LITSA LEPPIK

Alterations in metabolomic

profile of lipids, amino acids and
biogenic amines in the early course
of schizophrenia spectrum disorders

DISSERTATIONES
NEUROSCIENTIAE
UNIVERSITATIS
TARTUENSIS

34




DISSERTATIONES NEUROSCIENTIAE UNIVERSITATIS TARTUENSIS
34



DISSERTATIONES NEUROSCIENTIAE UNIVERSITATIS TARTUENSIS
34

LIISA LEPPIK

Alterations in metabolomic
profile of lipids, amino acids and
biogenic amines in the early course
of schizophrenia spectrum disorders

b

[l UNIVERSITY oF TARTU
o Press



Faculty of Medicine, University of Tartu, Tartu, Estonia.

Dissertation was accepted for the commencement of the degree of Doctor of
Philosophy in Neurosciences on January 12", 2021, by the Joint Council for the
Curriculum of Neurosciences.

Supervisors: Liina Haring, MD, PhD, Associate Professor
Department of Psychiatry, Institute of Clinical Medicine,
University of Tartu, Tartu, Estonia

Eero Vasar, MD, PhD, Professor
Department of Physiology, Institute of Biomedicine and
Translational Medicine, University of Tartu, Tartu, Estonia

Mihkel Zilmer, PhD, Professor
Department of Biochemistry, Institute of Biomedicine and
Translational Medicine, University of Tartu, Tartu, Estonia

Reviewers: Anti Kalda, MD, PhD, Professor
Department of Pharmacology, Institute of Biomedicine and
Translational Medicine, University of Tartu, Tartu, Estonia

Kalle Kilk, MD, PhD, Associate Professor
Department of Biochemistry, Institute of Biomedicine and
Translational Medicine, University of Tartu, Tartu, Estonia

Opponent: Laura Korhonen, MD, PhD, Professor
Department of Biomedical and Clinical Sciences,
Link&ping University, Linkoping, Sweden

Commencement: March 19, 2021

This research was supported by the grants from the Estonian Research Foundation
(IUT 20-41, TUT 20-42, PUT PRG685), and by the European Union through the
European Regional Development Fund (Project no. 2014-2020.4.01.15-0012).

* X %
* *
*

* *

* g *

European Union Investing
European Regional in your future
Development Fund

*

ISSN 1736-2792
ISBN 978-9949-03-556-4 (print)
ISBN 978-9949-03-557-1 (pdf)

Copyright: Liisa Leppik, 2021

University of Tartu Press
www.tyk.ee



TABLE OF CONTENTS

LIST OF ORIGINAL PUBLICATIONS .....oooiiieieieeeeeeeee e
ABBREVIATIONS ... .ottt sttt
1. INTRODUCTION.......coiiiiiiiiieeiteeteeee ettt
2. REVIEW OF LITERATURE....cccoiiiiiiieieeeee e
2.1. Concept Of PSYCIOSIS ...veevviiiiiiieeiieieeeieiee et
2.2. Classification of psychotic diSOrders ..........ccceveeervieeneeneeseenieneenne,
2.3. Symptoms of psychotic disorders ..........cccvvveviierciieisiieniieciee e
2.4. Course of SChiZOphIrenia...........ccvevvverrierierienienie e
2.5. Etiology of schizophrenia ..........ccccoecieiiiniiniiiiceceeeeeeeeee
2.6. Pathophysiology of schizophrenia ............ccceecveeveiiiiiieniiieciee e,
2.6.1. Membrane phospholipids hypothesis of schizophrenia..........
2.6.2. Dopaminergic model of schizophrenia.........c.ccccceveeninennnee.
2.6.3. NMDA glutamate receptor model of schizophrenia...............

2.6.4. Linking the dopaminergic and NMDA receptor model
0f SChiZOPNIeNia .......occvveiiiiiiiieeeet e

2.7. Metabolomics and biomolecules associated to schizophrenia
SPECHIUM ISOTACTS ....vvievvieerierieiieitiecieeete e ereeveesteeteeseresraeesreesseans
2.7.1. MetabOolOmiCS ......ceiuiruieieiieieieeice e
2.7.2. LAPIAS ettt
2.7.2.1. Glycerophospholipids .........cccceevveevieerieereeneenieenieennn
2.7.2.2. Sphin@olipids ......cceevvieriieriierienie e
2.7.3. Shifts in lipidomic profile in schizophrenia spectrum disorders.
2.7.4. Amino acids and biogenic amines..........c.ceeeuveevveereveenreeenenn

2.7.5. Shifts in amino acids and biogenic amines concentration

profiles in schizophrenia spectrum disorders .............cccceeue.n.
2.8. Summary of reviewed literature...........cccoeevvevciiencieinii e,
3. STUDY RATIONALE........coioieieete ettt
4. AIMS OF THE THESIS .....ooiiieee et
5. SUBJECTS AND METHODS......c.eoiiiiieieeeeeeee e
BT B 1) 1571 USRS
5.1.1. Ethical aSPeCts .....c.eeevvieeiiiiiiieciieciee et eve e evee e
512 PAIENLS ..ottt
5.1.3. General description of the study groups........cccccevevercvervieenenns
5.1.4. Control SUDJECES ....eouveruiieieeiieciieeiie ettt
5.2, StUAY deSIGN....cciiiieiiieiieciie et
5.2.1. PTOtOCO] ..cuiiiiiiiieee et
5.2.2. Blood COIIECLION ......eeeueieiiiiiieiiieie et
5.2.3. Measurement of biomarkers..........ccccceeeereenieniieninnienieniene

5.2.3.1. Measurement of amino acids and biogenic amines ..
5.2.3.2. Measurement of glycerophospholipids and

SPhINZOlIPIAS.....vvierieeiie e

5.2.4. Statistical analySes.........cccereveriiriiiieriieriieiereeree e



6. RESULTS. ...t 32
6.1. Description of the study groups ........cccceveeevierieiieiiieeeeeeeeeee, 32
6.2. Changes in lipid profile (Paper I).......cccceevevciieeciiiniiecieeeeeeee e 34

6.2.1. Differences in glycerophospholipids’ and sphingomyelins’

profile in untreated FEP patients compared to control subjects.. 34
6.2.2. Differences in glycerophospholipids’ and sphingomyelins’

profile in FEP patients before and after 7 months of treatment.. 37
6.2.3. Differences in glycerophospholipids’ and sphingomyelins’

profile in FEP patients after 7 months of treatment compared

t0 CONIOl SUDJECES....uviieiiieciieciie et 39
6.3. Changes in amino acid and biogenic amine profile (Paper II and
Paper TII) ..o e 40
6.3.1. Differences in amino acids’ and biogenic amines’ profile in
untreated FEP patients compared to control subjects............. 40
6.3.2. Differences in amino acids’ and biogenic amines’ profile
in FEP patients before and after 7 months of treatment ......... 40

6.3.3. Differences in amino acids’ and biogenic amines’ profile

in FEP patients after 7 months of treatment compared

t0 CONIOl SUDJECES.....viiciiieiiieciie e 41
6.3.4. Differences in amino acids’ and biogenic amines’ profile

in FEP patients after 5.1 years of treatment compared

t0 CONLTOL SUDJECES....ueiiiieiiieiieieeieeeee e 41
7. DISCUSSION ..ottt ettt 45
7.1. Changes in lipid profile in first psychotic episode (Paper I)............. 45
7.2. Changes in lipid profile after seven months of antipsychotic
treatment (Paper 1) ....oceeeeiireiieee e 46
7.3. Changes in amino acid and biogenic amine profile in first
psychotic episode (Paper I and Paper II)........ccccecovveviienveennennnnnn. 48
7.4. Changes in amino acid and biogenic amine profile after seven
months of antipsychotic treatment (Paper Il and Paper III).............. 50

7.5. Changes in amino acid and biogenic amine profile after 5.1 years
of ongoing psychotic illness and treatment (Paper II and Paper IIT) ... 51

7.6. Strengths and limitations of the study..........ccceeereieecriecieciierieerieenen, 53
7.7. Summary of the discussion and future directions ..............cceeeevennnne. 54
8. CONCLUSIONS ... .ottt ettt be e ensessesseensens 56
9. REFERENCES ... .ottt 58
10. SUMMARY IN ESTONIAN ..ottt 72
10.1. SiSSEJUNALUS ....eevievieiieeiiesieeieeieete et eieesteesaeseresaressreenseenseesseensees 72
10.2. Uurimist00 €eSMArgid......c..ccvvierveeeiiiieriieiieeeiieesveeereeeeeeeevee e 73
10.3. Uuritavad je meetodid..........ccveevieviierierieriesie e ere e 73
10.4. Tulemused ja jareldused..........cccooerveerenirnenieeneeeceeeeeeen 74
ACKNOWLEDGEMENTS ..ottt 77
SUPPLEMENTARY MATERIALS ..ot 78
ORIGINAL PUBLICATIONS ...ttt 95
CURRICULUM VITAE ..ottt 168
ELULOOKIRJELDUS ... .ottt 170



LIST OF ORIGINAL PUBLICATIONS

The thesis is based on the following original papers, referred to in the text by
Roman numerals I-II1.

I

II

III

Leppik, L., Parksepp, M., Janno, S., Koido, K., Haring, L., Vasar, E. &
Zilmer, M. (2020). Profiling of lipidomics before and after antipsychotic
treatment in first-episode psychosis. European Archives of Psychiatry and
Clinical Neuroscience, 270, 59-70.
https://doi.org/10.1007/s00406-018-0971-6

Leppik, L., Kriisa, K., Koido, K., Koch, K., Kajalaid, K., Haring, L.,
Vasar, E., & Zilmer, M. (2018). Profiling of Amino Acids and Their
Derivatives Biogenic Amines Before and After Antipsychotic Treatment
in First-Episode Psychosis. Frontiers in Psychiatry, 9.
https://doi.org/10.3389/fpsyt.2018.00155

Parksepp, M., Leppik, L., Koch, K., Uppin, K., Kangro, R., Haring, L.,
Vasar, E., & Zilmer, M. (2020). Metabolomics approach revealed robust
changes in amino acid and biogenic amine signatures in patients with
schizophrenia in the early course of the disease. Scientific Reports, 10(1),
13983. https://doi.org/10.1038/s41598-020-71014-w

Author of the present dissertation contributed to the publications as follows:
Paper I:  the author contributed to data collection, carried out the literature

search and critically revised the manuscript.

