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Abstract

Involvement of oxidative stress in the pathophysiology of schizophrenia (SZ) is suggested by

studies of peripheral tissue. Nonetheless, it is unclear how such biological changes are linked to
relevant, pathological neurochemistry, and brain function. We designed a multi-faceted study by
combining biochemistry, neuroimaging, and neuropsychology to test how peripheral changes in
a key marker for oxidative stress, glutathione (GSH), may associate with central neurochemicals
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or neuropsychological performance in health and in SZ. GSH in dorsal anterior cingulate cortex
(dACC) was acquired as a secondary 3T IH-MRS outcome using a MEGA-PRESS sequence.
Fifty healthy controls and 46 patients with SZ were studied cross-sectionally, and analyses were
adjusted for effects of confounding variables. We observed lower peripheral total GSH in SZ
compared to controls in extracellular (plasma) and intracellular (lymphoblast) pools. Total GSH
levels in plasma positively correlated with composite neuropsychological performance across the
total population and within patients. Total plasma GSH levels were also positively correlated with
the levels of Glx in the dACC across the total population, as well as within each individual group
(controls, patients). Furthermore, the levels of dACC Glx and dACC GSH positively correlated
with composite neuropsychological performance in the patient group. Exploring the relationship
between systemic oxidative stress (in particular GSH), central glutamate, and cognition in SZ will
benefit further from assessment of patients with more varied neuropsychological performance.

Introduction

Oxidative stress, resulting from imbalance of reduction-oxidation (redox) homeostasis, has
historically been suggested to be involved in the pathophysiology of schizophrenia (S2)
[1-4]. Glutathione (GSH) is a key intracellular antioxidant and altered levels of GSH may
play a role in aberrant redox balance in SZ [5, 6]. Many of these early studies are limited,
however, by small sample sizes and the confounding effects of medication and duration of
illness that were not considered in prior analyses.

Recent comprehensive reviews and meta-analysis have attempted to address these concerns
[5, 7-9], and provide evidence that key mediators of oxidative stress may be changed in
peripheral tissues of patients with SZ. Alterations in such mediators are seen in recent-onset
cases even with minimal to no exposure to medication, suggesting that these changes may
reflect disease-associated intrinsic traits rather than secondary effects of confounding factors
[7]. For example, GSH is lower relative to controls in plasma [10-14], serum [15-18],

and erythrocytes [19, 20] isolated from patients with SZ. Studies using proton magnetic
resonance spectroscopy (H-MRS) to quantify GSH indirectly in the brains of patients have
resulted in more conflicting results [21-33], although the methodology of the measurement
has been refined [27, 30]. Although GSH may not directly pass the blood-brain barrier,
levels of brain and peripheral GSH have been correlated in both wild-type and mutant
mouse models with impaired biosynthesis of GSH [e.q., excitatory amino acid transporters 1
(eaacl) knockout mice] [34]. Thus, peripheral GSH may prove a useful, indirect indicator of
redox status or oxidative stress in the brain.

Recent studies using rodent models with SZ-relevant behaviors demonstrate excess oxidative
stress in the forebrain [35, 36] that raise questions about the molecular links between redox
imbalance and SZ [24, 33, 37-40]. An outstanding question is whether and how redox
imbalance in the brain and body may be related to glutamatergic neurotransmission and
cognitive deficits, which are critical neurobiological and psychological hallmarks of SZ.
GSH, a tripeptide that includes glutamate, has been proposed as a reservoir of glutamate

[41, 42], and the GSH cycle shapes synaptic glutamate activity at least in cell and animal
models [43]. If this molecular association is validated further, redox imbalance and excess
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oxidative stress may directly underlie aberrant glutamatergic neurotransmission in SZ
pathophysiology.

