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Because increasing evidence point to the convergence of
environmental and genetic risk factors to drive redox dys-
regulation in schizophrenia, we aim to clarify whether the
metabolic anomalies associated with early psychosis reflect
an adaptation to oxidative stress. Metabolomic profiling
was performed to characterize the response to oxidative
stress in fibroblasts from control individuals (» = 20) and
early psychosis patients (» = 30), and in all, 282 metabo-
lites were identified. In addition to the expected redox/
antioxidant response, oxidative stress induced a decrease
of lysolipid levels in fibroblasts from healthy controls that
were largely muted in fibroblasts from patients. Most nota-
bly, fibroblasts from patients showed disrupted extracellu-
lar matrix- and arginine-related metabolism after oxidative
stress, indicating impairments beyond the redox system.
Plasma membrane and extracellular matrix, 2 regulators
of neuronal activity and plasticity, appeared as particularly
susceptible to oxidative stress and thus provide novel mech-
anistic insights for pathophysiological understanding of
early stages of psychosis. Statistically, antipsychotic medi-
cation at the time of biopsy was not accounting for these
anomalies in the metabolism of patients’ fibroblasts, indi-
cating that they might be intrinsic to the disease. Although
these results are preliminary and should be confirmed in a
larger group of patients, they nevertheless indicate that the
metabolic signature of reactivity to oxidative stress may
provide reliable early markers of psychosis. Developing
protective measures aimed at normalizing the disrupted
pathways should prevent the pathological consequences of
environmental stressors.
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Introduction

The development of metabolomics fostered search for
the identification of biomarkers for complex disorders
such as psychosis. However, it remains unclear whether
these markers provide actual hints of pathological pro-
cesses. Challenging candidate biomarkers with the cur-
rent hypotheses in schizophrenia etiology is a required
step to understand whether the molecular mechanisms
underlying the physiopathology translate into a charac-
teristic metabolic signature.

Redox dysregulation is regarded as a key point of
convergence for environmental and genetic factors in
schizophrenia.! Lipid peroxidation and decreased total
antioxidant defenses in the blood of schizophrenia
patients are persistent findings,>* providing further evi-
dence for a systemic component of the disease. In the
central nervous system, decreased antioxidant defenses
have been reported,®® as well as markers of oxidative
stress in postmortem prefrontal cortex.” Genetics further
supports the role of the redox system in schizophrenia
pathology because the 2 genes coding the rate-limiting
enzyme for glutathione (GSH) synthesis (GCLC, GCLM,
the catalytic and modulatory subunits of the glutamate-
cysteine ligase [GCL)) are linked to disease.!®!! In particu-
lar, GAG tri-nucleotide repeats in the in the 5" noncoding
region of GCLC present a polymorphism with 7, 8, or
9 repetitions. Genotypes with 7-8, 8-8, 8-9, 9-9 repeti-
tions (GCLC high-risk genotypes) are more frequent in
patients than controls'® and are associated with altered
blood redox status,'? defects in GCL regulation and low-
ered GSH content after an oxidative stress compared with
GCLC low-risk genotypes.!® Moreover, the critical role of
oxidative stress has been validated in redox dysregulated
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animal models reproducing numerous schizophrenia phe-
notypes, reversed by the antioxidant N-acetyl-cysteine.'>!¢
Increasing evidence points to altered stress reactivity as a
vulnerability marker for psychosis, with increase of nega-
tive affects in patients challenged with daily life stress.!>!¢
This psychotic reactivity to stress may be related to
hyperreactivity of dopamine neurons to environmental
stimuli and excess of dopamine,'”?* thus leading to oxi-
dative stress.?

Available metabolomic studies were limited to the
profiling of steady-state basal levels of metabolites. To
date, 6 metabolomic analyses based on blood samples
from schizophrenia or psychotic patients have been pub-
lished,**? including 4 characterizing the lipidome.*?
Pathways involved in these studies are arginine and pro-
line metabolism,?*® glucoregulatory processes,””” and
fatty acids and lipid metabolism.?*?"? The largest study
(He et al,?® 265 patients), suggests that a defect in nitrogen
compound biosynthesis may reflect the genetic suscepti-
bility of schizophrenia. Yet, there is no clear consensus
on the pathways that might be dysregulated in patients.
Bias linked to ethnic background, diet, and lifestyle may
account for the discrepancies and limit the use of the
results for diagnosis and monitoring of treatment.