Paper II:  the author contributed to data collection, carried out the literature

search and critically revised the manuscript.

Paper I1I: the author carried out the literature search and reviewed the manu-

script.



AA(s)
Ac-Om
Ala
alpha-AAA
AP(s)
Arg

Asn

Asp
ATP
BA(s)
BMI
BPRS
Cys

CS

DA
DOPA
DSM(-5)

FEP

GABA

GLM

Gln

Glu

Gly

GPL(s)

HDL

His
ICD(-10/-11)

Ile

Kyn
KYNA
Leu
LLOQ
LOD
Lys
LysoPC
Met
Met-So
NAD
NICE
NMDA

ABBREVIATIONS

amino acid(s)

acetylornithine

alanine

alpha-aminoadipic acid
antipsychotic(s)

arginine

asparagine

aspartate

adenosine triphosphate
biogenic amine(s)

body mass index

Brief Psychiatric Rating Scale
cysteine

control subjects

dopamine
dihydroxyphenylalanine
Diagnostic and Statistical Manual of Mental Disorders (5-th
Edition)

first-episode psychosis
gamma-aminobutyric acid
general linear models
glutamine

glutamate

glycine

glycerophospholipid(s)
high-density lipoprotein
histidine

International classification of diseases for mortality and morbidity
statistics (10-th/11-th Revision)
isoleucine

kynurenine

kynurenic acid

leucine

lower limit of quantification
level of detection

lysine

lysophosphatidylcholine
methionine
methionine-sulfoxide
nicotinamide adenine dinucleotide
National Institute for Health and Care Excellence
N-methyl-D-aspartate



Orn
PC

PE
Phe
PL(s)
Pro

PS
PUFA(s)
Ser
SCZ
SL(s)
SM(s)
SSD(s)
Thr
Trp
Tyr
Val
WHO

ornithine
phosphatidylcholine
phosphatidylethanolamine
phenylalanine
phospholipid(s)

proline

phosphatidylserine
polyunsaturated fatty acid(s)
serine

schizophrenia
sphingolipid(s)
sphingomyelin(s)
schizophrenia spectrum disorder(s)
threonine

tryptophan

tyrosine

valine

World Health Organization



1. INTRODUCTION

Schizophrenia spectrum disorders (SSDs) directly affect 20 million people
worldwide (James et al., 2018). These often debilitating psychiatric conditions
are a great burden not only to the sufferers and their close ones personally but to
the society as well, mainly through healthcare costs and lost years of productivity
(Huajie Jin & Mosweu, 2017). The life expectancy of schizophrenia (SCZ)
patients is on average 14.5 years shorter than in general population (Hjorthej et
al., 2017). Although the rate of suicide in individuals with SSD is high (about
10%) and the risk of death by accident increased (Hellemose et al., 2018; Sher &
Kahn, 2019), the majority of premature deaths in SSD patients’ population is
caused by more natural causes (Laursen, 2019). The latter include somatic co-
morbidities and their suboptimal treatment, substandard lifestyle, probable
accelerated aging related genetic factors and adverse effects of medication
(Laursen, 2019).

Reasons for a below standard lifestyle among SSD patients are versatile. They
can originate primarily from the symptoms of the illness like motivational dis-
turbances but also secondarily due to socio-economic problems and stigmatisation.
Common lifestyle risk factors for premature mortality in people with severe
mental disorders include smoking, lower dietary quality and little physical activity
(Jakobsen et al., 2018). Aforementioned factors in turn increase the risk of dys-
lipidemia, hypertension, type 2 diabetes mellitus and overall cardiovascular risk
(Jakobsen et al., 2018). Additionally, people with co-occurrent SSD are generally
less likely to receive guideline treatment for their somatic illnesses, making the
unfavourable outcomes even more probable (Laursen, 2019).

Furthermore, cardiovascular risk in SSD patients is increased by yet another
factor general population is unaffected by. Namely, the second-generation anti-
psychotic (AP) medications have shown to have such remarkable metabolic
adverse effects, that impose limitations on their use (Correll et al., 2017; Hirsch
et al., 2017; Pillinger et al., 2020). First-generation APs, on the other hand, may
evoke “typical” side effects — catalepsy and other disabling movement disorders
through dysregulation of the involuntary motor system (Nucifora et al., 2017,
Griinder et al., 2009). Therefore, one of the biggest challenges in treating SSDs
is the constant need to re-evaluate the balance between the medications’ benefits
and potential harmfulness. Nevertheless, although AP medication is associated
with side-effects that may shorten the life expectancy of patients, the overall
impact of AP treatment on mortality has been shown to be greatly beneficial
compared to medication non-use (Taipale et al., 2018).

Derived from both primary and secondary effects of SSD on persons’
physiology, the need to routinely assess patients’ physical health, including
cardiovascular and metabolic indicators, is evident and highly recommended
(National Institute for Health and Care Excellence [NICE], 2014). Monitoring
metabolic indicators, however, may not only provide necessary information to
support improving patient care directly but also shed light upon the course of the
disease itself.
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Understanding the pathophysiological mechanisms of psychotic diseases and
identifying their biomarkers have the potential to enable both great diagnostical
and therapeutical advancements desperately needed (Tayeb et al., 2019). How-
ever, in the clinical context, significant limitations apply to measuring biomolecule
concentrations, foremost due to its potential invasiveness. Therefore, as a widely
accessible and relatively harmless method, the measurements can be done from
peripheral blood samples. To understand the metabolic processes accompanying
SSDs in more detail, the metabolomic approach can be used. Combination of
these methods has been used in research successfully, revealing alterations in the
metabolomic profiles of SSD patients (Cao et al., 2019; Comes et al., 2018; D.
Wang et al., 2019).

However, the data concerning specific shifts of metabolite levels are still
contradictive and insufficient to make comprehensive conclusions due to the
small number of studies. Furthermore, SSDs usually have extended duration and
different stages of the illness have been shown to have different biochemical
characteristics (Boll et al., 2017; Galinska-Skok et al., 2019). Studies taking the
duration of the illness into consideration are even more scarce. Our research con-
tributes to filling the gap in the knowledge by describing the shifts in meta-
bolomic profiles of specific lipids, amino acids (AAs) and biogenic amines (BAs)
at certain time points of the psychotic illness. In our longitudinal study SSD
patients are followed since the outbreak of SSD up to five years into the treatment
and the disease’s progression. We describe numerous robust changes in meta-
bolite levels that accompany psychotic disorders and their treatment and discuss
the potential underlying mechanisms of these alterations to achieve a more
thorough insight to the pathophysiology of SSDs.
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2. REVIEW OF LITERATURE

2.1. Concept of psychosis

Psychosis, as a functionally disruptive syndrome that may occur in different
medical conditions, is an important and often essential target of evaluation and
treatment in neurological and psychiatric practice (Arciniegas, 2015). The defini-
tion of psychosis has been a matter of dispute and over time different approaches
have been taken to confine this state. Both wide-ranging indefinite descriptions
and very narrow depictions concentrating on few essential symptoms have been
used throughout researching psychosis. American Psychiatric Association and
the World Health Organization (WHO) define psychosis narrowly by requiring
the presence of hallucinations without insight and/or delusions (American Psy-
chiatric Association, 2013; WHO, 1992). In Kaplan and Sadock’s Synopsis of
Psychiatry psychosis is defined as a “mental disorder in which the thoughts,
affective response, ability to recognize reality, and ability to communicate and
relate to others are sufficiently impaired to interfere grossly with the capacity to
deal with reality”. Impaired reality testing, hallucinations, delusions and illusions
are subsequently listed as its classical characteristics (Sadock et al., 2015).

2.2. Classification of psychotic disorders

Psychotic disorders differ from one another greatly by the manifestation of the
psychotic symptoms and associated characteristics, thereby are identified as spec-
trum disorders (Arciniegas, 2015; Guloksuz & Os, 2018). To emphasize this,
descriptive diagnostic guideline the Diagnostic and Statistical Manual of Mental
Disorders fifth edition (DSM-5), primarily used in the USA, uses division “SCZ
Spectrum and Other Psychotic Disorders” in their classification of psychotic
disorders (American Psychiatric Association, 2013). The International Classi-
fication of Diseases 11th Revision (ICD-11) Classification of Mental, Behavioral
and Neurodevelopmental Disorders classify psychotic disorders as “SCZ or other
primary psychotic disorders” (WHO, 2018) and its 10th revision (ICD-10) as
“SCZ, schizotypal and delusional disorders” (WHO, 1992). Nevertheless, when
it comes to diagnosing first-episode psychoses, the DSM and ICD manuals do not
differ from each other significantly and have both high prospective diagnostic
stability (Fusar-Poli et al., 2016).

2.3. Symptoms of psychotic disorders
Psychotic symptoms can be divided into three categories — positive symptoms,

negative symptoms and cognitive symptoms. Classified as positive, are the most
characteristic psychotic symptoms such as thought disorders, delusions and
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hallucinations (Stepnicki et al., 2018). Negative symptoms include apathic signs
like motivational impairment, social withdrawal, anhedonia and signs of reduced
expression like flattened affect and alogia (Klaus et al., 2018). Cognitive symptoms
comprise a range of memory, attention, reasoning and executive function impair-
ments that are commonly associated with chronic SSDs but do appear already at
the early stage of the illness and can be detectable even before the outbreak of the
first psychotic episode (Sheffield et al., 2018). As said before, combinations of
these phenomena are variable, thereby enabling a wide range of clinical mani-
festations.