In the present study, we examined levels of GSH in peripheral tissues of SZ patients

and healthy controls, with focus on biochemical measurement of total GSH levels in

both extracellular and intracellular pools (plasma and lymphoblasts respectively). We then
examined the relationship between plasma total GSH levels and 1) neuropsychological
performance as well as 2) the level of GIx (the sum of glutamate and glutamine) in the
dorsal ACC (dACC) that was assessed using H-MRS at 3-Tesla (3T). The ACC was
chosen as our region of interest since it serves a critical role in neurocognitive function

[44] and aberrant glutamatergic measures in the overlapping regions of medial prefrontal
cortex and ACC have been found in SZ [45, 46]. Our design adjusted for treatment and
other potential confounding factors that may account for variability in prior results from
evaluating GlIx in this region in SZ. For example, some have reported higher GIx measures in
unmedicated patients with SZ relative to controls, whereas chronic, medicated patients may
have lower Glx [45-48]. We focused on peripheral GSH and central GIx because systemic
oxidative stress and aberrant glutamatergic neurotransmission likely play a key role in the
pathophysiology of SZ [1-3, 41, 42, 45, 46]. As a secondary measure, GSH in the dACC
using edited 1H-MRS spectra at 3T and its relationship to the primary measures (plasma
total GSH, neuropsychological performance, and dACC GIx) was assessed in health and in
SZ.

Participants and clinical/neuropsychological characterization

This study was approved by a Johns Hopkins Medicine Institutional Review Board.

After complete description of the study to the subjects, written informed consent was
obtained. Adult patients with SZ and healthy control individuals were recruited from the
greater Baltimore-Washington, D.C. area. All participants completed a two-hour battery of
neuropsychological tests to assess cognitive function in five dimensions, namely processing
speed, verbal memory, visuospatial memory, ideational fluency, and executive function, as
previously described [49, 50]. Investigators were blinded to the grouping of participants
during data collection. Further details regarding the recruitment, inclusion/exclusion criteria,
clinical characterization, and neuropsychological assessment of the study participants are in
the Supplementary Information (Supplementary Methods, Supplementary Table 1).

Measurement of GSH in peripheral tissues

Peripheral whole blood samples were collected from each participant. Total GSH (the sum
of GSH and glutathione disulfide, GSSG) was measured in both plasma and lymphoblasts
using modifications of the Tietze method [41, 51]. Methods related to plasma and
lymphoblast isolation/transformation and further description of the Tietze method are in
the Supplementary Information (Supplementary Methods). The concentration of total GSH
in lymphoblasts was normalized to total protein concentration. Total GSH in plasma was
measured relative to plasma volume (nmol /ml). In the present manuscript, we herein
describe total GSH as GSH.
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MR acquisition and analysis

All investigations were performed on a 3T MR scanner (Philips Healthcare, Best,
Netherlands) with a whole-body transmit coil in combination with an 8-channel receive

coil. A T1-weighted magnetization-prepared rapid gradient-echo (MP-RAGE) sequence (1
mm isotropic voxels, TR =8 ms, TE = 3.8 ms, flip angle = 8°, 256 x 256 acquisition

matrix, FOV 256 x 180 x 150 mm?3, SENSE factor 2) was obtained for anatomical reference.
Spectroscopic voxels were positioned in the dACC (35 x 35 x 35 mm3) (Fig. 1a). For
glutamate measurement, conventional H-MR spectra were acquired using a point-resolved
spectroscopy sequence (PRESS; TR = 5000 ms, TE = 35 ms, 16 averages with water
suppression and one average without water suppression). Water suppression was achieved
using variable pulse powers and optimized relaxation delays (VAPOR) presaturation pulses.

Conventional spectra were analyzed using LCModel version 6.3 for creatine (Cr) and GIx
[52] (Fig. 1b). An in vitro basis set was used to analyze the metabolites in LCModel along
with the default LCModel macromolecule spectra with spline baseline to fit the baseline.
Although Cr has been a focus of other psychosis research [53, 54] there was no difference
between Cr levels (quantified relative to unsuppressed water signal) in the controls (mean +
standard deviation = 5.14 + 0.46) compared to the patients (4.87 = 0.80; A= 0.226) in this
study population. The results for GIx presented are GlIx ratios with respect to Cr (GIx/Cr).

GSH in dACC was acquired as a secondary 3T H-MRS outcome and the GSH edited
1H-MR spectra were acquired using a MEGA-PRESS sequence with interleaving 30 ms
Gaussian editing pulses at 4.56 ppm (“on”) and 5.50 ppm (“off”) (TR = 2000 ms, TE =

130 ms, 16 averages) (Fig. 1c) [25]. Further details of data processing and quantification of
GSH in the dACC can be found in the Supplementary Information (Supplementary Methods;
Supplementary Table 2). The levels of GSH were normalized by the levels of Cr (GSH/Cr)
measured from the “off” acquisition. The presence of CSF in the dACC voxel equally affects
the metabolite (GIx, GSH, Cr) estimates within the same dACC voxel and therefore the
measured fraction of CSF within the voxel was not used to generate the metabolite ratios
(GIX/Cr, GSH/Cr). In the present manuscript, we describe GSH/Cr and GIx/Cr simply as
GSH and GIx, respectively.

