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Abstract: Oxidative stress plays a key role in the pathophysiology of schizophrenia. While free rad-
icals produced by glutamatergic excess and oxidative metabolism have damaging effects on brain 
tissue, antioxidants such as glutathione (GSH) counteract these effects. The interaction between glu-
tamate (GLU) and GSH is centered on N-Methyl-D-aspartate (NMDA) receptors. GSH levels in-
crease during glutamate-mediated excitatory neuronal activity, which serves as a checkpoint to pro-
tect neurons from oxidative damage and reduce excitatory overdrive. We studied the possible in-
fluence of GSH on the glutamate-mediated dysconnectivity in 19 first-episode schizophrenia (FES) 
patients and 20 healthy control (HC) subjects. Using ultra-high field (7 Tesla) magnetic resonance 
spectroscopy (MRS) and resting state functional magnetic resonance imaging (fMRI), we measured 
GSH and GLU levels in the dorsal anterior cingulate cortex (dACC) and blood-oxygenation level-
dependent activity in both the dACC and the anterior insula (AI). Using spectral dynamic causal 
modeling, we found that when compared to HCs, in FES patients inhibitory activity within the 
dACC decreased with GLU levels whereas inhibitory activity in both the dACC and AI increased 
with GSH levels. Our model explains how higher levels of GSH can reverse the downstream path-
ophysiological effects of a hyperglutamatergic state in FES. This provides an initial insight into the 
possible mechanistic effect of antioxidant system on the excitatory overdrive in the salience network 
(dACC-AI). 

Keywords: dynamic causal modeling; glutamate hypofunction; salience network; glutathione; 
schizophrenia 
 

1. Introduction 
The role of oxidative stress in molecular mechanisms of neurodegenerative diseases 

has been investigated thoroughly [1]; however, the details of its involvement in patho-
physiology of schizophrenia are not completely understood [2]. While free radicals pro-
duced by glutamatergic excess and oxidative metabolism have damaging effects on brain 
tissue, antioxidants such as glutathione (GSH) counteract the “toxic effect” of oxidative 
stress [3]. This antioxidant protection is reportedly aberrant in schizophrenia, with some 
patients having a notable reduction of GSH in the brain [4–6] and others with relatively 
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better outcomes having higher than expected levels [7]. Several pharmacological ap-
proaches to improve glutathione-mediated antioxidant capacity are currently being stud-
ied in schizophrenia [8]. 

The interaction between glutamate (GLU) and glutathione is centered in the N-Me-
thyl-D-aspartate (NMDA) receptors as well as the neuro-glial metabolic shuttling. GSH 
levels increase in response to glutamate-mediated excitatory neuronal activity. This in-
crease is mediated by the NMDA receptor system [9] as well as by the conversion of glu-
tamate to GSH in glial cells [10]. GSH has also been reported to have a direct signaling 
effect, by facilitating NMDA function [11,12] and increasing the inhibitory tone of micro-
circuits [13]. In humans, correlations between GSH and GLU levels in the dorsal anterior 
cingulate cortex (dACC) and the anterior insula (AI) have been reported [7]. Taken to-
gether, a glutamate-mediated GSH increase serves as a checkpoint to protect neurons 
from oxidative damage and reduce excitatory overdrive. 

GSH depletion in the developing brain affects the interneurons that provide the 
NMDA-mediated inhibitory checkpoint for glutamatergic activity. This early NMDA 
hypofunction is considered to disrupt the normal excitation–inhibition balance and prime 
cortical networks for glutamatergic excess and excitatory overdrive in schizophrenia [7]. 
At present, it is unclear if higher levels of GSH can overcome this excitatory overdrive by 
restoring the inhibitory tone in patients with schizophrenia. 

We have recently provided the first imaging evidence for the NMDA hypofunction 
model by demonstrating that glutamate levels are indeed related to a reduced inhibitory 
tone in schizophrenia [14]. We studied glutamate levels from the dorsal anterior cingulate 
cortex (dACC) and studied the salience network that connects dACC with the anterior 
insula (AI), using a biologically realistic neural model of resting-state functional magnetic 
resonance imaging (fMRI) data. In the current work, we extended this observation to 
study if GSH influences the glutamate-mediated dysconnectivity in first-episode schizo-
phrenia (FES). Such an influence, if demonstrated, will add credibility to the notion that 
GSH can physiologically counteract the glutamate-mediated excitation–inhibition imbal-
ance in schizophrenia. 

2. Materials and Methods 
2.1. Participants 

We recruited 39 subjects in total; 19 with FES and 20 healthy control (HC) subjects 
(Table 1). This patient sample has been previously reported [14]. FES was defined as (1) 
patients with first clinical presentation with psychosis, (2) symptoms satisfying the [Diag-
nostic and Statistical Manual of Mental Disorders, Fifth Edition, 16] criteria A for schizo-
phrenia, and (3) patients with less than 2 weeks of lifetime antipsychotic exposure. By 
relying on the best estimate procedure, as described in Leckman, et al. [15], and the Struc-
tured Clinical Interview for DSM-5, every FES patient received a consensus diagnosis 
from 3 psychiatrists after approximately 6 months. Each patient satisfied the DSM-5 crite-
ria for schizophrenia spectrum disorders. Specifically, 15 patients satisfied the criteria for 
schizophrenia and 3 patients satisfied the criteria for schizoaffective disorder. Clinical 
data at 6 months were not available from 1 patient. However, the available baseline data 
suggested a diagnosis of schizophreniform disorder. Based on the above, we used the 
term FES to describe the patient group—capturing all the schizophrenia spectrum disor-
ders. For these patients, we computed the defined daily dose (DDD), and the sample’s 
DDD mean was 1.05. This suggested that, on average, a patient had had 1-day worth of 
exposure to s standardized dose (at the time of assessment) when scanned. At the time of 
scan, approximately 40% of patients had not been exposed to any antipsychotic. There-
fore, this sample can be considered as an acutely unwell, untreated, first-episode sample 
of schizophrenia spectrum disorders. Participants were recruited continuously from the 
Prevention and Early Intervention Program for Psychosis in London, Ontario. Finally, we 
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assessed symptoms using the eight-item version of the positive and negative syndrome 
scale [16] (Table 1). 