2.4. Course of schizophrenia

Although the progress of SCZ may vary broadly, there are common disease
progress patterns. The prodromal phase is the time period marking the occurrence
of mild fluctuating psychotic symptoms often accompanied by other nonspecific
psychosocial symptoms preceding the characteristic manifestation of psychosis
(George et al., 2017). The acute phase starts with first-episode psychosis (FEP)
when symptoms exceed the threshold for a psychosis diagnosis for the first time
(Power, 2017). Even though more than a half of the FEP patients achieve remission
(Lally et al., 2017; Zipursky et al., 2020), majority of them will suffer from residual
symptoms afterwards (Khan et al., 2017). If the remission of the first psychotic
episode is achieved, the next stage of the illness is characterized by alternating
remissions and acute psychotic episodes that may lead to persistent drug-resistant
psychotic symptoms (Power, 2017). However, in the minority of the cases, the
syndrome may be treatment-resistant since the first episode or, in the best scenario,
recovery is achieved without further recurrent episodes. The long-term outcome
of SSDs depends on multiple medical and social factors and is highly variable
(Volavka & Vevera, 2018). The challenge for clinical practice lies in distinguishing
between patients who need long-term AP maintenance treatment from the ones
who do not (Zipursky et al., 2020; Volavka & Vevera, 2018).

2.5. Etiology of schizophrenia

The genetics of SCZ is eminently complex. Both rare but highly penetrant, and
common but individually modestly significant genetic variants comprise the
disease risk of this polygenic disorder (Henriksen et al., 2017). The neurodevelop-
mental hypothesis integrates genetic, environmental and medical risk factors with
aberrant neural development (Murray et al., 2017) and includes, for example,
alterations in genes involved in dopamine (DA) synthesis, low socioeconomic
status and birth complications, respectively (Stilo & Murray, 2019). As an
explanation for the complexity of the disorder the idea has been proposed that
SCZ is not a unitary illness but rather a common symptomatic endpoint of a great
variety of brain dysfunctions (Guloksuz & Os, 2018; Sethi et al., 2017). Integrating
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data from different fields of neurobiology, several recurring neurochemical patterns
have emerged. The interplay of dopaminergic, glutamatergic and inflammatory
dysregulation has been associated with surfacing psychotic disorders (Kahn &
Sommer, 2015).

Mounting evidence reveals new aspects of etiology and pathology of SSDs
continuously. Nevertheless, the three main theories about the etiology of SCZ —
the genetic theory, the neurodevelopmental theory and the neurobiological theory —
stay inconclusive (Kim, 2016). Neurobiological approach, as it can complement
the existing knowledge on treatment targets and improve predicting the outcome
by describing the underlying pathophysiological mechanisms of the illness, is the
foundation of this dissertation.

2.6. Pathophysiology of schizophrenia
2.6.1. Membrane phospholipids hypothesis of schizophrenia

The membrane phospholipids hypothesis of SCZ suggests that the manifestation
of psychotic symptoms is a consequence of altered lipid-composition of the cell
membrane that exerts on the level of membrane receptors’ function. To be more
precise, it has been considered that the overactivity of the phospholipases A> may
induce change in membranes’ phospholipids (PLs) that result in modified
N-methyl-D-aspartate (NMDA) and DA receptor function (Horrobin, 1998;
Horrobin et al., 1994).

PLs’ metabolism has a crucial role in neuronal and synaptic growth and
remodelling, hence, the defects in this system may result in neurodevelopmental
impairments related to SCZ (Sethi et al., 2017). Studies imply that the increased
calcium-independent phospholipase A, activity in the brain may lead to hypo-
dopaminergia and neurodegeneration through accelerating the breakdown of
membrane PLs (Schaeffer et al., 2012).

Fortunately, the increased activity of phospholipases A alone is not sufficient
to erupt SCZ. Combined with an additional increase in PLs hydrolysis and a
decrease in their synthesis due to the lessened integration of polyunsaturated fatty
acids (PUFAs) into PLs, the disbalance in PLs metabolism can reach the verge of
evoking SCZ symptoms (S. Sethi et al., 2017).

2.6.2. Dopaminergic model of schizophrenia

The DA hypothesis has had the central role in explaining the pathophysiology of
SCZ for decades. As the knowledge about the DAs’ functions and interactions in
the brain has advanced, so has the DA theory. In the '70s the role of hyper-
dopaminergia in the pathogenesis of psychotic disorders was recognized when AP
effectiveness was observed to be related to the drugs’ affinity to DA receptors
(Seeman & Lee, 1975). This hypothesis was amended in the beginning of the
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'90s, when theorized that hyperdopaminergia in certain neurons induces positive
symptoms whilst hypodopaminergia in others negative symptoms (Davis et al.,
1991).

Howes and colleagues present dopaminergic dysregulation as the “final com-
mon pathway” to evoke psychotic symptoms (Howes et al., 2015; Howes &
Kapur, 2009). The evidence for the latter has been found in various studies both
in humans and animals, showing that dopaminergic neurotransmission increasing
drugs can induce psychotic symptoms (McCutcheon et al., 2020). In this kind of
drug-induced psychosis, however, pre-eminently positive psychotic symptoms
(hallucinations, delusions, paranoia, conceptual disorganization) manifest and
negative symptoms characterizing SSDs are atypical (Voce et al., 2019).

Differentiating specific circuits and localizations in the brain where the
function of dopaminergic neurons is dysregulated is technically challenging. /n
vivo study methods are limited and, as the DA system responds to physiological
changes, indirect methods of assessment are less reliable than in more static
systems. Nevertheless, there is consistent evidence of altered striatal DA regulation
in psychosis, that has been associated directly to the severity of positive psychotic
symptoms across the spectrum of psychiatric disorders (Jauhar et al., 2017;
R. McCutcheon et al., 2018).

In addition to inducing positive psychotic symptoms, numerous other effects
that relate to the clinical manifestation of SSDs can arise from dopaminergic dys-
regulation. The DA system regulates perception and motivation. Increased DA
activity leads to an aberrant valuation of stimuli including overemphasizing
irrelevant or neutral ones causing improper associations and causal attributions
(Sterzer et al., 2018). DA dysregulation may alter reward-associated behaviours
in a way that reduces the motivational influence of stimuli and the appealing
properties of rewards (thereby inducing anhedonia and lack of motivations), and
affect working memory-related activation (Maia & Frank, 2017; Radua et al.,
2015; Slifstein et al., 2015).

2.6.3. NMDA glutamate receptor model of schizophrenia

Beside the dopaminergic hypothesis of SCZ, another one closely linked to the
aforementioned is the widely accepted and rapidly evolving glutamatergic hypo-
thesis. In this, the role of ionotropic glutamate (Glu) NMDA receptors’ dysfunction
in the pathophysiology of psychotic illness is emphasized (Howes et al., 2015).
Both in humans and animal models, the administration of NMDA receptor
antagonists has been repeatedly shown to induce symptoms similar to SCZ
(Cheng et al., 2018; McCutcheon et al., 2020; Moghaddam & Javitt, 2012). In
animals, these include sensorimotor errors, abnormal movements, social and cog-
nitive impairment, and in humans a spectrum of positive, negative and cognitive
symptoms that are also characteristic to SCZ (McCutcheon et al., 2020;
Moghaddam & Javitt, 2012). Animal models with decreased levels of NMDA co-
agonist serine (Ser) have shown development of similar morphological changes
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in animal subjects to the ones detected in SCZ patients’ brains (Balu et al., 2013;
Hu et al., 2015). Another observation supporting the mounting evidence, that
NMDA receptor dysfunction plays a role in developing psychotic disorders, is
the manifestation of psychiatric symptoms resembling SCZ in various cases of
autoimmune encephalitis presenting anti-NMDA receptor antibodies (Al-Diwani
et al., 2019; Pollak et al., 2020).

Similarly to the DA system, there are numerous limitations regarding tech-
niques for studying the Glu system in vivo, thereby also to identify specific circuits
and localizations in the brain where the function of glutaminergic neurons is
dysregulated. Nevertheless, several brain regions with abnormal glutamatergic
activity have been detected in SCZ patients (Merritt et al., 2016). Hypofunction of
NMDA receptors is also hypothesized to lead to an aberrated interpretation of
stimuli, as does redundant DA activity described previously (Sterzer et al., 2018).
Compared to the DA system, however, dysregulation of the Glu system results in
a broader variety of symptoms associated with psychotic disorders, especially
negative and cognitive symptoms.

2.6.4. Linking the dopaminergic and NMDA receptor model
of schizophrenia

Although both DA and Glu systems’ dysfunction have the potency to evoke an
extensive variety of symptoms independently, the conclusive pathophysiology of
SSDs includes the interplay of the two. Reduced cortical levels of Glu may result
in an excessively active glutamatergic mesolimbic projection to the striatum, that
in turn leads to an enhanced DA synthesis in the ventral striatum (Gleich et al.,
2015; Stahl, 2013; Schwartz et al., 2012). An analogous relationship between Glu
in the cortex and DA in the striatum has been found in the studies of FEP patients
(Jauhar et al., 2018).

A physiological balance between the inhibitory and the excitatory neuronal
activity maintained in the brain is associated to cognitive processes (McCutcheon
et al., 2020). The main inhibitory input in the central nervous system is provided
by gamma-aminobutyric acid (GABA) interneurons (Xu & Wong, 2018). In the
cortical and hippocampal regions, the decreased GABAergic neurotransmission
due to any reason (for example, the dysfunction of NMDA receptors of GABA
neuron) is likely to lead to increased pyramidal and hippocampal glutamatergic
neuron activity that in turn leads to uncoordinated transmission to subcortical
regions and excessive DA neuron stimulation (Coyle, 2006; Moghaddam &
Javitt, 2012; Lieberman et al., 2018; Xu & Wong, 2018; Stahl, 2013). Therefore,
GABA interneurons can mediate a glutamatergic dysfunction that instigates
dopaminergic disinhibition leading to enhanced symptomatic manifestations.
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2.7. Metabolomics and biomolecules associated to
schizophrenia spectrum disorders

Shifts in the biomolecules’ profile in the brain accompanying psychiatric mani-
festations are acknowledged. However, as the possibilities to directly estimate the
biomolecules’ concentrations in the human brain in vivo are highly limited, more
indirect measures are commonly used. Differences maintained by the blood-brain
barrier between cerebral and peripheral environment must be considered when
comparing metabolite levels in the brain and in blood or other tissues. For-
tunately, it has been shown that biomolecules’ concentration shifts detected in the
blood serum are in accordance with neuropsychiatric pathology and reflect the
pathophysiological changes in the central nervous system (Varma et al., 2018).
To assess a wide variety of biomolecules in a single sample simultaneously, meta-
bolomics can be applied.

