drugs of abuse,
antipsychotic use, or tobacco use on cerebral GSH levels and
GPx activity. Demographic measures were compared using chi-
square tests for categorical variables and ANOVA for continuous
variables. Bivariate correlations were performed to examine the
associations between cerebral GSH levels and peripheral GPx
activity or clinical and neuropsychological measures. We also
explored the associations between GPx activity and clinical and
neuropsychological measures. These analyses were repeated
using partial correlations to control for the effects of the GCLC
polymorphism. All statistical analyses were performed using
SPSS (version 22.0; IBM, Armonk), with P<0.05 considered to be
significant.

Results

Demographic and clinical information is shown in Table 1. The
groups did not differ according to gender. Although the CHR
group was significantly younger than the healthy volunteers
(F(154=8-98, P=0.004), the difference in mean age between groups
was <3 years. Most of the participants in the CHR group had no
lifetime history exposure to antipsychotics (n=26 were antipsy-
chotic naive out of n=30). Four CHR individuals were currently
on low-dose antipsychotic treatment with risperidone (0.5 mg
and 1 mg), quetiapine (75 mg), or aripiprazole (5 mg). All par-
ticipants had a negative urine drug screen, except for one CHR
who had a positive urine drug screen for cannabis (but was not
a regular user). Based on the GCLC genotyping, 27 participants
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Table 1. Demographic and clinical measures of the participants
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Healthy volunteers Clinical high risk
Demographics (n=26) (n =30)
Age (years), SD 22.77 +4.05 20.33+1.73 F=8.98 P =0.004
Gender Male 10 15 %?=0.75 P=0.39
Female 16 15
Drug use (current)* Nicotine 0 6 ¥’=14.67 P <0.001
Cannabis 0 1 ¥?=0.88 P=0.35
Lifetime recreational history Cannabis 0 13
of drug use (>10 times MDMA 0 1
lifetime) Cocaine 0 1
LSD 0 1
Barbiturate 0 1
Anti-psychotic use? 0 4
SOPS Total 35.20 +10.99
Positive 11.00 + 3.36
Negative 11.07 + 5.64
Disorganization 3.33+2.18
General 8.87 +4.17
RBANS Total 90.60 + 13.99
Immediate memory 94.30 + 13.90
Visuospatial memory 88.23 +13.70
Language 85.87 +21.59
Attention 101.63 +17.21
Delayed memory 94.70 +9.09

*SOPS, Scale of Prodromal Symptoms; RBANS, Repeatable Battery for the Assessment of Neuropsychological Status
*All participants had a negative urine drug screen for cannabis, ethanol, methadone, and cocaine at baseline except one CHR who had a positive

urine drug screen for cannabis.

’CHR were currently on antipsychotic treatment with 0.5 mg and another with 1.0 mg of risperidone, one with 75 mg of quetiapine and the last

one with 5 mg aripiprazole.

had low-risk (7/7 and 7/9) and 13 participants had high-risk (7/8,
8/8, 8/9, and 9/9) genotypes (supplementary Table 1). One healthy
volunteer and one CHR had less common GCLC genotype vari-
ants (healthy volunteer: 9/10, CHR: 7/10) and were excluded from
the analyses involving genotype. Unsuppressed water linewidth
for GSH data acquisition, FWHM, was 7.04 + 0.92 Hz for healthy
volunteers and 7.53 + 1.14 Hz for CHR. No significant differences
were observed in FWHM (P>0.05) between groups (supplemen-
tary Table 2).

GSH Levels in mPFC

No significant differences were found in GSH levels in mPFC
between groups (F,,=0.001, P=0.98, 0.12% lower in CHR com-
pared with healthy volunteers) (Figure 2). Similar results were
also obtained after controlling for age, history of recreational
drug use, or tobacco use, and after excluding the CHR individu-
als currently on antipsychotic medication (n=4). There were no
significant differences in gray matter, white matter, and CSF
fractions within the mPFC voxel between CHR and healthy vol-
unteers (P>0.05; supplementary Table 2). In addition, there were
no significant differences between groups after correcting GSH
for CSF (supplementary Table 2). In CHR, there were no correla-
tions between GSH levels in the mPFC and severity of psychosis-
risk symptoms as measured by the SOPS and cognitive function
as measured by RBANS (supplementary Table 3).