This study was undertaken to shed light on the systems
vulnerability to the disease: oxidative challenge reveals
pathways that would be masked under basal conditions.
For this purpose, skin-derived fibroblasts present 3 main
assets compared with blood samples. First, cells can be
challenged with stressors to potentially reveal a pheno-
type that is expressed only in oxidative condition. We used
tert-butylhydroquinone (t-BHQ), an inducer of reac-
tive oxygen species® and of the antioxidant response.®!-*
Second, cultures grown in a defined medium minimize
heterogeneity due to differences in lifestyle, environmen-
tal, or dietary background of the donors. Third, fibro-
blasts have been successfully used to reveal anomalies
that are relevant for brain physiopathology in other neu-
rological diseases. Indeed, mitochondrial and bioener-
getic dysfuntions, which are key pathological processes in
Parkinson’s disease, were shown first in fibroblasts from
patients.>*3

We used fibroblasts from control individuals and
patients with early psychosis (EP) to avoid confounding
effects of long-term medication and illness. Moreover,
analyses were stratified based on the patients’ genotype
in GCLC GAG tri-nucleotide repeats to better determine
the anomalies associated with an altered redox control.
We used metabolomics to draw a detailed picture of the
response to oxidative stress in cells from control individu-
als and determine which metabolic pathways are dysfunc-
tional in EP patients. This study highlighted aberrations
in the metabolic response to oxidative stress in fibro-
blasts from patients. Besides altered redox regulation, the
metabolism of lipids, arginine, and collagen were affected,
indicating impairments beyond the redox system.
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Materials/Subjects and Methods

Recruitment of Patients and Control Individuals

Patients from 18 to 30 years old who crossed the thresh-
old of psychosis (according to the Comprehensive
Assessment of At-Risk Mental States criteria)®® were
recruited from the Treatment and Early Intervention in
Psychosis Program (TIPP Program, University Hospital
Lausanne, Switzerland).”” Mean duration of illness at
the time of biopsy was 2 years (743 days = 647; range:
116-3171 days). Patients were diagnosed according to
DSM-1V criteria after a 3-year follow-up in the TIPP pro-
gram: 87% of diagnoses were in the schizophrenia spec-
trum (n = 26), 2 patients had a bipolar disorder, and 2 a
major depression with psychotic features. Symptom sever-
ity at the time of biopsy was assessed using the 30 items
of the Positive and Negative Syndrom scale (PANSS) with
a 1-7 rating scale. PANSS was administered by trained
psychologists in 1-hour interview. Control subjects were
assessed and selected with the Diagnostic Interview for
Genetic Studies.*® Major mood, psychotic, or substance-
use disorder and having a first-degree relative with a psy-
chotic disorder were exclusion criteria for controls. All
enrolled subjects provided a fully informed written con-
sent as required by the ethical guidelines of the Lausanne
University Hospital. Patients and controls were matched
for age and sex (table 1). The GAG tri-nucleotide repeat
polymorphism in GCLC was genotyped as previously
described.! Classification into GCLC high-risk or GCLC
low-risk genotype is based on the number of GAG repeats
as defined in Gysin et al.' All controls in this study had
GCLC low-risk genotypes.

Cell Culture

Fibroblast cultures established from skin biopsies were
grown mainly as previously described!® and detailed in
supplementary methods. For experiments, fibroblasts
were treated for 18 hours either with t-BHQ (50 uM) to
induce an oxidative stress or with vehicle alone (dimethyl
sulfoxide, 0.05% final).

Sample Preparation and Liquid and Gas
Chromatographyl Mass Spectrometry

All mass spectrometry data were collected at Metabolon
Inc by combining 3 independent platforms: ultrahigh-
performance liquid chromatography/tandem mass spec-
trometry optimized for basic or acidic species, and gas
chromatography/mass spectrometry. Samples were pro-
cessed essentially as described previously.*®# For details,
see the supplementary methods.

Statistics

All statistical tests were conducted using Array Studio v 5
or R v 2.14.1 (http://cran.r-project.org/).
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Table 1. Demographic Details

Metabolic Response to Stress in Early Psychosis

Disease Status

Controls (n = 20)

Patients (n = 30)

GCLC genotype

Age, mean + SD

Sex

Ethnicity

BMI, mean * SD?%; (n)
Smokers (users/non users)?

GCLC low risk
247%3.3

20 men

19C, 1 As
22.9+2.9; (n=18)
16.7% (3/15)

All

23.2%33

30 men

18 C, 1 Afr, 1 As
24.8+3.7; (n=26)
60.7% (17/11)

744+ 647; (n = 29)
67.7+26.1; (n = 30)
307+192; (n = 28)

GCLC high risk (n = 15)

23.1+3.3

15 men

13C, 1 Afr, 1 As
25.6£3.9;(n=11)
50.0% (7/7)
10£12.7

46.7% (7/8)
603+329; (n=15)
64.1+21.3; (n=15)
240+ 168; (n = 14)

GCLC low risk (n = 195)

23.3%+34

15 men

15C
24.2+3.5;(n=15)
71.4% (10/4)
10.1+8.9

20% (3/12)
895+859; (n=14)
71.5+30.9; (n = 15)
373£197; (n = 14)

Cigarettes/day, mean * SD 28+6 10+10.7
Cannabis (users/nonusers) 33.3% (6/13) 33.3% (10/20)
Illness duration, mean * SD; (n) n.a.