2.7.1. Metabolomics

Metabolomics is a field of research that comprises identification, quantitative
assessment and characterization of small (<1500 Da) molecule metabolites in a
particular cell, tissue, organ or organism (German et al., 2005; Wishart et al.,
2007). As diseases, including psychiatric, cause alterations in biochemical path-
ways, they create more or less distinctive metabolic patterns that can be recognized
using metabolomics approach (Sethi & Brietzke, 2015). Therefore, metabolomics
has the potential to reveal pathophysiological mechanisms underlying psycho-
pathology and to identify possible biomarkers. Latter can be clinically significant
both diagnostically and therapeutically by predicting the risk of the disease, sup-
porting the diagnose, helping to choose the most suitable AP medication and
prognosticating the outcome (Tayeb et al., 2019). Emanating from models of SCZ
pathophysiology, biomolecules in centre of interest regarding SSDs are cell
membranes’ lipids, AAs and BAs. For that reason, these metabolites are discussed
in further detail and biomarkers for the metabolomic study chosen from them.

2.7.2. Lipids

Lipids have numerous functions in human cells. They serve as energy storage,
essential components of cellular membranes and as messengers in signal trans-
duction (van Meer et al., 2008). The main membrane-forming lipids are glycero-
phospholipids (GPLs), sphingolipids (SLs) and sterols (Harayama & Riezman,
2018). The variability of fatty acids (saturation, chain length) creates the diversity
of GPLs and SLs, which, having different distribution patterns, in turn, enable the
cell membrane composition variability (Harayama & Riezman, 2018). Lipid
composition determines membranes’ physical properties like membrane rigidity
and fluidity and affects the membrane transport function and cell signalling
(Harayama & Riezman, 2018).
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2.7.2.1. Glycerophospholipids

GPLs are glycerol-based PLs that consist of a glycerol backbone esterified by two
long-chain fatty acids at the sn-1 and sn-2 position and phosphoric acid at sn-3
(Harayama & Riezman, 2018). To the phosphate group additional groups may be
esterified, allowing a high structural and functional diversity (Montealegre et al.,
2014). Consisting of both hydrophobic fatty acid chains and hydrophilic phosphate
group, GPLs are amphiphilic molecules. In cell membrane GPLs are organized
in a bilayer in a manner to maintain the highest entropy — polar hydrophilic heads
point to the aqueous environment and the non-polar hydrophobic tails inwards of
the membrane (Meer & Kroon, 2011).

A high proportion of the outer leaflet of the plasma membrane is made up of
phosphatidylcholine (PC) — a member of GPLs with choline as an alcohol head
group esterified to the phosphate group — and sphingomyelin (SM) (Bevers &
Williamson, 2016; Harayama & Riezman, 2018). The inner leaflet consists mainly
of PLs phosphatidylserine (PS) and phosphatidylethanolamine (PE) (Bevers &
Williamson, 2016). In the inner leaflet of the plasma membrane, hydrolysis of
PLs generates many important second messengers. During the hydrolysis of PC
by the phospholipase A; a fatty acid residue from the sn-2 position of membrane
PL is removed and lysophosphatidylcholine (LysoPC) is formed (Mouchlis &
Dennis, 2019).

2.7.2.2. Sphingolipids

SLs consist of a backbone of a hydrophobic sphingoid base (such as amino alcohol
sphingosine) linked via an amide bond to a fatty acid residue (acyl chain) and
O-linked to a head group such as phosphoethanolamine, oligosaccharides or
phosphocholine (Harayama & Riezman, 2018). SMs are members of SLs family
esterified by phosphocholine or phosphoethanolamine as a head group and
extensively represented in the exoplasmic leaflet of cell membranes (Chen &
Cao, 2017).

2.7.3. Shifts in lipidomic profile in schizophrenia spectrum disorders

Association between SCZ and metabolic syndrome is well known. Dyslipidemia
is a common metabolic disturbance appertaining to metabolic syndrome and
amplifying the risk of cardiovascular diseases related to premature mortality in
SSD patients (Correll et al., 2017). Furthermore, insulin resistance, type 2
diabetes mellitus and non-alcoholic fatty liver disease, additionally to cardio-
vascular diseases, are all prevalent comorbidities of SSDs grounded on metabolic
disturbances (Suvitaival et al., 2016).

Changes in metabolic pathways leading to metabolic syndrome have been
accredited to the adverse effects of AP medication (Chadda et al., 2013; Hua Jin
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et al., 2004) and lifestyle descendance caused by the disease (Peet, 2004). Unfor-
tunately, AP drugs do have metabolic adverse effects and the most efficacious of
these medicaments (clozapine and olanzapine) seem to cause the most extensive
metabolic deviances (Pillinger et al., 2020). However, there are AP pharmaceuti-
cals that, in contrast, have shown beneficial effects to certain metabolic measures
(Pillinger et al., 2020). Patients differ in their vulnerability to developing metabolic
dysfunction and it has been suggested that metabolomics profiling could be used
to recognise SSD patients most susceptible to metabolic co-morbidities
(Suvitaival et al., 2016).

Growing evidence from studies including AP-naive psychosis patients indicates
that these undesirable metabolic alterations are not only provoked by AP treat-
ment and lowered lifestyle but comprised in the pathogenesis of the illness itself
(Chadda et al., 2013; Kirkpatrick et al., 2012). Meta-analysis representing 866
AP-naive participants experiencing the first episode of non-affective psychosis
revealed significantly lower levels of total cholesterol and high-density lipo-
protein (HDL) as well as significantly higher levels of triglycerides in patients
compared to control subjects, proving that alterations in lipid levels occur inde-
pendently from AP treatment (Misiak et al., 2017). Furthermore, from analysing
the lipid profiles of the patients, some lipid peroxidation metabolites, neuroactive
steroids, PUFAs (especially arachidonic acid) and several PLs have emerged as
potential SSD biomarkers (Davison et al., 2018; D. Wang et al., 2019).

As expected, knowing how influential metabolism of lipids in the context of
psychotic disorders is, the composition of lipid metabolites in the central nervous
system in SSD patients has been the target of interest. In post-mortem study of
SCZ patients elevated PE22:1 level and lowered PC20:3n6, PE22:5n6 and
PC22:5n6 levels in white matter have been found (Ghosh et al., 2017)." Another
study revealed diminished levels of 16:0/20:4-phosphatidylinositol in the pre-
frontal cortex of SCZ patients compared to the control group (Matsumoto et al.,
2017). In vivo, using nuclear magnetic resonance spectroscopy to assess lipid
metabolite concentrations in SSD patients, altered phospho-choline (intermediate
in the synthesis of PC), glycerophosphocholine and phosphoethanolamine levels
have been found in basal ganglia and cortex (Weber-Fahr et al., 2013).

Findings from peripheral substrates seem to be consistent with those from the
central nervous system. It has been detected that in fibroblasts of SCZ patients 6
out of 13 metabolites, which levels differed significantly from control subjects,
were PCs and 2 PC-plasmalogens (Huang et al., 2017). In a study by Kaddurah-
Daouk and colleagues (2007) over 300 lipid metabolites of SCZ patients’
plasma samples were estimated before and after a short period of AP treatment.
They demonstrated alterations in PE, PE-PUFA and PEn6 fatty acid family PE
levels depending on patients treatment status (Kaddurah-Daouk et al., 2007).
These findings are in concordance with a more recent study that found deviations

* When marking different fatty acids, structure (XX:YnZ) can be used, where XX marks the
carbon number as fatty acids differ in chain length, Y marks the double bond number and Z
the position of the first double bond from the omega end (Harayama & Riezman, 2018).
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in several n3 PUFA levels differentiating between control subjects, first-episode
and chronic SCZ patients, and were found to be modified by treatment (McEvoy
et al., 2013). However, as there are not many studies targeting a wide variety of
lipid metabolites and even less including AP-naive patients, the results stay
inconclusive and the dynamics of metabolomic changes during the evolvement
of the disease and applying AP treatment is unclear.

The lipidomic approach enables to acquire more detailed knowledge on the
pathophysiological mechanisms underlying the lipid metabolism deviances that
have transpired in numerous studies engaging SSD patients (Sumit Sethi et al.,
2017). This kind of metabolomics profiling could lead to identifying potential SSD
biomarkers providing a much-needed diagnostic tool. It also could potentially be
used to recognise patients susceptible to metabolic co-morbidities and AP side-
effects. As brain lipids can be targeted by drugs, enzyme replacement therapy, gene
therapy, or dietary manipulations, finding the ones to aim may even reveal new
treatment options for SSD patients (Schneider et al., 2017). Therefore, further
lipidomic studies of SSD patients, especially including the AP-naive FEP patients,
are promising to elevate the level of both preclinical and clinical understanding
of SSDs.

2.7.4. Amino acids and biogenic amines

AAs are mainly used for protein synthesis. In human cells, there are 20 AAs coded
by human genetic code that serve this function and are named proteinogenic AAs.
However, in body AAs do not only act as building blocks but have numerous
functions on their own. For example, a number of AAs are neurotransmitters or
precursors for biomolecules like BAs that are essential, as described before, to
maintain the physiological balance of excitatory and inhibitory impulses in the
brain.