Peripheral GPx Activity

No significant differences in peripheral GPx activity were found
between CHR and healthy volunteers (F ,,=0.15, P=0.70, 5.39%
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Figure 2. Glutathione (GSH)/H,O in medial prefrontal cortex (mPFC) of clinical
high risk (CHR) (n=30) and healthy volunteers (HV) (n=26).

lower in CHR compared with healthy volunteers) (Figure 3).
Similar results were also obtained after controlling for age or
tobacco use and after excluding the CHR individuals currently
on antipsychotic medication (n=4). However, in CHR, we found
a significant effect of lifetime history of cannabis use on GPx
activity (F, ,,=7.41, P=0.01; Figure 4), such that CHR individuals
with lifetime cannabis use >10 times (n=10) had significantly
higher GPx activity (49.81%) compared with those with <10
times lifetime use (n=15). In addition, total cognitive score (r=
0.47, P=0.02), attention (r= 0.55, P=0.004), and language scores
(r=0.49,P=0.01) as measured by RBANS were significantly corre-
lated with plasma GPx activity in CHR (supplementary Figure 1),
such that higher GPx activity is associated with higher cognitive
functioning across those specified domains. Only the correlation
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Figure 3. Peripheral glutathione peroxidase (GPx) activity in clinical high risk
(CHR) (n=25) and healthy volunteers (HV) (n=14).
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Figure 4. Peripheral glutathione peroxidase (GPx) activity in clinical high risk
(CHR) with lifetime history cannabis use >10 times (n=10) compared to CHR with
<10 times use (n=15).

between RBANS attention score and GPx activity survived
Bonferroni correction for number of RBANS subscales. In addi-
tion, there was also a trend level correlation between GPx activ-
ity and severity of prodromal negative symptoms in CHR (r=
-0.35, P=0.09) (supplementary Figure 2; supplementary Table 4).

Correlation between Cerebral GSH Levels and
Peripheral GPx Activity

No significant correlations were found between cerebral GSH
levels and peripheral GPx activity in CHR or healthy volunteers
and in the sample as a whole (P>0.05).

GCLC Polymorphism

We explored the effect of GCLC polymorphism on GSH in the
mPFC and GPx activity. The lack of group effect on GSH in the
mPFC (F,,,=0.00, P=0.99; group*genotype: F, =043, P=0.52;
supplementary Figure 3) and peripheral GPx activity (F,,=0.1,
P=0.91; group*genotype: F,,,= 2.16, P=0.15) was not altered
after controlling for GCLC genotype. Furthermore, there were no
differences in GSH levels in the mPFC between high-risk and low-
risk GCLC genotypes, independent of disease status (F, ,,=0.04,
P=0.85, 1.29% higher in high risk compared with low risk; sup-
plementary Figure 4). Similarly, no significant differences in
peripheral GPx activity were observed between GCLC high-risk

and low-risk genotypes (F ,;=0.03, P=0.87, 2.45% higher in high
risk compared with low risk; supplementary Figure 5).

Discussion

This is the first in vivo study investigating cerebral GSH levels
in individuals at CHR for psychosis. In this study, we observed
no significant differences in GSH levels in the mPFC between
CHR and healthy volunteers. Furthermore, we did not observe
any correlations between cerebral GSH levels and symptom
severity and neuropsychological measures. We also did not
observe any significant group effect on GPx activity. However,
in CHR, we found a significant effect of lifetime history of can-
nabis use on GPx activity. We also found a significant positive
association between GPx activity and cognition in CHR.

Our results in CHR are in line with 3 in vivo *H-MRS studies
investigating alterations in GSH levels in psychosis, including
the most recent study that reported no significant differences
between treated FEP and healthy volunteers (Xin et al., 2016).
Two other studies, using MEGA-PRESS, also reported no sig-
nificant differences between treated chronic SCZ patients and
controls (Terpstra et al., 2005; Matsuzawa et al., 2008). In add-
ition, consistent with our findings, a genome-wide association
study failed to reveal any significant associations between glu-
tathione-related genes and SCZ (Consortium, 2014). Our findings
suggest that GSH levels in mPFC are not significantly altered in
CHR, consistent with previous studies in treated FEP and SCZ
patients.

The findings of this study contrast with an earlier 'H-MRS
study in SCZ reporting lower GSH levels in brain and CSF of
drug-free SCZ patients compared with healthy controls at 1.5T
(Do et al., 2000). The reasons underlying this discrepancy may be
explained by differences in the populations (CHR vs established
schizophrenia) and methodology used for GSH quantification
(double quantum coherence filter vs MEGA-PRESS). Further, in
the current study we used a 3T MRI scanner with superior spatial
and temporal resolution as compared with 1.5T. Our results are
also in contrast to another study reporting increased GSH lev-
els in FEP at 3T (Wood et al., 2009). However, this study focused
on the medial temporal lobes, whereas most previous studies
have reported GSH levels in the mPFC, which limits their com-
parability. Furthermore, the mean Cramer-Rao lower bounds,
a measure of quantification precision, was moderately high
(~21%), which may have biased the results. In addition, phos-
phorous magnetic resonance spectroscopy studies have also
revealed abnormalities in brain energy metabolism and redox
regulation in SCZ; however, others have shown no differences
(for review, see Yuksel et al., 2015). Furthermore, a recent phos-
phorous magnetic resonance spectroscopy study reported a sig-
nificant reduction in the NAD+/NADH ratio, an index of redox
state, in chronic SCZ and FEP patients, potentially reflecting oxi-
dative stress (Kim et al., 2017). However, it is important to note
that alterations in this redox pair do not suggest abnormalities
in cerebral GSH levels.