Table 1. Demographics and clinical characteristics. 

Subject Group SOFAS Parental SES (NSSEC) Age at Study Date Gender 
PANSS Sub-Scores 

P1 P2 P3 N1 N4 N6 G5 G9 
1 

HC 

73 3 26 Male - - - - - - - - 
2 85 4 23 Female - - - - - - - - 
3 79 2 17 Male - - - - - - - - 
4 85 5 23 Male - - - - - - - - 
5 87 1 16 Female - - - - - - - - 
6 81 5 25 Male - - - - - - - - 
7 83 2 16 Male - - - - - - - - 
8 86 2 16 Male - - - - - - - - 
9 80 3 29 Male - - - - - - - - 
10 79 2 22 Female - - - - - - - - 
11 79 2 23 Female - - - - - - - - 
12 83 1 20 Male - - - - - - - - 
13 80 4 20 Male - - - - - - - - 
14 80 2 20 Male - - - - - - - - 
15 85 3 20 Male - - - - - - - - 
16 80 2 20 Female - - - - - - - - 
17 85 5 27 Female - - - - - - - - 
18 85 5 22 Female - - - - - - - - 
19 80 5 18 Female - - - - - - - - 
20 85 2 22 Female - - - - - - - - 
1 

FES 

40 4 19 Male 4 4 4 4 5 3 2 4 
2 37 5 20 Male 5 4 5 2 3 1 3 4 
3 40 2 19 Male 4 5 4 5 4 3 1 3 
4 60 2 17 Male 5 1 5 3 4 3 1 4 
5 30 4 18 Male 5 3 4 2 3 3 1 3 
6 51 4 17 Female 5 1 5 3 5 3 3 2 
7 34 5 24 Male 6 5 6 1 1 1 4 5 
8 50 2 21 Male 5 4 4 2 4 2 1 4 
9 25 2 25 Male 7 3 5 4 3 1 2 6 
10 40 2 28 Male 6 4 2 1 1 1 1 3 
11 33 2 20 Female 6 3 2 1 1 1 1 4 
12 65 3 23 Female 4 2 5 3 1 2 1 3 
13 25 2 23 Male 5 6 5 1 3 4 3 5 
14 44 3 24 Female 5 4 2 1 1 1 1 5 
15 20 2 23 Female 7 4 6 1 1 1 1 6 
16 55 4 20 Male 5 1 5 4 3 1 1 3 
17 50 1 27 Male 7 3 2 5 4 3 1 3 
18 40 5 26 Female 5 1 5 1 5 1 1 3 
19 45 4 19 Female 5 3 1 3 3 3 1 4 

Note. HC = healthy control, FES = first episode schizophrenia, SOFAS = social and occupational 
functional assessment scale, NSSEC = national statistics socioeconomic status, delusions (P1), con-
ceptual disorganization (P2), hallucinations (P3), blunted affect (N1), social withdrawal (N4), lack 
of spontaneity (N6), mannerisms (G5), unusual thoughts (G9). 

2.2. Magnetic Resonance Spectroscopy (MRS) Acquisition and Analysis 
All data was acquired using a 680-mm neuro-optimized 7 T MRI scanner (Siemens 

MAGNETOM Plus, Erlangen, Germany) equipped with an AC84 II head gradient coil and 
an 8-channel Tx, 32-channel Rx radiofrequency coil. We defined a 2.0 × 2.0 × 2.0 cm (8 cm3) 
1H-MRS voxel on the bilateral dACC (Figure 1). To this aim, we used a two-dimensional 
sagittal anatomical image (37 slices, TR = 8000 ms, TE = 70 ms, flip-angle (α) = 120°, thick-
ness = 3.5 mm, field of view = 240 × 191 mm) as reference. We defined the voxel position 
both by setting the posterior face of the voxel in coincidence with the precentral gyrus and 
by setting the position of the inferior face of the voxel to the most caudal point not part of 
the corpus callosum. We set the voxel angle tangentially to the corpus callosum. A semi-
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LASER 1H-MRS sequence (TR = 7500 ms, TE = 100 ms, bandwidth = 6000 Hz, Navg = 2048) 
was used to acquire 32 channel-combined, [17] VAPOR water-suppressed spectra as well 
as a water-unsuppressed spectrum (Navg = 1) to be used for spectral editing and quantifi-
cation. We asked all participants to fix their gaze on a white cross (50% gray background) 
during MRS acquisition. All scanning took place at the Centre for Functional and Meta-
bolic Mapping of Western University, London, Ontario. 

 
Figure 1. MRS voxel and spectra. (A) Sagittal, (B) axial, and (C) coronal view of voxel positioning 
on the dorsal anterior cingulate cortex (dACC). (D) Sample spectra obtained from a single healthy 
participant. The bold black line represents the fitted spectra with the residuals above (the gray line 
above the fitted curve) and each individual metabolite contribution below. 