AAs are divided into two groups depending on how sufficiently, relative to
metabolic needs, they can be synthesized de novo in human body cells. The ones
that are not synthesized at all or are produced in amounts deficient to cover the
metabolic demand are categorized as essential AAs and must be obtained from food
(Hou & Wu, 2018). In humans, these include histidine (His), isoleucine (Ile), leu-
cine (Leu), lysine (Lys), methionine (Met), phenylalanine (Phe), threonine (Thr),
tryptophan (Trp), and valine (Val).

To understand better the role of certain AAs in the context of SSDs, a more
thorough insight into their metabolism is needed.

DA is a catecholaminergic neurotransmitter that has a central role in the patho-
genesis of SSDs. In the human brain, Phe is converted to tyrosine (Tyr) by cata-
lysing Phe hydroxylase (Okusaga et al., 2014). Tyr hydroxylase (a rate limiting
enzyme in the catecholamine synthesis) then converts Tyr to dihydroxypheny-
lalanine (DOPA) which in turn by aromatic AA decarboxylase is turned into DA
(Daubner et al., 2011; Klein et al., 2019; Okusaga et al., 2014). From cytosol, DA
is transported by vesicular monoamine transporter to synaptic vesicles from
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where it can be further released to the synaptic cleft (McCutcheon et al., 2020).
From synaptic cleft, DA can be bound to both postsynaptic and presynaptic re-
ceptors or be re-uptaken by DA transporter (McCutcheon et al., 2020).

Trp is a precursor for kynurenine (Kyn) and its derivate kynurenic acid (KYNA)
but also to the neurotransmitter serotonin (Héglund et al., 2019). However, in
normal conditions, Trp supply enters predominantly the kynurenic pathway where
Trp is oxidized into N-formylkynurenine that is then deformylated into Kyn. In
turn, Kyn can be transaminated into KYNA that is an NMDA and a7 nicotinic
acetylcholine receptor antagonist (Erhardt et al., 2017; Fujigaki et al., 2017;
Plitman et al., 2017; Rossi et al., 2019; Schwarcz et al., 2012). Alternatively, Kyn
can be turned into other metabolites and finally through quinolinic acid, which is
NMDA receptor agonist, into nicotinamide and nicotinamide adenine dinu-
cleotide (NAD), that makes Kyn pathway important for cellular energetics (Rossi
et al., 2019; Savitz, 2020). Enzymes catalysing Kyn transformations to more
favourable metabolites than KYNA are Kyn mono-oxygenase and kynureninase
(Rossi et al., 2019; Savitz, 2020). Kyn is transported to the brain through the
blood-brain barrier by the large amino transporter. In mice models, Leu as a high-
affinity competitive substrate for the same transporter has been shown to block
Kyn entry to the brain, thereby preventing the production of neurotoxic Kyn meta-
bolites (Walker et al., 2019).

AAs that are produced in human body cells are called nonessential and include
alanine (Ala), arginine (Arg), asparagine (Asn), aspartate (Asp), cysteine (Cys),
Glu, glutamine (Gln), glycine (Gly), ornithine (Orn), proline (Pro), Tyr, Ser.

Arg, depending on which enzyme catalyses the process — arginase, Arg decar-
boxylase or nitric oxide synthase — can be converted into Orn, agmatine or nitric
oxide and citrulline respectively (Garip et al., 2019). Both agmatine and Orn may
have substantial roles in the pathogenesis of SSDs. Agmatine is capable of in-
hibiting nitric oxide synthase and voltage-dependently NMDA receptor (Garip et
al., 2019). O, on the other hand, is a precursor for spermine that has NMDA
receptor modulating properties (Pegg, 2016).

Glu is the second major neurotransmitter in the centre of interest when dis-
cussing the pathogenesis of SSDs. The balance of Glu extracellular level is regu-
lated by Glu/Gln cycle between neurons and astrocytes. In this cycle, extracellular
Glu is transported to astrocytes, converted into Gln by glutamine synthetase to be
then excreted from the glial cell and taken in by neurons (Brekke et al., 2015). In
neurons, Gln is converted back to Glu by phosphate activated glutaminase (Brekke
et al., 2015; McCutcheon et al., 2020). Glu can also be produced in association to
tricarboxylic acid cycle, through several reactions from precursor citrate and it is
itself a precursor for GABA synthesis (Brekke et al., 2015; Schousboe, 2019).
Glu levels are regulated through another mechanism as well. In mitochondria,
Pro is oxidized to Glu by Pro oxidase, the latter is encoded by the gene (PRODH)
that has been associated with SCZ (Cappelletti et al., 2018; Kempf et al., 2008).
This process determines the intracellular concentration of Pro and Glu and defects
in enzyme function catalysing this reaction have been found to increase the sus-
ceptibility to SCZ (Cappelletti et al., 2018; Liu et al., 2002). It has also been
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shown that elevated Pro levels (hypothetically through competitive inhibition of
glutamate decarboxylase) lead to diminished GABA production, therefore con-
tribute to disturbed balance in excitatory and inhibitory impulses, increasing the
risk for psychotic disorders (Crabtree et al., 2016).

As said before, AAs have many functions. Asn is essential for growth and
proliferation of neuronal cells and its synthetase deficiency, hence Asn deficiency
results in progressive cerebral atrophy (Palmer et al., 2015). Asn needs a trans-
porter to cross the blood-brain barrier, therefore its availability in neuronal cells
depends on intracellular Asn synthetase (Palmer et al., 2015). Ser, as mentioned
before, is an NMDA co-agonist (Hu et al., 2015). Genetic variations of the enzyme
Ser racemase, that catalyses the D-Ser synthesis from L-Ser, have been associated
with SCZ (Labrie et al., 2009).

BAs are biologically active compounds that contain at least one amine group
and are generally synthesized by decarboxylation of AAs (Kaur et al., 2018). In
previous paragraphs BAs DOPA, DA and Kyn have been mentioned. Alike AAs,
BAs have various functions including neural transmission, inflammatory processes
and growth regulation (Kaur et al., 2018). For example, taurine is a BA produced
from Cys, which precursor, in turn, is Met. In central nervous system taurine acts
as a neuroprotective agent that modulates neurodevelopment and neurogenesis
and also as a neurotransmitter that inhibits NMDA receptor, activates the GABA
and Gly insensitive chloride channels (O’Donnell et al., 2016). Spermine is another
BA that can inhibit NMDA receptors but it also acts as its positive allosteric
modulator selective to the GluN2B subunit (Hackos & Hanson, 2017). To sum
up, additionally to AAs direct influence, they may have significant roles through
their derivate BAs.

2.7.5. Shifts in amino acids and biogenic amines concentration
profiles in schizophrenia spectrum disorders

As can be concluded from the previous section, AAs and BAs are through their
metabolic pathways tightly connected to several determinants that are in the centre
of SCZ pathogenesis. Naturally, alterations in AA and BA levels have been
studied in the context of SSDs and abundant interesting findings have been made.

In animal studies on mice, a week of Met administration evoked behavioural
changes similar to SSDs’, including positive, negative and cognitive symptoms
(Wang et al., 2015). Furthermore, in the same study by Wang and colleagues
(2015), Met induced symptoms were overturned by AP treatment, making it a
useful model for SCZ. In a study using zebrafish, pre-treatment with taurine
prevented memory deficit and hyperlocomotion induced by non-competitive
NMDA receptor antagonist, thereby showing potential neuroprotective role against
Glu excitotoxicity (Franscescon et al., 2020). Spermine has also demonstrated its
neurotransmission modulating capability in a study on rats (Zhang et al., 2018).
On mice models, it has also been proven that peripherally administered Asp
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efficiently crosses the blood-brain barrier and elevates Asp and Glu in the extra-
cellular fluid of prefrontal cortex (Sacchi et al., 2017).

In several animal experiments, the relationship has been proven that high levels
of alpha-aminoadipic acid (alpha-AAA) lead to decreased KYNA production and
low levels of alpha-AAA to increased KYNA production in the brain (Okuno et al.,
2011). As KYNA is the only known endogenous NMDA receptor antagonist, it
is clear that disturbed balance in the Kyn pathway can have extensive conse-
quences to the glutamatergic system and therefore psychosis predisposition
(Savitz, 2020). Kyn pathway is a connection between the main findings in SSDs —
glutamatergic, thereby dopaminergic dysregulation, inflammatory processes
(Pedraz-Petrozzi et al., 2020; Savitz, 2020), and even energetic disbalance, mito-
chondrial dysfunction and oxidative stress (Castellano-Gonzalez et al., 2019;
Savitz, 2020).

In a post-mortem study of SCZ patients’ central nervous system, higher levels
of Tyr hydroxylase have been found in the substantia nigra (Schoonover et al.,
2017). As the substantia nigra projects to the corpus striatum and has the largest
DA input to the brain, this supports the theory that DA production in SSDs is
enhanced and Tyr can thereby be used more rapidly (Schoonover et al., 2017). In
the grey matter of prefrontal cortex an increased arginase activity in SSD patients
has been found in post-mortem studies (Liu et al., 2016). Furthermore, a positive
correlation between the age of disease onset, duration of SCZ, arginase activity
and Orn level was established (Liu et al., 2016). Also in the prefrontal cortex
enhanced activity of Asp oxidase and decreased Asp levels in post-mortem study
of SCZ patients have been found (Nuzzo et al., 2017).

For some metabolites, their concentration differs between the central nervous
system and peripheral tissues, for some they still have to be specified (De Luca
et al., 2008; Palmer et al., 2015). However, as the direct in vivo evaluation of the
central nervous system’s metabolic state is invasive and, for now, cannot be
adopted as general clinical practice, indirect methods are commonly used. Meta-
bolomics profiling from blood in SSD context is attaining more popularity and
research results using this approach are published increasingly. Despite the
growing interest, the number of these studies is still limited and their results some-
times contradictory as further underlined in the discussion. Often these studies
include SSD patients from different age groups, with a different duration of the
illness and a different treatment status. As the SSD onset can be sudden, there is
a demand for the implementation of AP treatment without delay, and patients’
cooperation may be problematic, more studies have been done with chronically
ill patients as participants than with patients with recent onset of the disease.
However, in this population of recurrent SSD patients, the variability of factors
that could potentially affect the metabolomics profile of individuals is much
higher and more difficult to control. Additionally, at the beginning of the illness,
the changes in patients’ symptoms are the most rapid (presumably reflecting rapid
pathophysiological changes) to occur and more responsive to interventions (Drake
et al., 2020). Therefore, to better understand the metabolomic changes underlying
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patients’ clinical manifestations, clear distinctions should be made in terms of
patient selection regarding the duration of their illness.