PANSS score, mean * SD; (n) n.a.

CPZ eq., mean + SD%; (n) n.a.

Samples

Basal condition n=20 n=730
Treated condition n=20 n=30

n=15
n=15

n=15
n=15

Note: SD, standard deviation; BMI, body mass index; PANSS, Positive and Negative Syndrom scale; CPZ eq., chlorpromazine equivalent;
Afr, African; As, Asian; C, Caucasian; n.a., not applicable. Age in years, BMI (kg/m?), percentage of smokers, cigarette consumption

per day and percentage of cannabis users at the time of biopsy are reported for each group. For patients, illness duration in days, disease
severity (PANSS score), and the antipsychotic medication (converted to chlorpromazine equivalent, in milligrams) at the time of biopsy
are reported. Cells of treated conditions have been incubated with terz-butylhydroquinone, 50 uM for 18 hours prior to harvesting; basal

conditions correspond to vehicle (dimethyl sulfoxide) treated cells.
aDifferent in patients vs controls with P value < .05.

For compound analyses, Welch’s t-tests were per-
formed to compare log-transformed data between exper-
imental groups. This test is based on the assumption of
log-normal distribution of the metabolic data, which is
well supported by literature and internal investigations
at Metabolon.*! Multiple comparisons were accounted
for by estimating the false discovery rate using ¢ values.*

For pathways analysis, individual metabolites were clas-
sified based on current knowledge as being in one of the
following pathways: neurotransmitter-related metabolism,
redox homeostasis and oxidative stress, arginine metabo-
lism, extracellular matrix (EMC) and collagen metabolism,
glucose metabolism, free fatty acids, fatty acid oxidation,
or phospholipid degradation and remodeling (supplemen-
tary table 2). Overall comparisons of these pathways were
then made between the groups using Hotelling’s 72 test, for
basal and treated conditions, as well as for the biochemical
ratios. The same procedure was applied to data from only
schizophrenia patients (n = 19) and controls (rz = 20).

To evaluate the impact of confounding factors, we first
compared their distribution in patients vs controls using
Student’s z-test or Chi square test (see table 1). We fur-
ther studied only the factors that were significantly dif-
ferent between the 2 groups, ie, body mass index (BMI),
smoking, and medication. To analyze the effect of medi-
cation on the metabolic pathways, the chlorpromazine
equivalent of the antipsychotic treatment was calculated
for each patient.*** We first performed a series of explor-
atory factor analyses to extract 3 factors per pathway,
both on data from patients and controls and used linear
mixed effect models to determine if the antipsychotic
treatment affects one of the factors (supplementary

table 3). We proceeded similarly to analyze the effect of
BMI and smoking status, except that factor analyses were
performed on data from patients and controls together. P
values were adjusted using Holm’s method.

Results

Abnormal Metabolic Response to Oxidative Stress in
EP Patients

We cultured human skin-derived fibroblasts and treated
them either with vehicle or with t-BHQ, in conditions
previously used to reveal differences between controls
and schizophrenia patients.'” We compared global meta-
bolic responses of fibroblasts from controls (GCLC low
risk) and EP patients, who were classified between GCLC
low-risk and GCLC high-risk genotypes. The number of
controls with GCLC high-risk genotypes was not suffi-
cient to be included in this study. Nevertheless, controls
were age- and sex-matched with the patients (table 1).
After correction for multiple comparisons, none but
one of the 282 metabolites (creatine) revealed differences
between patients and controls in basal and treated con-
ditions. To bypass multiple testing, we studied classes
of metabolites to identify metabolic pathways with an
altered response to oxidative stress in patients. Within
each of the 3 groups of individuals, we selected the bio-
chemicals whose levels were significantly affected by
t-BHQ compared with the baseline vehicle treatment
(see supplementary table 1), using a stringent cutoff of
<1 theoritical false positive hit. Short-listed compounds
spanned the 5 families of biochemical as follows: amino
acids, carbohydrates, lipids, nucleotides, and cofactors. In
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Fig. 1. Response to oxidative stress in control individuals (black),
GCLC high-risk patients (red) and GCLC low-risk patients
(blue). (a) For each group, a short list (<1 false discovery hit)

of metabolites significantly affected by rert-butylhydroquinone
(t-BHQ) treatment was determined among a total of 282
chemicals identified. Venn diagram illustrates the overlap of these
lists between groups. Numbers of corresponding biochemical are
indicated. Note that the biochemicals that are specific to each
group are listed in the panel b. Arrows indicate the direction of
the fold change (FC) induced by t-BHQ: red arrow: FC > 1.1;
green arrow: FC < 0.9; (—): FC = 0.97. *Robust signature; ie, no
P < .1 in the other groups. PE, phosphatidylethanolamine; EPA,
eicosapentaenoate; HODE, hydroxyoctadecadienoic acid.

all, 118 metabolites changed significantly between t-BHQ
and vehicle treatment (figure 1a). Seventy-five changes
were shared among controls, GCLC low-risk patients,
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and GCLC high-risk patients; 19 were shared by 2 of the
groups; and 26 were unique to a specific group (figure 1b).