Statistical analysis

Group comparisons of demographic and clinical data were calculated using independent
t-test for continuous variables, and Chi-squared test for categorical data. Group differences
in targeted markers (peripheral GSH, dACC GIx, dACC GSH) were tested using ANCOVA
with adjustment for age, gender, race, and smoking status. Correlation analysis was
performed to study the relationships between peripheral GSH and 1H-MRS metabolites,

as well as those between metabolites and neuropsychological test scores.

Specifically, two-sided partial Pearson’s correlation analysis with adjustment of age,
gender, race, smoking status, and diagnosis (controls or patients) was performed to study
correlations in the total population. We also studied correlations within individual groups
(patients, controls). For the patient group, two-sided partial Pearson’s correlation analysis
was performed with adjustment for age, gender, race, smoking status, duration of illness,
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and medication (chlorpromazine equivalent doses). For the control group, two-sided partial
Pearson’s correlation analysis was performed with adjustment of age, gender, race, and
smoking status. Permutation testing was performed to assess the significance of results from
correlation analyses performed with adjustment for confounding variables.

Study population and neuropsychological assessment

Fifty healthy controls and 46 patients with SZ were enrolled in this study and completed
provision of peripheral blood samples and/or imaging. One patient refused the SAPS and
SANS assessment though all patients completed SCID interview for diagnostic assessment.
Some participants (both patients and controls) failed to participate in all aspects of the

study since (i) Lymphoblast collection predated collection of plasma and H-MRS; (ii)
Some individuals participated only in conventional 1H-MRS imaging without edited 1H-MR
spectra for GSH; and (iii) In a limited number of cases the transformation of lymphocytes
to lymphoblasts was unsuccessful (see Supplementary Table 3 for itemized multimodal data
available from each cohort).

Patients with SZ and healthy controls were well matched in age, gender, ethnicity, years

of education, and premorbid intelligence (Table 1), although more patients reported current
smoking habit (X2 =9.558, P=0.002). Other found characteristics of the study population
(medication usage, neuropsychological performance) are in the Supplementary Information
(Supplementary Results). The patient and control groups did not differ in composition of
gray matter, white matter, or CSF within the voxel (Supplementary Table 2).

GSH in peripheral tissues

We found lower levels of GSH in plasma of patients with SZ (0.96 + 1.02 nmol/ml)
compared with that of healthy controls (2.10 £+ 1.75 nmol/ml; adjusted 2= 0.02; Fig. 2a).
Lower GSH in lymphoblasts was also observed in patients (9.68 + 4.26 nmol/mg) compared
to controls (13.69 + 5.57 nmol/mg; adjusted 2= 0.001; Supplementary Fig. 1). A correlation
between plasma GSH and lymphoblast GSH was not observed in the total population or in
either group (patients, controls).

Plasma GSH levels and neurocognitive function

Adjusting for confounding variables, plasma GSH was found to be positively correlated with
neuropsychological composite score (Fig. 2b; Table 2a) using data from the total population
(r=10.30, P=0.03), as well within patients alone (r=0.57, £=0.003). Permutation testing
further confirmed the significance of this finding (total population: 2= 0.04; patients only:
P=0.01). Plasma GSH was not correlated with neuropsychological composite score within
the control group.

The relationships between subdomains of neuropsychological performance and plasma GSH
were also tested (Supplementary Table 4). Within patients after adjusting for confounding
variables, performance in executive functioning positively correlated with plasma GSH (r=
0.45, P=0.03; permutation: 2= 0.04), and visuospatial memory positively correlated with
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plasma GSH (r= 0.43, P=0.04, permutation A= 0.04). There were no correlations observed
between plasma GSH and neuropsychological performance in any subdomain within the
total population or within the control only group.

Plasma GSH levels correlated with levels of Glx in the dACC

We studied possible correlation between plasma GSH levels and GlIx levels in the dACC. We
observed significant correlations in the total population, patient only group, and control only
group (Table 2a; Fig. 2c). Permutation testing confirmed the significance of these results
(Supplementary Table 5). Plasma GSH was not correlated with dACC GSH in any group
(Table 2a).