Based on Near and colleagues [18], we phase- and frequency-corrected the 32 spectra. 
Following, we computed a single average spectrum which was used in all subsequent 
analyses. Spectrum’s line shape deconvolution and removal of a residual water signal was 
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performed via QUECC [19] (a combination of quantification improvement by converting 
lineshapes to the Lorentzian type, QUALITY, and eddy current correction, ECC) and 
Hankel singular value decomposition (HSVD) [20], respectively. Spectral fitting was done 
via fitMAN [21] (a time-domain fitting algorithm that uses a non-linear, iterative Leven-
berg-Marquardt minimization algorithm and echo-time, field strength, and pulse se-
quence specific prior knowledge templates). The metabolite-fitting template included 17 
brain metabolites including glutamate and glutathione reported here. The other metabo-
lites were N-acetyl aspartate, N-acetyl aspartyl glutamate, alanine, aspartate, choline, cre-
atine, 𝛾-aminobutyric acid (GABA), glucose, glutamine, glycine, lactate, myo-inositol, 
phosphorylethanolamine, scyllo-inositol, and taurine. Due to the long echo time used, no 
significant macromolecular contribution was expected. Metabolite quantification was 
then performed using Barstool [22] with corrections made for tissue-specific (gray matter, 
white matter, CSF) T1 and T2 relaxation through partial volume segmentation calculations 
of voxels mapped onto T1-weighted images acquired using a 0.75-mm isotropic 
MP2RAGE sequence (TR = 6000 ms, TI1 = 800 ms, TI2 = 2700 ms, flip-angle 1 (α1) = 4°, flip-
angle 2 (α2) = 5°, FOV = 350 × 263 × 350 mm, Tacq = 9 min 38 s, iPATPE = 3 and 6/8 partial k-
space). All spectral fits underwent visual quality inspection as well as Cramer–Rao lower 
bounds (CRLB) assessment for each metabolite. 

The quality of metabolite quantification was measured using CRLB percentages for 
both groups using a CRLB threshold < 30% for glutathione to determine inclusion toward 
further analyses, in line with our prior study [23]. There was no significant difference in 
CRLB between the FES patients and HC subjects for both metabolites being reported in 
this study. A sample of fitted spectrum for a single participant is presented in Figure 1. 

2.3. Bayesian Analysis 
We estimated the posterior distribution of the (estimated) between-group differences 

in GLU and GSH by means of the generalized linear model within the context of hierar-
chical the Bayesian parameter estimation as follows: 𝑀𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒 = 𝛽 + 𝛽 𝑥 𝑖  (1)

where the data conformed to a normal distribution around the predicted value 
(𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛) with a (wide) data-scaled uniform prior distribution for the 
standard deviation (σi). The baseline parameter (𝛽 ) had a data-scaled normal prior dis-
tribution with mean equal to the data mean and (wide) standard deviation relative to the 
standard deviation (SDdata) of the data (1/(SDdata × 5)2). Group deflection parameters 
(𝛽 ) had normal prior distributions with mean zero and a Gamma prior distribution 
for the standard deviation σβ with data-scaled shape and rate parameters (SDdata/2 and 2 
× SDdata respectively). This meant that σβ provided informed priors on each group’s (de-
flection) parameter. In other words, groups would act as priors between each other. In 
total, we estimated posterior distributions of five free parameters (σi, 𝛽 , 𝛽 , 𝛽 , and 
σβ). Posteriors were estimated in the R-software equivalent of “just another Gibbs sam-
pler” (RJAGS) [24] using Markov chain Monte Carlo methods, drawing 11,000 samples 
(thinning = 10). We reported the proportion of the posterior distribution (i.e., posterior 
proportion, PP) of the between-groups difference in GSH and GLU levels along with the 
95% highest density interval (HDI) of the posterior proportion. The posterior distributions 
and HDIs of the relevant effect sizes were also reported. 

2.4. Resting-State fMRI 
Resting-state whole-brain functional images were acquired over 6 min (360 volumes 

in total). We used a gradient echo planar imaging (EPI) sequence (TE = 20 ms, TR = 1000 
ms, flip angle = 30 deg, field of view = 208 mm, voxel dimension = 2 mm isotropic in 63 
contiguous slices). EPI data acquisition was accelerated using GRAPPA = 3 and a multi-
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band factor = 3. A 3D, T1-weighted MP2RAGE anatomical volume (TE/TR = 2.83/6000 ms, 
TI1/TI2 = 800/2700 ms) at 750 µm isotropic resolution was acquired as an anatomical ref-
erence. 

2.5. Spectral Dynamic Causal Modeling of Network Connectivity 
We fit spectral dynamic causal models to the fMRI time series data to quantitatively 

infer how the fMRI timeseries were generated by (unobserved) neural activity of coupled 
neuronal populations between the dACC and the AI during resting state [25]. At present, 
dynamic causal modeling is considered the most physiologically grounded technique to 
infer the effective connectivity between brain regions [26]. Specifically, a spectral dynamic 
causal model is a special case of “generative models” in which the neural causes are hid-
den states and the blood-oxygenation level-dependent (BOLD) signals are observed meas-
urements. Therefore, the (generative) dynamic causal model comprised one evolution 
function (2) where x’(t) is the rate of change of the neuronal states x(t), θ represents the 
unknown parameters of the effective connectivity, and v(t) represents the states noise. The 
output of the evolution function, x(t), was mapped onto an observed function (3) where 
y(t) is the measured BOLD signal, φ represents the unknown parameters, and e(t) is the 
observation noise. Crucially, the diffusion (or noise) terms in (2) and (3) could be param-
eterized. Therefore, the evolution function became a random differential equation. For a 
thorough mathematical description of the generative model we refer the interested reader 
to both Friston, et al. [27] and Razi, Kahan, Rees and Friston [25]. x′(t)  = 𝑓(𝑥(t),θ) +  v(t) (2)y(t)  = h(𝑥′(t),φ) +  e(t) (3)