2.8. Summary of reviewed literature

Although SSDs may vary in specific clinical manifestations, they share core
characteristics and commonly the pattern of the disease progression. Etiology of
SSDs is complex and the current understanding of it stays inconclusive. However,
neurobiological approach with integrating data from different fields have
revealed numerous aspects of pathophysiological mechanisms underlying the
illness. These have provided the foundation for the main hypotheses of SCZ — the
membrane PL, DA and NMDA Glu receptor theory. These hypotheses and addi-
tionally the metabolic effects of AP treatment have provoked studies on lipid meta-
bolites, AAs and BAs in the context of psychotic disorders. Unfortunately, methods
to estimate changes in metabolite levels in focus are limited. Despite animal experi-
ments, post mortem research and visualizing studies that have given promising
and rather concordant results, the methods stay insufficient for the clinical setting
and the results inconclusive. Metabolomic approach has been proven beneficial
in studying psychiatric conditions and enables the usage of peripheral blood as a
substrate. However, the number of metabolomic studies of SSD patients is limited
and factors presumably influential to the results (related to the treatment and
phase of the illness) frequently overlooked. Hence, for better understanding of the
pathophysiology of SSDs, metabolomic studies of biomolecules potentially
associated to the disease (PLs, AAs, BAs) involving SSD patients with different
illness duration and firm AP medication status could be of great benefit.
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3. STUDY RATIONALE

The research, that the present dissertation is based on, started in 2008 as the first
study of FEP patients in Estonia. By now, a number of recruited patients have
been monitored since the onset of the psychosis for more than five years, making
the research unique in Estonia and noteworthy worldwide. The research contributes
to eliminating a gap in the literature related to the longitudinal evaluation of
patients’ AA, BA and lipid metabolite levels from blood plasma and metabolomic
profile’s change during the course of a psychotic illness and AP treatment. There-
fore, leading to the development of more personal and compatible patient care.
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4. AIMS OF THE THESIS

The main intention of this thesis is to characterize the profile of circulating GPLs,
SLs, AAs and BAs, during the onset of a psychotic disorder before antipsychotic
treatment and at different time points during the course of the illness after
implementing AP treatment. Based on theoretical study, the hypothesis is that
significant and associable alterations in the profile of these biomolecules occur
during the course of SSDs and their treatment with AP medication.

Specific aims are the following:

e To characterize the profile of the circulating GPLs and SLs in FEP patients
compared to the control subjects before AP treatment and after seven months
of medication

e To characterize the profile of the circulating AAs and BAs in FEP patients
before AP treatment, after seven months of medication and after five years of
continuation of the disease and treatment compared to the control subjects

¢ To analyse the potential mechanisms underlying the alterations in metabolomics
profile of circulating GPLs, SLs, AAs and BAs in patients with psychotic
illness before treatment, after seven months of medication and after five years
of continuation of the disease and treatment compared to the control subjects
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5. SUBJECTS AND METHODS

5.1. Subjects
5.1.1. Ethical aspects

The research project for this study was approved by the Ethics Review Committee
on Human Research, the University of Tartu, Estonia (initial approval No 177/T-2
issued on 15 Feb 2008 and follow-up approval No 211/M-22 issued 23 Jan 2012;
No96/16 issued 21 Aug 2001 and No 176/T-4 issued 17 Nov 2008). All pro-
cedures complied with the ethical standards of the Helsinki Declaration of 1975,
as revised in 2008. Prior to the study, all participants were informed about the
aims of the study, planned interventions and of their freedom to decide if they
want to participate and to leave the study at any time if they reconsider. The
research had minimal burdens and risks and no restrictions for the received
medical care for patients. Written informed consent was provided by all patients
and control subjects.

5.1.2. Patients

Patients were recruited from the Psychiatry Clinic of Tartu University Hospital.
Inclusion criteria to participate in the study were following: age between 18 and
45; experiencing the first psychotic episode; duration of untreated psychosis less
than 3 years; no AP treatment received before the first contact with medical
services regarding psychosis. Diagnoses of the FEP (F23 or F20 or F21) were
based on the criteria of ICD-10 (World Health Organization, 1992). To obtain the
diagnosis assessment of the patients’ behaviour, clinical interviews with patient
and collateral informants were performed and medical charts reviewed. This
evaluation was done by experienced clinical psychiatrists.

Patients who had psychotic disorders owing to a general medical condition or
substance-induced psychosis were excluded from the study. Additional exclusion
criteria were previous organic brain damage, ongoing infections or severe systemic
somatic illness.

As it was a naturalistic and longitudinal study, no restrictions were made in the
usage of specific pharmacological agents and patients were treated with various
AP medications according to clinically relevant circumstances. Furthermore, the
pharmacological treatment of a single subject was permitted to be altered during
the study and AP treatment was used in combination with other needed medi-
cations. Although there were no restrictions on medication, all participants were
questioned about previously used pharmacological agents when recruited to the
study. No additional tests were made to verify the information given by partici-
pants for this matter. AP medication use history was controlled by revision of
patients’ medical charts. Patients were allowed to receive anti-anxiety medication
the night before the first blood sample was drawn.
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5.1.3. General description of the study groups

To retain the naturalistic design, participants were not excluded from the study
due to cigarette smoking and/or current or previous substance use. Information
about smoking and substance use was not verified by any tests but relied on partici-
pants’ reports.

At the beginning of the research when the first AA and BA analyses were
conducted (Paper II) 38 AP-naive FEP patients were initially recruited. As two
of them refused AP treatment, they were excluded from the follow-up analyses;
therefore, the follow-up analysis after 7 months of treatment included 36 patients.
Considering AP medication, the mean theoretical chlorpromazine dose equi-
valent was 396 £ 154 (range 80-640) mg. There were 27 patients treated with
APs only, nine patients needed mood stabilizers, antidepressants, or hypnotics in
addition to AP treatment. Eight patients (21.1%, all men) were active cigarette
smokers. Ten patients (eight of them current cigarette smokers) had used cannabis
during their lifetime.

During the progression of the study, 15 patients were additionally recruited.
Data from 53 AP-naive FEP patients and 37 control subjects were obtained for
the lipidomics analyses (Paper I). During the follow-up, two previously mentioned
patients refused AP treatment and seven patients had lost contact with health-
services, thereby the follow-up analyses after 7 months of treatment include 44
patients. Thirty-three patients were treated with AP only, 11 patients needed
mood stabilizers, antidepressants, or hypnotics in addition to AP medication. At
the time of the follow-up blood collection, the mean theoretical chlorpromazine
dose equivalent was 363 + 165 (range 80—780) mg.

As one patient discontinued the study and did not participate in either of the
follow-up meetings, the 5-year follow-up AA and BA analyses include data from
52 patients (Paper III). During the monitoring period, 15 patients withdrew from
the study (dropout rate of 29%). Main reasons for that were patients’ non-
compliance with the treatment (resulting in discontinuation of APs) and changing
their place of residency. After an average of 7.2 months and 5.1 years of follow-
up, patients’ group comprised of 44 and 37 patients respectively. Nineteen patients
(36%) reported that before the onset of psychotic disorder they had smoked
cannabis, during the monitoring period seventeen patients (45%) continued
cannabis consumption.

5.1.4. Control subjects

The control subjects of this study were recruited by advertisement by medical
personnel from the same geographical area as the FEP patients. The exclusion
criteria were neurological disorders, mental retardation or significant learning
disorder, previous organic brain damage, ongoing infections or severe systemic
somatic illness, major sight and hearing impairment and psychotic disorder among
close relatives. To avoid the inclusion of subjects with mental disorders, control
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subjects were interviewed by experienced psychiatrists. The control group
consisted of 37 volunteers, attempted to match to the patients’ group on body
mass index (BMI), age, gender and smoking habit (yes/no).

5.2. Study design
5.2.1. Protocol

For FEP patients’ fasting blood samples, clinical, demographic and BMI data
were collected at three time-points. Firstly, in the enrolment phase on admission
to hospital. Secondly, at the first follow-up after approximately 7 months (mean
duration respectively 7.2 + 0.7 months, 7.18 + 0.73 months and 0.59 + 0.06 years
for papers I, Il and III). Thirdly, at the second follow-up (paper III) roughly
5 years after the enrolment (mean duration 5.15 & 1.25 years). The time between
the first two evaluation points included about one month of initial stabilization of
acute psychotic symptoms and six-months of continuous AP treatment. Control
subjects’ fasting blood samples, clinical, demographic and BMI data were
collected at one time-point only. No tests were carried out to verify if the partici-
pants were indeed fasting prior to the blood sampling. We relied on the infor-
mation given by participants as it would be done in common clinical settings as
well.

Patients’ symptoms severity was assessed using the Brief Psychiatric Rating
Scale (BPRS) (Overall & Gorham, 1962) that evaluates the presence and severity
of 18 symptoms on a seven-point Likert scale from “not present” to “extremely
severe”. A total score was used as the outcome.

5.2.2. Blood collection

Fasting blood samples from the study participants were collected between 9 a.m.
and 11 a.m. into anticoagulant-free tubes using the standard venipuncture tech-
nique. Five ml blood samples were kept at 4 °C for one hour for platelet activation
before the serum was isolated (centrifugation at 2000 rpm for 15 minutes at 4 °C).
Serum samples were frozen and stored under identical conditions — firstly at —
20 °C, then at —80 °C for longer storage until the determination of biomarkers.