Correlation between dACC GIx and GSH and the relationship of each neurochemical to
neurocognitive function

We studied possible correlation between the levels of GIx and GSH in the dACC. Although
we did not observe a significant difference in the levels of these neurochemicals between
patient and control groups (Fig. 3a, b), significant correlations between dACC Glx and
dACC GSH levels were observed in the total population and the control only group,

but not within patients (Table 2b; Fig. 3c). Permutation testing confirmed these results
(Supplementary Table 5).

We next examined possible correlation between the levels dACC GlIx and the
neuropsychological composite score. We observed the significant correlation in the patient
only group, but not in the total population or control only group (Table 2b). We further
studied the subdomains of the neuropsychological test and found that visuospatial memory
was significantly correlated with dACC GIx in the total population and the patient only
group after adjustment for confounding variables (Supplementary Table 4). Permutation
analysis confirmed these results.

Similarly, we tested for correlation between the levels of JACC GSH and
neuropsychological test scores. In the patient only group, we observed significant
correlation between dACC GSH and composite score (Table 2¢), and between dACC
GSH and ideational fluency (Supplementary Table 4). Permutation testing supported these
correlations. No significant correlations were observed between the levels of JACC GSH
and any neuropsychological scores in the total and control only groups.

The relationships between molecular and clinical characteristics

SANS/SAPS scores were not correlated with dACC Glx, dACC GSH, plasma GSH, or
lymphoblast GSH.

Discussion

The main findings of the present study include lower GSH levels in extracellular (plasma)
and intracellular (lymphoblasts) peripheral blood of patients with SZ compared to controls.
Importantly, we now report that plasma GSH levels positively correlated with composite
neurocognitive scores in the total study population and the patient only population, and with
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factor scores in executive function and visuospatial memory within patients. Furthermore,
even though there was no significant difference in dACC Glx between patients and controls,
plasma GSH levels positively correlated with dACC GIx levels in the total, the patient only,
the control only populations. Both dACC Glx and dACC GSH levels showed correlations
with composite neurocognitive scores in the patient only group. Lastly, the levels of dACC
GSH correlated with factor scores in ideational fluency in the patient only population,
whereas the levels dACC GIx correlated with factor scores in visuospatial memory in both
total and patient only populations. As described above, confounding factors were considered
in all analyses with the positive results confirmed by permutation test.

Our finding of significant relationship between plasma GSH levels and neurocognitive
function supports the need for further study of oxidative stress in the neurobiology of
cognitive deficits related to SZ, and perhaps more broadly across syndromes with cognitive
impairment. Cognitive deficits are not primary diagnostic features of SZ, though it is
widely accepted that cognitive impairment is frequently found in the patients, and a critical
predictor of clinical and functional prognosis [55-57]. In our study, patients with SZ
showed significant deficits in domains of processing speed, verbal learning and memory,
and ideational fluency compared to the controls. Recent meta-analysis has confirmed
deficits in the domain of processing speed in patients with SZ [58], and these deficits in
processing speed may account for impaired cognitive performance in other domains [49].
Thus, peripheral GSH may have potential to serve as a predictive marker of brain function
and clinical outcome, even if the relationship is mechanistically indirect. This promising
relationship between peripheral GSH and cognition also has clinical relevance since the
indirect antioxidant sulforaphane (SFN), is now commercially available in concentrated
dietary supplements [59], and there are multiple reports of its beneficial, therapeutic

effect on cognitive deficits in psychiatric disorders [60, 61]. We recently reported that
sub-chronic administration of the broccoli-derived phytochemical, SFN, raises blood GSH
levels in humans [34]. The related, provocative hypothesis that circulating GSH may have
a protective effect on brain glutamate and cognition in health and SZ may be tested with a
back-translational approach.