Our dynamic causal model of the dACC-AI network represented both intrinsic or 
within-region (GABAergic) connections and extrinsic (between-region) glutamatergic 
neuronal populations within each region [28,29]. Each population comprised self-inhibi-
tion connections (which are fixed parameters). Two free parameters were fit to the fMRI 
data: Interregional excitatory-to-excitatory connections and within-region inhibitory-to-
excitatory connections (Figure 2). Each of these parameters was the log of a scaling factor, 
which was multiplied by the default connection strength: 1/8Hz for between-region con-
nections and −1/8Hz for within-region connections. This formulation enforces positivity 
or negativity constraints on the connections, and gave the parameters a simple interpre-
tation, as follows. Between-region connections were excitatory, so more positive values 
corresponded to greater excitation and more negative values corresponded to less excita-
tion. Conversely, positive values of inhibitory connections indicated greater inhibition 
and less positive values indicated less inhibition.  
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Figure 2. Circuit model of the dACC–AI network. In a two-state dynamic causal model, both in-
hibitory (I) and excitatory (E) neuronal populations comprise self-inhibitory connections (dashed 
red lines with oval arrows) which are fixed parameters. Excitatory intrinsic connections (i.e., from 
E neurons to I neurons, EI, solid lines with blue arrows) activate I neurons, and are fixed parame-
ters. Inhibitory intrinsic (GABAergic) connections (i.e., from I neurons to E neurons, IE, solid lines 
with oval red arrows) inhibit E neurons and are free parameters. Extrinsic forward and backward 
(glutamatergic) connections (black arrows) are also free parameters. 

At a subject level, the analysis was the same as we have previously reported [15]. 
Specifically, we estimated the resting-state effective connectivity within the dACC-AI net-
work by fitting a fully connected model [25,29]. To this aim, realignment, normalization 
(to MNI space), and spatial smoothing (4-mm full width at half maximum with a Gaussian 
Kernel) were performed on the functional images. A general linear model (including six 
head movement parameters and time series corresponding to the white matter and cere-
brospinal fluid as regressors) was fit to the images. A cosine basis set with frequencies 
ranging from 0.0078 to 0.1 Hz was also included in the general linear model [30]. Images 
were high-pass filtered to remove slow frequency drifts (<0.0078 Hz). By using an F con-
trast, we identified regions with blood oxygen level fluctuations within frequencies rang-
ing from 0.0078 to 0.1 Hz [30]. Time series that summarized the activity within spheres (8-
mm radius) in the right AI (MNI coordinates X = 38, Y = 20, Z = −4) and in the right DACC 
(MNI coordinates x = 1, y = 16, z = 38) were extracted and used to specify the dynamic 
causal models. 

At a group level, we relied on parametric empirical Bayes (PEB) [31–33] to estimate 
the effect of GLU and GSH on connectivity parameters. We estimated a “two-metabolite” 
model with which we aimed to evaluate the evidence in support of the hypothesis that 
both GLU and GSH best explained the effective connectivity within the two-node net-
work. The design matrix of the two-metabolite model comprised one column coding for 
group membership, one column comprising the mean-centered GLU levels, one column 
comprising the GLU × group interaction, one column comprising the mean-centered GSH 
levels, and one column comprising the GSH × group interaction (in this order). The design 
matrix also comprised a constant (column of ones). We compared the evidence in support 
of this model against the evidence in support of an “only-group” model, a reduced model 
comprising only the effect of the group on connectivity parameters. 

We adjudicated between the two-metabolite and the only-group models by means of 
Bayesian model selection [34]. Specifically, we evaluated the evidence of each model (as 
estimated by the negative variational free energy, F). In principle, the strongest evidence 
is ascribed to the model with the least negative free energy. However, it is useful to assess 
the evidence of a given model relative to the evidence ascribed to other models. This is 
achieved by means of Bayesian model comparison in which the evidence of a given model 
(F1) is compared to the evidence of the model with the most negative free energy (F2), 
yielding the log of the Bayes factor (lnBF1 = F1−F). In terms of posterior probability (PP), a 
BF > 20 is equivalent to a PP > 0.95 [34] which indexes very strong evidence. Therefore, we 
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relied on a PP > 0.95 as a decision rule (i.e., threshold) for model selection [35]. Finally, the 
sum of the posteriors of all models’ posteriors equaled to 1. 

3. Results 
3.1. Between-Group Comparison in Metabolite Levels 

The Bayesian linear model revealed higher GSH levels in the FES group than in the 
HC group (mode of the between-groups difference = 0.25, PP = 0.98; mode of the effect 
size = 0.71, PP = 0.98). The Bayesian analysis did not reveal an effect of the group on GLU 
levels (mode of the between-groups difference = 0.17, PP = 0.84; mode of the effect size = 
0.1, PP = 0.84). Summary statistics of the posterior distributions of the model’s parameters 
are reported in Table 2, and Figure 3 shows the posterior distributions of the estimated 
between-group difference in GSH and GLU levels. 

Table 2. Parameter estimates (posteriors) of the hierarchical Bayesian linear model of the effect of 
group on glutamate (GLU) and glutathione (GSH) levels. 