5.2.3. Measurement of biomarkers
5.2.3.1. Measurement of amino acids and biogenic amines

Serum levels of AAs and BAs were measured applying the AbsoluteIDQ™
p180 kit (BIOCRATES Life Sciences AG, Innsbruck, Austria) using the flow
injection analysis tandem mass spectrometry and high-performance liquid
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chromatography technique (Agilent Infinity 1260 series HPLC with Sciex
Qtrap4500 mass spectrometry) accordingly to the manufacturer’s manual. The
metabolomics data set contained 21 AAs and 21 BAs. Using multiple reactions
monitoring with internal standards the AAs and BAs were identified and
quantified. The calculation of metabolite concentrations was automatically
performed by MetIDQ™ software (BIOCRATES Life Sciences AG).

5.2.3.2. Measurement of glycerophospholipids and sphingolipids

The concentrations of GPLs and SLs were assayed using the AbsoluteIDQ™
p180 kit (BIOCRATES Life Sciences AG, Innsbruck, Austria) applying flow
injection analysis tandem mass spectrometry as well as the high-performance
liquid chromatography technique as described previously. The metabolomics
data set contained 14 LysoPCs, 76 PCs and 15 SMs. When assumed to indicate a
certain metabolic state or process, metabolite sums and ratios were calculated.
The measurements were performed similarly to the AAs and BAs.

5.2.4. Statistical analyses

For the first and second paper, Shapiro-Wilk test was used to assess the normality
of the distribution of the data. Consecutive analyzation using the Student’s #-test
was performed on normally distributed data (age, BMI, psychopathology score).
Levels of the metabolomics markers were non-normally distributed. Hence, the
Mann-Whitney U-test was used to establish preliminary metabolic profile dif-
ferences between-groups of AP-naive and treated patients vs. control subjects.
Within group (AP-naive vs. treated FEP patients) subjects were paired one by one
and Wilcoxon Matched Pairs Test was used to display differences in biomarker
levels. Due to the large number of simultaneous comparisons, meaningful differ-
ences were determined by using the Bonferroni correction. This resulted in a cor-
rected critical p-value for between and within group level differences for the AAs
and BAs of p<le-03 and for the GPLs and SMs p<5e-04. For non-parametric test
results that were identified as statistically significant, the effect sizes (eta’) were
calculated. Effect sizes with eta’ ranging from 0.01-0.05 were considered as
small, from 0.06-0.13 as moderate and >0.14 as large (Cohen, 1988). Considering
GPLs and SMs non-parametric Levene’s test was used to verify the equality of
variances between and within the groups (Nordstokke & Zumbo, 2010).

As biomarker data are usually associated with the heterogeneity of variance,
they were log-transformed before continuing with analyzation. To determine the
differences in biomarker levels between the groups and within the group general
linear models (GLM) were used. To see which model best fits the data categorical
covariates and continuous covariates were used in the GLM to compare bio-
marker levels (dependent variables) between groups. Consequently, backward
variable elimination was used to step-by-step eliminate the least significant
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variable in the model until all remaining variables had individual p-values <5e-02.
For further comparison of the linear models, F-tests were used and partial eta”
values determined for the final models. Partial eta® values more than 0.26 were
defined as large effects (Cohen, 1988).

For the third paper Student’s #-test and repeated measure analysis of variance
were performed on normally distributed data, and mean differences were tested
with the Scheffé post hoc test. To manage unbalanced data sets, missing data due
to some patients’ discontinuation of the study and natural heterogeneity, linear
mixed-effects models with random coefficients were used to analyse the meta-
bolomic marker level changes between patients and control subjects at three
different time points (Twisk et al., 2018; Laird & Ware, 1982). A random slope
for time and intercept for participants were included for repeated measurements
and variables’ coefficients were compared to the model intercept representing
control groups’ biomarker levels. To validate the data, we applied a two-way
analysis of variance. The false discovery rate procedure was used for multiple
testing corrections. The p-values were adjusted using the Benjamini-Hochberg
procedure by controlling the false discovery rate (Benjamini & Hochberg, 1995)
and considered to be statistically significant when p<le-03.

The statistical analyses were performed using Statistica (TIBCO Software Inc.,
version 13) software for Windows, the R statistical language version 3.5.0
(R Core Team, 2018) packages nlme (Pinheiro et al., 2018) and ggplot2
(Wickham, 2016) and analysis of a variance-type diagnostic test.
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6. RESULTS

6.1. Description of the study groups

In terms of age, gender, tobacco use and mean values of BMI there were no
statistically significant differences between AP-naive FEP patients’ group and
control subjects’ group. Characteristics of the study participants are summarized
in more detail in Table 1.

7-month antipsychotic treatment resulted in significantly decreased (p<le-04)
psychopathology (BPRS) score in patients. Unfortunately, treatment also caused
significant weight gain and increase in BMI (p<le-04). Mean BMI gain in group
of 36 patients was 3.0 kg/m* (+ 2.2) during 7 months of treatment.
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6.2. Changes in lipid profile (Paper I)

6.2.1. Differences in glycerophospholipids’ and sphingomyelins’ profile
in untreated FEP patients compared to control subjects

The Mann-Whitney U-test was used to compare between the AP-naive FEP
patients and control subjects’ GPL and SM levels. Levels of 90 circulating GPLs,
15 SLs and a number of ratios of them were analysed (Supplementary Table 1).
Comparison revealed a significant reduction in the levels of 11 PC-aa-Cs, 5 PC-
ae-Cs as well as one SM in FEP patients compared to the control subjects (Table 2).
Furthermore, the sum of PC-aa (Total PC-aa), ratio of Total PC-aa/Total
LysoPC-a and PC-aa-C36:3/PC-aa-C36:4 were also reduced. In contrast, the level
of LysoPC (LysoPC-a-C20:4) and the ratio of LysoPC-a-C20:4/LysoPC-a-C20:3
were significantly elevated (Table 2).

The Bonferroni correction was then applied to determine meaningful changes.
All the above-mentioned differences survived the correction and displayed a large
effect (I range 0.14-0.42) (Table 2).

Table 2 Comparison of serum levels of GPLs (umol/l) and SMs (umol/l) between the
first-episode psychosis patients (n=53) at baseline (FEP,) and control subjects (CS)
(n=37)

FEPy CS
Median Median Effect size
(min — max) (min-max) Z-value p-value ap
Glycerophospholipids

Lysophosphatidylcholine acyls

, 10.3 8.20
LysoPC-a-C20:4 (oo (381159) 38 1e04 0.16

Phosphatidylcholine diacyls

PC-aa-C30:0 (1_227'84?_9 ) (2.11'_517 07 M5 305 0.19
PC-aa-C32:1 “@ 0%372'1) “@ 513%;‘3_ 0 35 4e04 0.14
PC-aa-C32:2 (0_119'f§_77) w 53'9'_1309) 610 <le05 041
PC-aa-C34:2 (13?2 50 8?3273) 395 8e-05 0.17
PC-aa-C34:3 (3_175'_9;‘6_7) (3_7192_'256.0) 618 <le05 042
PC-aa-C34:4 0.58 110 590  <le-05 039

(0.15-1.31)  (0.43-2.72)
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Table 2 (Continue)

FEPy CS
Median Median Effect size

(min — max) (min-max) Z-value p-value ap
PC-aa-C36:1 (14.%37—4?9.8) (242(1?9.4) -5.07  <le-05 0.29
PC-2a-C36:2 s 4.132_7209) (89_119_%8 5 576 <le0s 037
PCaaC363 e 5 S y 56+ <le0s 036
PC-aa-C36:6 (0.2(())'_5322) (0.3%_7553) —4.39 le-05 0.21
PCanC383 () = 6 (20.3204'%7. g 450 <le0s 023
Total PC-aa (49 19_114435) (79;??335) —4.25 2e-05 0.20

Phosphatidylcholine acyl-alkyls

PC-ae-C34:2 (2.665'_7132.9) (4.391f176.8) —-490  <le-05 0.27
PCac-C362 (o 51227'118'2) ( cora o 375 204 06
PC-ae-C36:3 . 5‘;'?77.3 9) (2.8%'_991'89) 497 <le-05 027
PC-ae-C40:2 (1 .0f§.91) (2'0{;.?73.2 1 -3.48 5e-04 0.14
PC-ae-C40:4 a '559'_8;‘0.4) (3.578330. D) -3.55 4e-04 0.14
Sphingolipids
SM-C20:2 (0.0(313(?.62) (O.ZZfS.SS) -3.69 2e-04 0.15
Ratios of biomarkers
inzzscaacég;g a .4382771.72) (1.6%)2677.79) 3.76 2¢-04 0.16
T?Ziﬁffyiiéc (1. 121—332 94 .8%352 70 392 9e05 0.17
chazacégsg (0.3?'—618 24) (0.3(())'—91l 34y 67 304 0.15

Z-adjusted values according to Mann-Whitney U-test (FEPb compared to CS)
Effect sizes >0.14 were interpreted as large

Effect sizes 0.06-0.13 were interpreted as moderate

Commentary: all measured values are 2.5...15 times higher than LOD
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GLM were then used to determine significant main effects of the disease on the
metabolite levels.

GLM revealed all the GPLs and SMs mentioned above as substantial bio-
markers in the model. The final model demonstrated a large main effect of the
disease (F(15,67=5.48, p<le-05, partial eta’=0.60). The presence of the disease was
associated with shifts in 18 measured biomarkers (Table 3), with the strongest
association appearing between the illness and reduced levels of five PCs (PC-aa-
C32:2, PC-aa-C34:3, PC-aa-C34:4, PC-aa-C36:2, PC-aa-C36:3).