As conservative statistic criteria were applied to establish
the short list of biochemicals shown in figure 1, the results
might be biased by false negative hits. Therefore, we elabo-
rated on this preliminary screening, to raise hypothesis on
pathways that might be abnormally regulated in patients
(table 2 and supplementary table 2). We then performed a
pathway analysis (Hotelling’s 7* test) to compare patients
and controls in basal conditions (vehicle), after treatment
with t-BHQ and their change in response to t-BHQ (ratio
t-BHQ/vehicle). Hotelling’s test is an equivalent of the #-test,
adapted when there is >1 outcome variable (multivariate
analysis) and thus was used to compare groups of metabo-
lites (ie, pathways) between patient and controls. Resulting
P values are given in table 2. Patients (both GCLC high risk
and GCLC low risk) and controls present differences in (1)
the collagen and ECM-related metabolism after oxidative
stress (P = .034); (2) the regulation of arginine metabolism
in response to oxidative stress (P = .029); (3) at baseline, the
regulation of amino acids known to modulate neurotrans-
mission in neurons (neurotransmitter-related pathway, P =
.028). Additionally, patients with the GCLC high-risk geno-
types displayed a specific profile, compared with controls,
with (4) a trend for abnormal regulation of the redox system
in response to oxidative stress (P = .063) and (5) alterations
of lysolipid metabolism in basal conditions (P = .043).

Because patients were included in this study at early stages
of psychosis, definite diagnoses were established only after
a 3-year follow-up according to the DSM-IV criteria. We
tested if pathway anomalies remained significant in a smaller
but more homogeneous group of patients subsequently diag-
nosed with schizophrenia. We therefore performed pathway
analyses on control (n = 20) vs schizophrenia individuals
(n=19), and excluded other forms of psychosis (n =11). The
metabolism of arginine and ECM and collagen remained
differentially regulated between schizophrenia patients and
controls (P = .044 and P = .040 respectively) indicating that
they might be early markers of schizophrenia. However, neu-
rotransmitter-related metabolism was not significantly dif-
ferentially regulated between this subgroup of patients and
controls (P = .070) and thus is not further discussed.

In conclusion, regulation of arginine metabolism and ECM
and collagen metabolism in response to oxidative stress differs
between EP patients and control individuals. In addition, the
subgroup of patients with GCLC high-risk genotypes pres-
ents anomalies in lysolipid metabolism. These pathways of
interest are further detailed in the following paragraphs.

Higher Levels of ECM-Related Compounds in
Fibroblasts From EP Patients After Oxidative Stress

After the t-BHQ treatment, levels of proline and
glycine, the two most abundant amino acid in col-
lagen, were higher in patients of both genotypes com-
pared with controls (patients vs controls: fold change
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[FC] = 1.14, P = .033; FC = 1.2, P = .038). The same
effect was observed for ascorbate, which is required for
collagen folding (patients vs controls: FC = 2.13, P =.024;
figure 2). On the contrary, the sugars involved in proteo-
glycan maturation had similar levels in patients and con-
trols (see for instance N-acetylglucosamine 6-phosphate
or N-acetylneuraminate). Levels of 2 degradation prod-
ucts, proline-hydroxyproline (patients vs controls: FC =
1.19, P = .070), a dipeptide present in collagen, and ery-
thronate (patients vs controls: FC = 1.4, P = .091), which
is an oxidation product from sugars, tended to be higher
in EP patients than controls.

Table 2. Pathway Analysis

Metabolic Response to Stress in Early Psychosis

Following oxidative stress, the increased availability of
collagen precursors may favor ECM synthesis in fibroblasts
from patients of both groups of genotypes, compared with
controls, but increased levels of catabolic products suggest
that extracellular components are more degraded.