Metabolite Parameter Mean Median Mode 
HDI 

(Low) HDI (High) 

GLU 

β0 6.641 6.641 6.650 6.212 7.074 
βFES 0.203 0.195 0.086 –0.168 0.622 
βHC –0.203 –0.195 –0.086 –0.622 0.168 
σβ 1.386 0.923 0.361 0.000 4.266 
σi 1.374 1.358 1.309 1.076 1.727 

GSH 

β0 1.604 1.604 1.610 1.482 1.719 
βFES 0.118 0.117 0.118 –0.003 0.236 
βHC –0.118 –0.117 –0.118 –0.236 0.003 
σβ 0.515 0.365 0.197 0.001 1.460 
σi 0.374 0.369 0.362 0.294 0.469 

Note. HDI highest density interval (95% of the most credible values), β  intercept, βFES deflection 
parameter for the FES group, βHC deflection parameter for the HC group, σβ standard deviation of 
the baseline parameter, σi standard deviation of the predicted value. 
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Figure 3. Posterior distributions of the estimated between-group differences and effect sizes in 
GLU (lower panels) and GSH (upper panels) levels. 

3.2. Spectral Dynamic Causal Models of Effective Connectivity 
The two-metabolite model, comprising the effect of GSH and GLU, performed better 

than the group-only model (PP > 0.99). As shown in Figure 4 and in line with our previous 
work [15], the activity of the inhibitory neurons in the dACC decreased as a function of 
GLU in the FES group (PP > 0.95). Crucially, in the current model, this effect was reversed 
by GSH, which was associated with increased inhibitory activity. This effect of GSH on IE 
connections (see also Figure 2 for reference) was observed not only in the dACC (PP > 
0.95) but also in the inhibitory neural population of the AI (PP > 0.95). 
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Figure 4. Counteracting effect of the GSH on the hyperglutamatergic state in the dACC–AI network. As previously re-
ported [15], in the dACC the effect of GLU on IE connections (see also Figure 2 for reference) was weaker in FES patients 
than in HC subjects (indexed by the negative parameter estimate). This indicates stronger disinhibition of excitatory neu-
ronal population with higher levels of GLU in patients than in controls, leading to a hyperglutamatergic state. Crucially, 
positive parameter estimates in blue indicate the effect of GSH on inhibitory (i.e., GABAergic) activity within the dACC 
and AI, this effect being stronger in FES patients than in HC subjects. Since the net activity of a given neuronal population 
is a linear function of the relevant parameter estimates, the magnitudes of these estimates indicate that the glutamatergic 
influence on intrinsic connectivity in the dACC is compensated by the “antioxidative” state. 

4. Discussion 
In drug-naïve patients with first episode psychosis, GSH levels were higher than in 

HC subjects. Higher GSH levels were related to stronger intrinsic inhibition within dACC 
and AI nodes of the salience network, a large-scale network known to play a cardinal role 
in schizophrenia symptoms [36]. This effect was in direct contrast to the relationship be-
tween higher GLU levels and putative disinhibition (i.e., reduced intrinsic inhibition) 
within the dACC. Our model provided an explanation for how higher levels of GSH can 
reverse the downstream pathophysiological effects of a putative hyperglutamatergic state 
in FES. 

The presence of higher levels of GSH in patients compared to controls was in contrast 
to our meta-analytic observation of a small reduction of GSH in schizophrenia [37]. Nev-
ertheless, as we reported in the same meta-analysis, patients with bipolar disorder had a 
small increase in GSH levels compared to healthy controls, leading to the speculation that 
GSH levels may mark the outcomes of psychotic disorders rather than the diagnosis per 
se. In fact, our prior observation from an overlapping sample with longitudinal clinical 
data supports this idea [23]. Higher levels of GSH are likely to indicate a more favorable 
prognosis, with a quicker response to antipsychotics in first-episode psychosis [23]. As 
such, the current sample of first-episode patients likely comprised subjects with more fa-
vorable outcomes than the chronic schizophrenia samples studied in our prior meta-anal-
ysis. 
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Our results also indicated that in early phases of psychosis, GSH may operate to re-
verse glutamate-mediated dysconnectivity. Specifically, stronger disinhibition of GABA 
neurons with higher levels of GLU reflected a hyperglutamatergic state in FES subjects—
as indexed by the negative value of the parameter estimate representing inhibitory con-
nections within the dACC. However, positive values of the effect of GSH indicated a direct 
relationship between the GSH level and a much stronger inhibitory (i.e., GABAergic) ac-
tivity within both the dACC and AI. Since, as per the model’s assumptions, the net activity 
of a given neuronal population is a linear function of the relevant parameter estimates, 
the magnitudes of these estimates suggest that the hyperglutamatergic state is compen-
sated (or restrained) by an “antioxidative” state. This is important especially because our 
FES subjects were untreated when these data were collected. On this basis, we speculate 
that a targeted increase in dACC GSH levels via antioxidant supplementation or targeting 
the Nrf2 pathway could improve patients’ response to antipsychotics [38]. More specula-
tively, this may assist in achieving an adequate response at lower-than-usual doses and 
cut down the total duration of higher dose exposure, both of which are now argued by 
some as key strategies to improve functional recovery in psychosis [39]. In the context of 
antioxidant trials, this also speaks to a stratification strategy based on baseline levels of 
GSH—as suggested in previous works [40]. 

The robustness of our results rests on several methodological strengths. First, we 
used 7T-MRS sequence with improved specificity to detect GSH resonance with reduce 
macromolecular interference [41]. This level of specificity contrasts with the specificity 
achieved using 3T-MRS [42,43]. Furthermore, the effective connectivity model is biologi-
cally grounded despite the fact that it does not consider the variability of inhibitory neu-
ronal populations that have been recently reported [44]. Regardless of this limitation, the 
two-neuronal-population model was enough to evaluate our hypothesis. Finally, from our 
cross-sectional data, we cannot infer if the GSH increase is secondary to increased intrinsic 
inhibition or vice versa. Longitudinal fMRI and MRS data on GLU and GSH could poten-
tially address this limitation in the future. 