In addition, there were no significant differences in periph-
eral GPx activity between groups, and between low-risk and
high-risk genotypes. These results are consistent with the most
recent 'H-MRS study that also reported no significant differ-
ences in blood GPx activity between FEP and controls (Xin et al.,
2016). In the present study, CHR with history of cannabis use
(>10 times lifetime) had significantly higher GPx activity com-
pared with CHR with <10 times lifetime use, which suggests a
potential effect of cannabis on oxidative stress. Cannabinoids,
including cannabis, have been repeatedly shown to have



antiinflammatory and antioxidant properties (Izzo et al., 2009).
In fact, cannabis sativa extract was shown to increase GSH lev-
els in saline-treated rats (Abdel-Salam et al., 2012), although
another study reported decreased GSH levels following cannabis
exposure (Sarafian et al., 1999). Furthermore, cannabidiol (one of
the major cannabinoids in cannabis) was shown to induce GPx
activity in human cell culture (Massi et al., 2006). In our study,
no correlations were observed between GSH in the mPFC and
peripheral GPx activity between groups. This contrasts with the
Xin et al. (2016) study reporting a positive correlation between
GSH in the mPFC and blood GPx activity in male controls, and
the inverse relationship in male FEP patients. Further studies
are needed to clarify the relationship between GSH levels in
brain and peripheral oxidative markers. We did find, however, a
significant positive correlation between peripheral GPx activity
and RBANS total score and attention in CHR. This result, while
exploratory, suggests that higher GPx activity may be associated
with higher cognitive functioning.

The exploratory analysis of the effect of GCLC polymorph-
ism (high-risk vs low-risk) on GSH levels revealed no significant
differences, irrespective of disease status. This is in contrast to
the recent 'H-MRS study that reported significantly lower GSH
levels in mPFC in the high-risk genotype group compared with
the low-risk genotype group (Xin et al., 2016). Although Gysin et
al. (2007) also reported lower GSH levels in high-risk genotypes,
these results were observed in fibroblasts only when challenged
with oxidative stress. Therefore, further studies are needed to
clarify the in vivo relationship between GCLC genotypes and
cerebral GSH levels.

One of the limitations of this study is the significant differ-
ence in age between groups, although the difference in mean
age between groups was <3 years. Moreover, there were no
significant associations between age and cerebral GSH levels
(P>0.6), and the results remained unchanged after controlling
for age. Furthermore, a recent postmortem study suggests no
impact of age on GSH levels in healthy human brain (range
1 day to 99 years, n=74) (Tong et al.,, 2016). Second, GCLC
genotype and GPx results were available for only a subset of
our participants (GCLC: healthy volunteers n=13, CHR n=27;
GPx: healthy volunteers n=14, CHR n=25). However, as men-
tioned earlier, genotype had no significant effect on cerebral
GSH levels in our sample, and there were no differences in
GPx activity between groups. In addition, these analyses were
secondary to our primary aim and exploratory. Third, all cor-
relations reported in this study were exploratory and need to
be replicated by further studies. Fourth, the 'H-MRS approach
used in this study measures only MR visible signal from a spe-
cific brain region and cannot distinguish the origin of the GSH
signal, white or gray matter. Therefore, the reported GSH lev-
els represent total GSH tissue concentrations and as such do
not reflect changes in specific cell types or tissues. Although
this is a cross-sectional study, clinical longitudinal follow-up
of our CHR sample revealed that 6 of the 30 CHR (i.e., ~20%)
converted to psychosis. However, while not powered to test it,
this is unlikely to affect the overall conclusion of this study, as
there were no differences between CHR converters and noncon-
verters (F, ,, =0.85, P=0.37). Lastly, although it would be ideal to
measure peripheral GSH levels in addition to GPx activity, this
was not possible in our study, as the samples were not depro-
teinated prior to freezing (Li et al., 2009). Future studies should
investigate additional brain regions and different peripheral
measures of oxidative stress across the psychosis spectrum.

In conclusion, our results show no evidence of GSH altera-
tions in the mPFC of CHR compared with healthy volunteers,
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suggesting that GSH is not altered during the putative pro-
dromal stages of psychosis.
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Neuropsychopharmacology online.
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