Abnormal Regulation of Arginine Metabolism in
Response to Oxidative Stress in EP Patients

In cells from control individuals, t-BHQ induced a
decrease of arginine levels (FC = 0.69, P = 5.10™).
Dimethylarginine, which inhibits the nitric oxide synthase

Controls vs GCLC Low- Controls vs GCLC
Controls vs Patients Risk Patients High-Risk Patients
t-BHQ t-BHQ t-BHQ
Vehicle t-BHQ  Vehicle  Vehicle t-BHQ  Vehicle  Vehicle t-BHQ  Vehicle
Transmethylation pathway 0.067 — — — — — — — —
Redox homeostasis — — — — — — — — 0.063
Glucose metabolism — — — — — — — — —
Long chain fatty acids — — — — — — — — —
Fatty acid oxidation — — — — — — 0.085 — —
Lysolipids — — — — — — 0.043 0.066 —
Neurotransmitter-related metabolism  0.028 — — 0.085 — — — — —
ECM and collagen metabolism — 0.034 — — — 0.085 — 0.051 —
Arginine metabolism — 0.029 0.074 0.089 — — — 0.064

Note: ECM, extracellular matrix; t-BHQ, fert-butylhydroquinone. Pathway regulations are compared between fibroblasts from controls
(n = 20) and early psychosis patients (n = 30), from controls (n = 20) and GCLC high-risk patients (z = 15), from controls (n = 20) and
GCLC low-risk patients (n = 15). Fibroblast metabolism was studied either after treatment with vehicle, or after treatment with t-BHQ or
in response to t-BHQ (ratio t-BHQ/vehicle). P values resulting from Hotelling’s 77 test are indicated when <.1. Bold, P <.05.

Pro* Gly*

Pre- procollagen

ascorbate®
hydroxylation
glycosylation
procollagen
cleavage
coHagen
glycan
oxidation erythronate
degradation
peptides

Pro-hydroxyPro

fructose 6P

glucosamine-«<——— glucosamine

synthesm N-acetylglucosamine <— N-acetyl

glucosamine 6P

N-acetyl
glucosamine 1P
\
UDP-N-acetyl
glucosamine

N-acetyl
neuraminate

membrane
glycoproteins
and glycolipids

Fig. 2. Differences between patients and controls in ECM and collagen metabolism after t-BHQ treatment. Differences in metabolite
level between patients and controls (P < .1) are color coded; black: no difference; red: levels higher in patients (FC > 1.1); Compounds
written in grey: not detected. *P < .05. Indications written in blue correspond to processes. Note that intermediates of collagen
metabolism have higher levels in patients than controls, while compounds for glycosaminoglycan synthesis are similar in both groups.
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a
arginino f i
aspartate succinate umarate dimethyl-
fy arginine (1)
citrulline arginine --- }creatme
ag matine
carbamoyl
phosphate 0rn|th|ne urea
g
proline putrescme

b t-BHQ vs. vehicle (FC)
GCLCHow  GCLC-high
controls  risk patients  risk patients
arginine 0.69 0.59 0.54
ornithine  1.25(1) - -
putrescine 0.40 0.58 04
agmatine 0.43 - -
creatine - - 0.88(1
dimethylarginine  1.17(1 - -
proling - - 0.88(1

Fig. 3. Regulation of arginine metabolism in response to oxidative stress, in fibroblasts from control individuals (a), from GCLC high-
risk and from GCLC low-risk patients (b). (a) Differences in metabolite levels induced by t-BHQ (P < .05) are illustrated for fibroblasts
from control individuals with a color code; black: levels not affected; green: levels lowered with FC < 0.9; red: levels increased with FC
> 1.1. Compounds written in grey: not detected. (b) Summary of the fold change for the metabolites regulated by t-BHQ with a P < .05.

(1): compound not short-listed.

(NOS) enzymes and may regulate arginine levels (fig-
ure 3a), accumulated upon t-BHQ treatment (FC = 1.17,
P =.012). Arginine derivatives presented varied responses.
Creatine had stable levels, while ornithine increased after
t-BHQ (FC = 1.25, P = .017). Levels of the polyamines
putrescine (FC = 0.4, P = .002) and agmatine (FC = 0.43,
P = 2.107%) were decreased in response to stress, and pro-
line levels tended to be lowered (FC = 0.89, P = .076).

In patients (both GCLC high risk and GCLC low risk)
at baseline, creatine levels were higher than in controls
(patients vs controls: FC = 1.26, P = .016). In response to
oxidative stress, creatine levels decreased in fibroblasts from
the GCLC high-risk patients (FC = 0.88, P = .017) but not
in GCLC low-risk patients (FC = 1.04, P = .86, figure 3b).
Levels of dimethylarginine did not increase in cells from
patients as observed for controls after t-BHQ treatment
(GCLC high-risk patients: FC = 1.07, P = .46; for GCLC
low-risk patients: FC = 1.11, P = .57). Ornithine was not
increased following oxidative stress or only moderately for
the cells with GCLC high-risk genotypes (GCLC low-risk
patients: FC = 1.01, P = .402; GCLC high-risk patients:
FC = 1.14, P = .089). Among the polyamines, putrescine
was lowered in response to stress (GCLC low risk: FC =
0.58, P=6.10"% GCLC high risk: FC = 0.4, P=2.104) but
not agmatine (GCLC low risk: FC = 0.83, P = .574; GCLC
high risk: FC = 0.56, P = .061), while proline was increased
and reached higher levels in cells from patient than controls
after treatment (patients vs controls: FC = 1.14, P = .033).