5. Conclusions 
In summary, our data and computational model provide initial clues to understand 

the mechanistic effect of GSH on the previously reported hyperglutamatergic state within 
the dACC–AI network. As summarized in Figure 5, redox imbalance in early life may 
prime the brain for excitatory overdrive in schizophrenia; but if an appropriate increase 
in GSH accompanies glutamatergic excess, the inhibitory tone may be strengthened in 
compensation. 
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Figure 5. Summary of the counteracting effect of GSH on redox imbalance in the salience network. 
In a healthy state, the excitation–inhibition balance is achieved via the interplay of excitatory and 
feedback inhibitory neuronal populations. Glutamate-mediated dysconnectivity in psychosis 
(likely caused by GSH depletion in the developing brain) would manifest in terms of interneuron 
deficit, leading to excitatory overdrive (i.e., hyperglutamatergic state). The resulting excitatory 
overdrive can be reduced by increasing inhibition via a compensatory increase in the levels of 
GSH, at least in a subset of patients. This illustration was produced using biorender.com 

Author Contributions: Conceptualization, R.L. and L.P.; methodology, R.L., P.J. and J.T.; formal 
analysis, R.L.; writing—original draft preparation, R.L. and L.P. All authors have read and agreed 
to the published version of the manuscript. 

Funding: This study was funded by CIHR Foundation Grant (375104/2017) to L.P.; BrainSCAN 
Postdoctoral Fellows Collaborative Research Grant to R.L.; Schulich School of Medicine and Den-
tistry Dean’s Scholarship to P.J. Data acquisition was supported by the Canada First Excellence 
Research Fund to BrainSCAN, Western University (Imaging Core); Innovation fund for Academic 
Medical Organization of Southwest Ontario; Bucke Family Fund, The Chrysalis Foundation, and 
The Arcangelo Rea Family Foundation (London, Ontario). L.P. acknowledges support from Tanna 
Schulich Endowment Chair. 

Institutional Review Board Statement: The study was conducted according to the guidelines of the 
Declaration of Helsinki, and approved by the Western University Research Ethics Board of Univer-
sity of Western Ontario (Project # 108268; October 10, 2019). 

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study. 

Data Availability Statement: The data presented in this study are available on request from Dr. 
Lena Palaniyappan (lpalaniy@uwo.ca). 

Acknowledgments: We thank Trevor Szekeres, Scott Charlton, and Joseph Gati for their assistance 
in data acquisition and archiving. We thank Rob Bartha and Dickson Wong for consultation pro-
vided on MRS analysis. We thank all research team members of the NIMI lab and all the staff 
members of the PEPP London team for their assistance in patient recruitment and supporting clin-
ical care. We gratefully acknowledge the participants and their family members for their contribu-
tions. Requests for data should be addressed to Lena Palaniyappan lpalaniy@uwo.ca. 



Antioxidants 2021, 10, 75 13 of 14 
 

Conflicts of Interest: L.P. reports personal fees from Otsuka Canada, SPMM Course Limited, UK, 
Canadian Psychiatric Association; book royalties from Oxford University Press; investigator-initi-
ated educational grants from Janssen Canada, Sunovion, and Otsuka Canada outside the submit-
ted work. All other authors report no relevant conflicts. 

References 
1. Emamzadeh, F.N.; Surguchov, A. Parkinson’s Disease: Biomarkers, Treatment, and Risk Factors. Front. Neurosci. 2018, 12, 

doi:10.3389/fnins.2018.00612. 
2. Flatow, J.; Buckley, P.; Miller, B.J. Meta-analysis of oxidative stress in schizophrenia. Biol. Psychiatry 2013, 74, 400–409, 

doi:10.1016/j.biopsych.2013.03.018. 
3. Perkins, D.O.; Jeffries, C.D.; Do, K.Q. Potential Roles of Redox Dysregulation in the Development of Schizophrenia. Biol. 

Psychiatry 2020, 88, 326–336, doi:10.1016/j.biopsych.2020.03.016. 
4. Do, K.Q.; Trabesinger, A.H.; Kirsten-Krüger, M.; Lauer, C.J.; Dydak, U.; Hell, D.; Holsboer, F.; Boesiger, P.; Cuénod, M. 

Schizophrenia: Glutathione deficit in cerebrospinal fluid and prefrontal cortex in vivo. Eur. J. Neurosci. 2000, 12, 3721–3728, 
doi:10.1046/j.1460-9568.2000.00229.x. 

5. Gawryluk, J.W.; Wang, J.F.; Andreazza, A.C.; Shao, L.; Young, L.T. Decreased levels of glutathione, the major brain antiox-
idant, in post-mortem prefrontal cortex from patients with psychiatric disorders. Int. J. Neuropsychopharmacol. 2011, 14, 123–
130, doi:10.1017/s1461145710000805. 

6. Yao, J.K.; Leonard, S.; Reddy, R. Altered Glutathione Redox State in Schizophrenia. Dis. Mark. 2006, 22, 
doi:10.1155/2006/248387. 

7. Kumar, J.; Liddle, E.B.; Fernandes, C.C.; Palaniyappan, L.; Hall, E.L.; Robson, S.E.; Simmonite, M.; Fiesal, J.; Katshu, M.Z.; 
Qureshi, A.; et al. Glutathione and glutamate in schizophrenia: A 7T MRS study. Mol. Psychiatry 2020, 25, 873–882, 
doi:10.1038/s41380-018-0104-7. 

8. Sedlak, T.W.; Nucifora, L.G.; Koga, M.; Shaffer, L.S.; Higgs, C.; Tanaka, T.; Wang, A.M.; Coughlin, J.M.; Barker, P.B.; Fahey, 
J.W.; et al. Sulforaphane Augments Glutathione and Influences Brain Metabolites in Human Subjects: A Clinical Pilot Study. 
Mol. Neuropsychiatry 2018, 3, 214–222, doi:10.1159/000487639. 