Although further studies with larger samples are expected, these results suggest a novel link
between central glutamatergic deficits that are often found in SZ patients and peripheral
redox imbalance (or disturbance of GSH signaling). It is of note that 3T 1H-MRS has limited
ability to separate signals of glutamate and glutamine, instead providing the measured level
of both neurochemicals as GIx. Higher magnet strength will allow better differentiation

of glutamate and glutamine peaks on conventional spectral analysis, allowing improved
ability to study this link further. Indeed, a recent study that used a 7T scanner reported
correlation between the levels of glutamate and GSH in the dACC [28], which is in line

with our observation at 3T that JACC GSH and Glx is correlated at least in the total
population and control only group. Furthermore, the work by Kumar et al. [28] also suggests
that the relationship between peripheral GSH and dACC GIx in the present study may
reflect the relationship between peripheral GSH and glutamate (without glutamine) in the
brain. We also observed correlation between the levels of dACC GlIx and neurocognitive
composite score. In summary, these three correlations observed within patients in the present
study [(1) correlation between peripheral GSH and neurocognitive composite score; (2)

Mol Psychiatry. Author manuscript; available in PMC 2022 November 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Coughlinetal.

Page 8

correlation between peripheral GSH and dACC Glx; and (3) correlation between dACC
GIx and neurocognitive composite score] are consistent with the hypothesized link between
central glutamatergic deficits, peripheral redox imbalance, and cognitive impairment in SZ.

We acknowledge the power due to modest sample size as a potential limitation of this study,
which might result in the failure of detecting significant differences in the levels of Glx
(glutamate) and GSH between patients and controls. However, interesting observations using
regional 1H-MRS data have been reported in spite of the absence of two-group (patients,
controls) difference in metabolite levels [48, 62, 63], and we now report novel correlations
involving GSH and glutamate signaling between peripheral and brain tissues. We also

note as a limitation that Cr was used as an internal reference as opposed to referencing

each metabolite to the unsuppressed water signal. Through the present clinical study, we
generate the novel question of why peripheral GSH may be mechanistically linked to dACC
glutamate levels and cognition in SZ that may be investigated initially using animal and cell
models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Voxel placement and sample spectra from dorsal Anterior Cingulate Cortex (dACC).
a From left to right: sagittal view, coronal view, and axial view of the voxel. b A typical

fitted spectrum (in red). Indicated are myo-inositol (ml), choline (Cho), creatine (Cr),
GlIx and total NAA. Above the spectrum the residual signal after fitting is displayed.
The baseline is displayed below the spectrum. ¢ A typical MEGA-PRESS spectrum
demonstrating typical fit of peaks for GSH and total NAA and aspartate.
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Fig. 2. Comparison of plasma GSH between groups aswell as evaluation of itsrelationship with
other measured variables across and within groups.

a GSH levels in plasma were lower in 24 patients with SZ (0.96 = 1.02 nmol/ml) compared
with those of 27 CON (2.10 + 1.75 nmol/ml; adjusted for confounding variables 2= 0.02;
unadjusted £=0.006). Unadjusted data shown. b Adjusting for confounding variables,
plasma GSH was found to be positively correlated with neuropsychological (NP) composite
score within data from the total population (r=0.30, £=0.03) and within patients alone (r
=0.57, £=0.003), but not within the control group. Permutation testing further confirmed
the significance of this finding (total population: 2= 0.04; patients only: 2= 0.01). Results
were unchanged without adjustment (7= 0.44, P=0.002; patients only: r=0.48, P=0.02).
Plasma GSH was not correlated with NP composite score within the control group (with

or without adjusting for confounding variables). Unadjusted data shown. ¢ Adjusting for
confounding variables, GSH in plasma and GIx in dACC were positively correlated in the
total population, patient only group, and control only group. Permutation testing confirmed
the significance of these results. Without adjustment, the results were unchanged for the
total population or control only group, but were not significant for the patient only group.
Unadjusted data shown.
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Fig. 3. Comparison of dACC Glx and dJACC GSH between groups aswell as evaluation of their
relationship across and within groups.

a Glx in dACC did not differ between patients with SZ (1.49 + 0.21 nmol/ml) and CON
(1.58 £ 0.21) nmol/ml; adjusted for confounding variables 2= 0.38; unadjusted A= 0.23).
Unadjusted data shown with mean (middle line) and standard deviation (box). b GSH in
dACC did not differ between patients with SZ (0.062 + 0.01 nmol/ml) and CON (0.068

+ 0.01 nmol/ml; adjusted for confounding variables A= 0.20; unadjusted A= 0.17).
Unadjusted data shown with mean (middle line) and standard deviation (box). c) Adjusting
for confounding variables, positive correlations between dACC Glx and dACC GSH levels
were observed in the total population and the control only group. Permutation testing further
confirmed the significance of these findings. No relationship was found within patients.
These results were unchanged without adjustment for confounding variables. Unadjusted
data shown.
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