As summarized in figure 3b, levels of arginine-derivate
compounds are not properly regulated in EP patients’
fibroblasts compared with controls’ fibroblasts.

Pathway Dysregulation in EP Patients Is Statistically
Independent From Antipsychotic Medication

As fibroblasts are cultured for 5 passages before assess-
ment, it is unlikely that patients’ treatment at the time of

978

biopsy accounts for the differences between patients and
controls in pathway regulation. Nevertheless, medication
may lead to epigenetic imprinting, so we tested if the dose
of antipsychotic treatment impacts the levels of metabo-
lites in the pathways of ECM and collagen or arginine
metabolism. Similarly, other confounding factors such as
smoking, cannabis use, and BMI may affect fibroblasts’
metabolism. First, we tested if these factors are different
between patients and controls (table 1). The use of can-
nabis was not more frequent in patients than in controls
and thus only treatment at the time of biopsy, BMI, and
smoking were further analyzed. Second, we set a model
with 3 factors describing metabolite levels within each
pathway. Third, we used a linear mixed model to study if
one of the factors was dependent of antipsychotic treat-
ment, BMI, or smoking at the time of biopsy. Resulting
P values are summarized in the supplemental table 3.
Smoking tends to modulate ECM and collagen metabo-
lism, but overall none of the tested factors had an effect
on the metabolic pathways of interest.

Altered Regulation of Antioxidant Response in
Fibroblasts From GCLC High-Risk Patients

In cells from controls, the 5 compounds that displayed
the highest increase following t-BHQ treatment are
involved in glutathione (GSH) metabolism (y-Glu-Cys,
cysteine, cysteine sulfinic acid, Cys-Gly, oxidized gluta-
thione), and the antioxidant ascorbate (vitamin C) was
among the most downregulated biochemicals (supple-
mentary table 1). Evidence of increased GSH consump-
tion was indicated by the increase of y-glutamyl-amino
acid: y-Glu-Ile (FC = 1.30, P = .005), y-Glu-Glu (FC =
1.31, P = .006), and y-Glu-Phe (FC = 1.58, P = .002, see
figure 4a). In parallel, the levels of reduced GSH (FC =
2.2, P = 3.10"?) and of its precursor y-Glu-Cys (FC =
5.97, P = 7.1077) were increased in response to oxidative
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Fig. 4. Response to oxidative stress in GCLC high-risk patients. Scheme illustrating the response of GSH metabolism to t-BHQ
treatment, in fibroblasts from control individuals (a) and from GCLC high-risk patients (b). Differences in metabolite level (P < .05)
induced by t-BHQ are color coded; black: not affected; green: lowered with FC < 0.9; red: levels increased with FC > 1.1. Compounds
written in grey: not detected. y-Glu-aa: y-glutamyl-amino acids. Boxed names are enzymes, GCL: Glutamate-cysteine ligase; GSS: GSH
synthetase; GGT: y-glutamyl-transpeptidase; GST: GSH transferase. (1): compound not short-listed. (c) Heat map showing differences
in lysolipid levels induced by t-BHQ in fibroblasts of control individuals, GCLC high-risk and GCLC low-risk patients. Increased levels
are shown in red and decreased levels in green when P < .05. GSSG: oxidized glutathione; Lyso PC: lyso-phosphatidylcholine; Lyso PE:
lyso-phosphatidylethanolamine; Lyso PI: lyso-phosphatidylinositol; Lyso PIsE: lyso-plasmenylethanolamine.

stress, thus reflecting the high activity of the rate limiting
enzyme GCL to replenish the antioxidant defenses.

In GCLC high-risk patients, levels of GSH, oxidized
glutathione, and ascorbate, following t-BHQ treatment,
varied similarly as in controls. Levels of GSH precursors
glutamate and 5-oxoproline decreased in response to oxi-
dative stress in the GCLC high-risk patients (glutamate:
FC =0.83, P =.003; 5-oxoproline: FC = 0.87, P = .012)
while remaining steady in cells from controls (figure 4b).
At baseline, cells with GCLC high-risk genotypes tended
to present higher levels of glutamate and 5-oxoproline,
compared with control cells (GCLC high-risk patients
vs controls, FC = 1.16, P = .089; FC = 1.26, P = .082).
Therefore, the decrease of these 2 metabolites in GCLC
high-risk patients in response to oxidative stress may
reflect a blockage at the level of GCL in basal condition,
which was released in oxidative condition.

In conclusion, the known effect of GCLC high-risk
polymorphisms on redox metabolism was detected by the
global metabolic profiling, validating its use to character-
ize the stress response of cells from EP.