9. Baxter, P.S.; Bell, K.F.; Hasel, P.; Kaindl, A.M.; Fricker, M.; Thomson, D.; Cregan, S.P.; Gillingwater, T.H.; Hardingham, G.E. 
Synaptic NMDA receptor activity is coupled to the transcriptional control of the glutathione system. Nat. Commun. 2015, 6, 
6761, doi:10.1038/ncomms7761. 

10. Sedlak, T.W.; Paul, B.D.; Parker, G.M.; Hester, L.D.; Snowman, A.M.; Taniguchi, Y.; Kamiya, A.; Snyder, S.H.; Sawa, A. The 
glutathione cycle shapes synaptic glutamate activity. Proc. Natl. Acad. Sci. USA 2019, 116, 2701–2706, 
doi:10.1073/pnas.1817885116. 

11. Janáky, R.; Ogita, K.; Pasqualotto, B.A.; Bains, J.S.; Oja, S.S.; Yoneda, Y.; Shaw, C.A. Glutathione and signal transduction in 
the mammalian CNS. J. Neurochem. 1999, 73, 889–902, doi:10.1046/j.1471-4159.1999.0730889.x. 

12. Oja, S.S.; Janáky, R.; Varga, V.; Saransaari, P. Modulation of glutamate receptor functions by glutathione. Neurochem. Int. 
2000, 37, 299–306, doi:10.1016/s0197-0186(00)00031-0. 

13. Freitas, H.R.; de Melo Reis, R.A. Glutathione induces GABA release through P2X7R activation on Müller glia. Neurogenesis 
2017, 4, e1283188, doi:10.1080/23262133.2017.1283188. 

14. Association, A.P. Diagnostic and Statistical Manual of Mental Disorders; American Psychiatric Publishing, Inc.: Arlington, VA, 
USA, 2013. 

15. Leckman, J.F.; Sholomskas, D.; Thompson, W.D.; Belanger, A.; Weissman, M.M. Best estimate of lifetime psychiatric diag-
nosis: A methodological study. Arch. Gen. Psychiatry 1982, 39, 879–883, doi:10.1001/archpsyc.1982.04290080001001. 

16. Andreasen, N.C.; Carpenter, W.T.J.; Kane, J.M.; Lasser, R.A.; Marder, S.R.; Weinberger, D.R. Remission in schizophrenia: 
Proposed criteria and rationale for consensus. Am. J. Psychiatry 2005, 162, 441–449. 

17. Tkáč, I.; Gruetter, R. Methodology of H NMR Spectroscopy of the Human Brain at Very High Magnetic Fields. Appl. Magn. 
Reson. 2005, 29, 139–157, doi:10.1007/bf03166960. 

18. Near, J.; Edden, R.; Evans, C.J.; Paquin, R.; Harris, A.; Jezzard, P. Frequency and phase drift correction of magnetic resonance 
spectroscopy data by spectral registration in the time domain. Magn. Reson. Med. 2015, 73, 44–50, doi:10.1002/mrm.25094. 

19. Bartha, R.; Drost, D.J.; Menon, R.S.; Williamson, P.C. Spectroscopic lineshape correction by QUECC: Combined QUALITY 
deconvolution and eddy current correction. Magn. Reson. Med. 2000, 44, 641–645, doi:10.1002/1522-
2594(200010)44:4<641::AID-MRM19>3.0.CO;2-G. 

20. van den Boogaart, A.; Ala-Korpela, M.; Jokisaari, J.; Griffiths, J.R. Time and frequency domain analysis of NMR data com-
pared: An application to 1D 1H spectra of lipoproteins. Magn. Reson. Med. 1994, 31, 347–358, doi:10.1002/mrm.1910310402. 

21. Bartha, R.; Drost, D.J.; Williamson, P.C. Factors affecting the quantification of short echo in-vivo 1H MR spectra: Prior 
knowledge, peak elimination, and filtering. NMR. Biomed. 1999, 12, 205–216, doi:10.1002/(sici)1099-
1492(199906)12:4<205::aid-nbm558>3.0.co;2-1. 

22. Wong, D. MRI Investigations of Metabolic and Structural Brain Changes in Alzheimer’s Disease and Vitamin D Deprivation. 
Ph.D. Thesis, The University of Western Ontario, London, ON, Canada, 2019; p. 6611. 



Antioxidants 2021, 10, 75 14 of 14 
 

23. Dempster, K.; Jeon, P.; MacKinley, M.; Williamson, P.; Théberge, J.; Palaniyappan, L. Early treatment response in first epi-
sode psychosis: A 7-T magnetic resonance spectroscopic study of glutathione and glutamate. Mol. Psychiatry 2020, 25, 1640–
1650, doi:10.1038/s41380-020-0704-x. 

24. Kruschke, J.K. Doing Bayesian Data Analysis: A Tutorial with R, JAGS, and STAN; Elsevier: London, UK, 2015. 
25. Razi, A.; Kahan, J.; Rees, G.; Friston, K.J. Construct validation of a DCM for resting state fMRI. Neuroimage 2015, 106, 1–14, 

doi:10.1016/j.neuroimage.2014.11.027. 
26. Friston, K.J.; Preller, K.H.; Mathys, C.; Cagnan, H.; Heinzle, J.; Razi, A.; Zeidman, P. Dynamic causal modelling revisited. 