Altered Regulation of Lysolipid Levels in Fibroblasts
From GCLC High-Risk Patients

In fibroblasts from controls, the largest family of com-
pounds regulated in response to oxidative stress was the
lipid and in particular the lysolipids, products of phos-
pholipid deacylation. In the short list, 6 different lyso-
lipids were diminished after t-BHQ treatment, compared
with baseline, and grew to 16 if the threshold of signifi-
cance was relaxed to P values < .05 (figure 4c). Among
these 6 lysolipids, 4 were lyso-phosphatidylethanolamines
(lysoPE).
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Fibroblasts from GCLC high-risk patients displayed
lower levels of lysolipids than those from controls at base-
line (P = .043, see table 2) although none was individu-
ally significant. Response to oxidative stress did not affect
the levels of most lysolipids in GCLC high-risk patients,
while GCLC low-risk patients presented an intermediate
phenotype with only 3 lysoPE decreasing after t-BHQ
treatment (figure 3c). Of note, a-tocopherol (vitamin E), a
fat-soluble antioxidant that protects lipid membranes, was
increased by t-BHQ in cells from GCLC high-risk patients
(FC = 1.3, P =.049) but not in fibroblasts of controls.

To summarize, the regulation of lysolipids was
impaired, suggesting anomalies in phospholipid break-
down/remodeling in patients with GCLC high-risk
genotypes.

Discussion

This global metabolic-profiling study examined the meta-
bolic response to oxidative stress in culture of fibroblasts
isolated from healthy individuals and EP patients with
GCLC low-risk or GCLC high-risk genotypes. The fibro-
blasts from GCLC high-risk patients showed abnormali-
ties in GSH metabolism in response to oxidative stress
and alterations of the lysolipids levels compared with
those from control individuals. When both groups of gen-
otypes were combined, fibroblasts from patients showed
impaired regulation of collagen- and arginine-related
metabolism in response to oxidative stress. Importantly,
these pathways were statistically independent of the
antipsychotic treatment and thus medication is unlikely
to account for the differences between patients and con-
trols. Therefore, fibroblasts represent a valuable model
compared with blood to assess metabolic anomalies
intrinsic to psychosis by avoiding effects of medication.
In addition, oxidative stress appeared as a powerful tool
to reveal differences between EP patients and controls.
Indeed, most of the differences highlighted in this study
are associated with oxidative conditions.

In GCLC high-risk fibroblasts, 5-oxoproline and glu-
tamate, which are intermediates of GSH synthesis, were
abnormally regulated. It reflects the defect in GCL induc-
ibility by oxidative stress that was previously associated
with the GCLC high-risk polymorphisms.'*!> However,
we do not report abnormal levels of GSH associated with
GCLC high-risk genotypes as initially described.!® This
discrepancy might result from technical differences in the
methods used to assess GSH levels (fluorescence vs chro-
matography coupled to mass spectrometry). Alternatively,
it may reflect biological differences in GSH regulation
linked to age (mean age was 36.7 years, SD = 11.6 in the
first study vs 23.7 years, SD = 3.2 in the present one).
Nevertheless, these results on 5-oxoproline and glutamate
indicate that we can detect the impact of genomic varia-
tions on the metabolome and hence support the valid-
ity of our approach to assess metabolic consequences
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of schizophrenia risk factors. Fibroblasts from GCLC
high-risk patients also displayed lower levels of lysolipid
at baseline than those from controls. As oxidative stress
diminished the levels of lysolipids in cells from control
individuals, abnormally low lysolipid levels in cells from
GCLC high-risk patients may indicate the existence of a
mild oxidative damage in basal conditions. Changes in
lysolipid levels may modify membrane properties and
affect neurotransmission as hypothesized in the membrane
theory of schizophrenia.** Alterations of lipid levels in
blood of patients are a common finding to all the metabo-
lomic studies on schizophrenia available so far. Changes
in membrane fatty acid composition,?#* enhancement
of phospholipid breakdown,*>> and low polyunsaturated
fatty acids levels>*%? are reported in fibroblasts, blood, or
brain of first-episode and chronic schizophrenic patients.
Moreover, data in our study suggest that patients from
both genotypes (ie, GCLC low and high risk) may expe-
rience more significant oxidative stress than those from
controls and thus present signs of impaired redox control:
(1) Level of Cys-GSH mixed bisulfide moiety was lower
in patients than controls after oxidative stress, which may
reflect a decreased bioavailability of GSH. (2) Fibroblasts
from patients presented elevated levels of the antioxidant
ascorbate, compared with controls. (3) Lipid peroxidation
(9-hydroxyoctadecadienoic acid [9-HODE], 13-HODE)
did not decrease in fibroblasts from patients as it does in
controls in response to oxidative stress. As detailed in the
introduction, many reports revealed marks of oxidation
in samples from schizophrenia patients. A postmortem
study that combined data from transcriptomics, metabo-
lomics, and proteomics, reports altered regulation of the
antioxidant response in the prefrontal cortex of patients.’
Lipid peroxidation was detected in the blood of patients
by many studies, results strengthened by 2 meta-analyses
that report increased levels of malondialdehyde levels.®>¢4
Additionally, a recent study of olfactory cells with neu-
ronal phenotype revealed a specific epigenetic regulation
of genes that code for enzymes of phase Il detoxification,
which includes the antioxidant response, in cells from
patients with schizophrenia.®® All together, these results
indicate that oxidation might be a shared trait across tis-
sues from schizophrenia patients and might lead to epigen-
etic imprinting and profound changes in cell physiology.
Most notably, we identified abnormal response to oxi-
dative challenge for the regulation of EMC and arginine
metabolism in EP patients. The degradation of collagen
and oxidation of proteoglycan was enhanced in t-BHQ-
treated fibroblasts from EP patients, which may indicate
a greater instability of the ECM (figure 2). This hypoth-
esis 1s in line with earlier work showing decreased adhe-
siveness and lower fibronectin levels in fibroblasts from
patients with schizophrenia.®® Immunoassays on serum
from schizophrenia patients highlighted matrix metallo-
proteinases as part of the molecular signature associated
with symptom severity and short time to relapse.”’ It is
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worth mentioning that our assay was not designed to study
the extracellular compartment, and these results deserve
further validation. Additionally, the metabolism of argi-
nine was hampered in cells from EP patients as revealed
by anomalies in the regulation of creatine, polyamine, and
proline levels in response to oxidative stress (figure 3). We
also report higher levels of proline in patients compared
with controls, particularly after the stress. Among 5 poten-
tial biomarkers of schizophrenia identified by He et al*® in
a large cohort of patients, 2 relate to arginine: a plasma
increase of ornithine and decrease of arginine. In addition,
elevated levels of proline have been found specifically in
sera of patients with schizophrenia, compared with other
psychosis.?” Of course, comparison of our data set with
previous studies is hampered by the lack of information on
metabolite regulation in fibroblasts vs blood or vs brain.
Potential consequences of these findings for brain
function in patients are numerous. Altered levels of
certain metabolites in response to oxidative stress may
directly affect neurotransmission. In the metabolism of
arginine, polyamines such as spermidine and agmatine
regulate astrocytic gap junctions® and inhibit N-methyl-
D-aspartate receptors activity,® "> and putrescine serves
as one of many potential precursors for gamma-amino-
butyric acid [GABA]. We found anomalies in regulation
of dimethylarginines, which are competitive inhibitors
of the NO synthase and may thus participate in regulat-
ing NO signaling.” Deregulation of arginine metabolism
may lead to defects in NO signaling and nitrosative stress,
with major impact on neuronal survival and function-
ing,” as hypothesized to occur in schizophrenia patients.”
Collagen and proteoglycan are essential components of
basement membrane and of ECM in the central nervous
system. In the brain, redox dysregulation may particu-
larly affect the ECM: mice with impaired synthesis of
glutathione present a delayed formation of the perineuro-
nal net, a specialized type of ECM wrapping GABAergic
parvalbumin immunoreactive interneurons (PVI)."
According to this study, the perineuronal net protects
the PVI interneurons from oxidative stress.!*’® Therefore,
oxidative conditions might be associated with changes in
neurotransmission and defects of ECM stability, deficits
which may impair specific neuronal populations.
Altogether, this study highlights that reactivity to
oxidative stress is abnormal in EP patients, besides the
redox system. Indeed other pathways are involved, as
arginine, ECM, and collagen metabolism, regardless of
GCLC genotype. The anomalies were statistically inde-
pendent from the medication and therefore represent
good candidate markers of the disease. It would be of
great interest to further study the impact of antioxidant
molecules (as omega-3 or N-acetyl-cysteine) on the regu-
lation of the identified pathways to shed light on the role
of oxidative stress and the illness itself. Deregulation of
the response to stress was also present in the subgroup
of patients with schizophrenia diagnosis at clinical

Metabolic Response to Stress in Early Psychosis

follow-up. Because of the relatively limited number of
enrolled subjects in our study, further evaluations are
needed to clarify if these anomalies may predict disease
outcome. Plasma membrane and ECM, 2 regulators of
neuronal activity and plasticity, appeared as particu-
larly susceptible to oxidative stress and thus provide
novel mechanistic insights for further pathophysiologi-
cal understanding of the early stage of schizophrenia.
The metabolic reactivity to oxidative stress challenges
in fibroblasts may therefore pave the way for the search
of early biomarkers in psychosis. A metabolic signature
allowing detection of at risk individuals before overt
manifestation of clinical symptoms would open the
prospect of developing protective measures to normal-
ize the disrupted pathways, thus avoiding the pathologi-
cal consequences of environmental insults.

Supplementary Material

Supplementary material is available at http://schizophre-
niabulletin.oxfordjournals.org.
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