NeuroImage 2019, 199, 730–744, doi:10.1016/j.neuroimage.2017.02.045. 
27. Friston, K.J.; Kahan, J.; Biswal, B.; Razi, A. A DCM for resting state fMRI. NeuroImage 2014, 94, 396–407, doi:10.1016/j.neu-

roimage.2013.12.009. 
28. Kahan, J.; Foltynie, T. Understanding DCM: Ten simple rules for the clinician. Neuroimage 2013, 83, 542–549, 

doi:10.1016/j.neuroimage.2013.07.008. 
29. Marreiros, A.C.; Kiebel, S.J.; Friston, K.J. Dynamic causal modelling for fMRI: A two-state model. Neuroimage 2008, 39, 269–

278, doi:10.1016/j.neuroimage.2007.08.019. 
30. Kahan, J.; Urner, M.; Moran, R.; Flandin, G.; Marreiros, A.; Mancini, L.; White, M.; Thornton, J.; Yousry, T.; Zrinzo, L.; et al. 

Resting state functional MRI in Parkinson’s disease: The impact of deep brain stimulation on ‘effective’ connectivity. Brain 
A J. Neurol. 2014, 137, 1130–1144, doi:10.1093/brain/awu027. 

31. Friston, K.J.; Litvak, V.; Oswal, A.; Razi, A.; Stephan, K.E.; van Wijk, B.C.M.; Ziegler, G.; Zeidman, P. Bayesian model reduc-
tion and empirical Bayes for group (DCM) studies. NeuroImage 2016, 128, 413–431, doi:10.1016/j.neuroimage.2015.11.015. 

32. Zeidman, P.; Jafarian, A.; Seghier, M.L.; Litvak, V.; Cagnan, H.; Price, C.J.; Friston, K.J. A guide to group effective connec-
tivity analysis, part 2: Second level analysis with PEB. NeuroImage 2019, 200, 12–25, doi:10.1016/j.neuroimage.2019.06.032. 

33. Friston, K.; Zeidman, P.; Litvak, V. Empirical Bayes for DCM: A Group Inversion Scheme. Front. Syst. Neurosci. 2015, 9, 164–
164, doi:10.3389/fnsys.2015.00164. 

34. Penny, W.D. Comparing Dynamic Causal Models using AIC, BIC and Free Energy. NeuroImage 2012, 59, 319–330, 
doi:10.1016/j.neuroimage.2011.07.039. 

35. Kass, R.E.; Raftery, A.E. Bayes Factors. J. Am. Stat. Assoc. 1995, 90, 773–795, doi:10.1080/01621459.1995.10476572. 
36. Palaniyappan, L.; Liddle, P.F. Does the salience network play a cardinal role in psychosis? An emerging hypothesis of insu-

lar dysfunction. J. Psychiatry Neurosci. 2012, 37, 17–27, doi:10.1503/jpn.100176. 
37. Das, T.K.; Javadzadeh, A.; Dey, A.; Sabesan, P.; Théberge, J.; Radua, J.; Palaniyappan, L. Antioxidant defense in schizophre-

nia and bipolar disorder: A meta-analysis of MRS studies of anterior cingulate glutathione. Prog. Neuro-Psychopharmacol. 
Biol. Psychiatry 2019, 91, 94–102, doi:10.1016/j.pnpbp.2018.08.006. 

38. Brandes, M.S.; Gray, N.E. NRF2 as a Therapeutic Target in Neurodegenerative Diseases. ASN Neuro 2020, 12, 
doi:10.1177/1759091419899782. 

39. Murray, R.M.; Quattrone, D.; Natesan, S.; van Os, J.; Nordentoft, M.; Howes, O.; Di Forti, M.; Taylor, D. Should psychiatrists 
be more cautious about the long-term prophylactic use of antipsychotics? Br. J. Psychiatry 2016, 209, 361–365, 
doi:10.1192/bjp.bp.116.182683. 

40. Conus, P.; Seidman, L.J.; Fournier, M.; Xin, L.; Cleusix, M.; Baumann, P.S.; Ferrari, C.; Cousins, A.; Alameda, L.; Gholam-
Rezaee, M.; et al. N-acetylcysteine in a Double-Blind Randomized Placebo-Controlled Trial: Toward Biomarker-Guided 
Treatment in Early Psychosis. Schizophr. Bull. 2018, 44, 317–327, doi:10.1093/schbul/sbx093. 

41. Wong, D.; Schranz, A.L.; Bartha, R. Optimized in vivo brain glutamate measurement using long-echo-time semi-LASER at 
7 T. NMR Biomed. 2018, 31, e4002, doi:10.1002/nbm.4002. 

42. Hermens, D.F.; Lagopoulos, J.; Naismith, S.L.; Tobias-Webb, J.; Hickie, I.B. Distinct neurometabolic profiles are evident in 
the anterior cingulate of young people with major psychiatric disorders. Transl. Psychiatry 2012, 2, e110, 
doi:10.1038/tp.2012.35. 

43. Xin, L.; Mekle, R.; Fournier, M.; Baumann, P.S.; Ferrari, C.; Alameda, L.; Jenni, R.; Lu, H.; Schaller, B.; Cuenod, M.; et al. 
Genetic Polymorphism Associated Prefrontal Glutathione and Its Coupling with Brain Glutamate and Peripheral Redox 
Status in Early Psychosis. Schizophr. Bull. 2016, 42, 1185–1196, doi:10.1093/schbul/sbw038. 

44. Krienen, F.M.; Goldman, M.; Zhang, Q.; C. H. del Rosario, R.; Florio, M.; Machold, R.; Saunders, A.; Levandowski, K.; Za-
niewski, H.; Schuman, B.; et al. Innovations present in the primate interneuron repertoire. Nature 2020, 586, 262–269, 
doi:10.1038/s41586-020-2781-z. 

 