Table 3 Statistically significant regression coefficients (83), confidence intervals
(CI), and significance values of log-transformed biomarkers levels with disease,
adjusted for gender, age, and smoking status

Biomarkers B B (95% CI)) t-value p-value
Glycerophospholipids
Lysophosphatidylcholine acyls
LysoPC-a-C20:4 0.38 0.18, 0.58 3.83 2e-04
Phosphatidylcholine diacyls
PC-aa-C30:0 -0.41 -0.61,-0.22 —4.17 7e-05
PC-aa-C32:1 —-0.30 -0.50,-0.10 -3.03 3e-03
PC-aa-C32:2 —0.52 —-0.70,-0.34 -5.72 <le-05
PC-aa-C34:2 —-0.40 —-0.60,-0.21 —4.07 le-04
PC-aa-C34:3 —0.56 -0.74,-0.38 -6.19 <le-05
PC-aa-C34:4 -0.56 -0.74,-0.38 -6.30 <le-05
PC-aa-C36:1 —0.52 -0.71,-0.33 -5.44 <le-05
PC-aa-C36:2 —0.58 -0.76,-0.40 -6.40 <le-05
PC-aa-C36:3 -0.57 -0.75,-0.39 -6.32 <le-05
PC-aa-C36:6 -0.44 —-0.63,-0.24 —4.54 2e-05
PC-aa-C38:3 —-0.46 -0.66,-0.27 —4.66 le-05
Phosphatidylcholine acyl-alkyls
PC-ae-C34:2 -0.47 —0.65,-0.28 —4.92 <le-05
PC-ae-C36:2 -0.41 -0.61,-0.21 —4.01 le-04
PC-ae-C36:3 —0.47 —0.66,-0.28 —4.88 <le-05
PC-ae-C40:2 -0.39 -0.59, -0.18 =3.77 3e-04
PC-ae-C40:4 -0.37 —0.56,-0.18 -3.89 2e-04
Sphingolipids
SM-C20:2 -0.32 —-0.50,-0.14 -3.46 9e-04
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In brief, untreated FEP patients had reduced serum levels of 11 PC-aa-Cs, 5 PC-
ae-Cs, Total PC-aa and SM-C20:2. On contrary, the level of LysoPC-a-C20:4
was elevated. All these changes were associated with the presence of the disease.

6.2.2. Differences in glycerophospholipids’ and sphingomyelins’ profile
in FEP patients before and after 7 months of treatment

The Wilcoxon matched pairs test was used to compare the AP-naive and treated
FEP patients’ levels of GPLs and SMs. Levels of two LysoPC-a-Cs, Total PC-
aa, and 9 PC-aa-Cs as well as the ratios between PC-aa-C36:3/PC-aa-C36:4, and
Total PC-aa/Total SM showed significantly increased levels, whereas two SMs,
and the ratios of LysoPC-a-C16:0/LysoPC-a-C16:1 and LysoPC-a-C20:4/LysoPC-
a-C20:3 showed decreased levels after 7-month treatment compared to the
AP-naive patients’ group (Table 4).

Next the Bonferroni correction was applied. All abovementioned shifts
survived this procedure (p<5e-04) and displayed a large effect (}°=0.14-0.31)
(Table 4).

Table 4 Comparison of serum levels of GPLs (umol/I) and SMs (umol/l) between
the first-episode psychosis patients (n=44) at baseline (before treatment with
antipsychotics (FEPy)) and after 7-month treatment (FEPr) (n=44) with
antipsychotics

FEPy FEP¢ .
Effect size
Median Median ~ Z-value p-value ap)
(min — max) (min — max)
Glycerophospholipids
Lysophosphatidylcholine acyls
] 4.05 5.23
LysoPC-a-C14:0 (3.08-9.15) (3.45-13.0) 4.26 2e-05 0.21
) 2.82 3.44
LysoPC-a-C20:3 (1.24-6.19) (1.59-8.52) 3.73 2e-04 0.16
Phosphatidylcholine diacyls
. 1.73 2.90
PC-aa-C32:2 (0.22-3.77) (0.18-7.37) 4.59 <le-05 0.24
. 8.14 11.4
PC-aa-C34:3 (3.15-16.7) (4.86-39.6) 4.90 <le-05 0.27
. 0.56 0.94
PC-aa-C34:4 (0.24-131) (0.22-2.72) 4.89 <le-05 0.27
PC-aa-C36:1 288 38.1 3.94 8e-05 0.18

(148-49.8)  (18.9-82.2)
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Table 4 (Continue)

FEPy FEPs .
Effect size
Median Median ~ Z-value p-value ap
(min — max)  (min — max)
. 133 182
PC-aa-C36:2 (54.3-209) (80.2-348) 4.93 <le-05 0.28
. 57.2 85.9
PC-aa-C36:3 (24.8-97.5) (42.7-165) 4.77 <le-05 0.26
. 0.55 0.70
PC-aa-C36:6 (0.26-1.22) (0.16-1.91) 3.68 2e-04 0.15
) 23.2 30.6
PC-aa-C38:3 (11.7-41.6) (13.7-64.8) 4.25 2e-05 0.21
. 3.95 4.92
PC-aa-C40:5 (1.88-8.61) (1.92-17.0) 4.18 3e-05 0.20
930 1116
Total PC-aa (546-1435) (599-2065) 3.97 7e-05 0.18
Sphingolipids
. 1.99 1.71
SM-(OH)-C16:1 (0.57-3.56) (0.52-3.01) 3.48 5e-04 0.14
) 14.8 12.0
SM-C18:0 (3.70-25.8) (3.33-20.0) 3.50 Se-04 0.14
Ratios of biomarkers
LysoPC-a-C16:0/ 49.8 40.3
4.06 5e-05 0.19
LysoPC-a-C16:1  (24.8-72.4)  (25.9-69.5) ¢
LysoPC-a-C20:4/ 3.80 2.63
2 <le- 31
LysoPC-a-C20:3  (1.48-7.72) (1.46-4.88) 320 e-03 0.3
PC-aa-C36:3/ 0.68 0.89
PC-aa-C36:4 031-124)  (0.61-1.54)  +3% 1e05 021
Total PC-aa/ 5.97 7.94
Total SM 412-113)  (484-168) 18 <le05 031

Z-adjusted values according to Mann-Whitney U-test (FEPb compared to CS)

Effect sizes >0.14 were interpreted as large
Effect sizes 0.06-0.13 were interpreted as moderate
Commentary: all measured values are 2.5...15 times higher than LOD

GLM were then used to determine significant main effects of the 7-month AP
treatment on the levels of serum GPLs and SMs. Backward elimination procedures’
model revealed that AP treatment caused statistically significant elevations in two
LysoPC-a-Cs (LysoPC-a-C14:0, LysoPC-a-C20:3), and 9 PCs (PC-aa-C32:2,
PC-aa-C34:3, PC-aa-C34:4, PC-aa-C36:1, PC-aa-C36:2, PC-aa-C36:3, PC-aa-
C36:6, PC-aa-C38:3, PC-aa-C40:5) (Table 5). The most prominent were the
associations between PC-aa-C36:2 and PC-aa-C36:3 level elevation and treatment.
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Table 5 Statistically significant regression coefficients (8), confidence intervals (CI), and
significance values of logjo-transformed biomarkers levels in first-episode patients’ group
before treatment compared to biomarkers values measured after 7-months treatment with
antipsychotics

Biomarkers B B (95% CI) t-value p-value
Glycerophospholipids
Lysophosphatidylcholine acyls
LysoPC-a-C14:0 -0.30 -0.51,-0.10 -2.96 4e-03
LysoPC-a-C20:3 -0.33 -0.54,-0.13 -3.28 2e-03
Phosphatidylcholine diacyls
PC-aa-C32:2 -0.37 -0.57,-0.17 -3.64 5e-04
PC-aa-C34:3 -0.47 —-0.66,-0.28 -4.90 <le-05
PC-aa-C34:4 —0.43 -0.62,-0.24 —4.40 3e-05
PC-aa-C36:1 -0.40 -0.59,-0.20 -4.00 le-04
PC-aa-C36:2 -0.51 -0.69, —0.32 -5.46 <le-05
PC-aa-C36:3 —-0.50 -0.69, —0.32 -5.38 <le-05
PC-aa-C36:6 -0.30 —-0.50,-0.09 -2.91 5e-03
PC-aa-C38:3 —0.40 —-0.59, -0.20 —4.00 le-04
PC-aa-C40:5 -0.32 -0.52,-0.12 -3.13 2e-03

In brief, after 7 months of treatment levels of two LysoPC-a-Cs, Total PC-aa,
and 9 PC-aa-Cs had increased, whereas two SMs decreased in FEP patients. AP

treatment was shown to be associated with these significant elevations in two
LysoPC-a-Cs and 9 PC-aa-Cs.

6.2.3. Differences in glycerophospholipids’ and sphingomyelins’
profile in FEP patients after 7 months of treatment compared
to control subjects

Although, after 7 months of treatment, serum levels of fourteen GPLs and two
SMs differed when FEP patients and control subjects were compared, the found
changes did not survive Bonferroni correction for multiple comparisons. There-
fore, it can be said that seven months of AP treatment reverted GPL and SM
serum levels of patients back to comparable with control group.
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6.3. Changes in amino acid and biogenic amine profile
(Paper Il and Paper i)

6.3.1. Differences in amino acids’ and biogenic amines’ profile in
untreated FEP patients compared to control subjects

For the primary study group of 38 AP-naive FEP patients (Paper 1), the Mann-
Whitney U-test was used to compare AA and BA levels between patients and
control subjects. 21 AAs, 20 BAs and their metabolically relevant ratios were
analysed (Supplementary Tables 2, 3). Comparison revealed a trend of decrease
in six AA levels (Ala, citrulline, His, Trp, Tyr, Val) when comparing FEP patients
to control subjects (Supplementary Table 2). Statistically significant difference
was found in the level of Pro (Z=-3.18, p=1e-03, 1]*=0.14) and Tyr/Phe ratio
(Z=—4.24, p=2e-05, I]’=0.24) that both were considerably reduced in patients’
group. Circulating BA Kyn showed a decreasing trend, BA alpha-AAA level in
patients was statistically significantly reduced (Z=-3.27, p=1e-03, I]*=0.14)
compared to the control subjects. Contrarily, BAs’ spermine and taurine levels in
patients’ group were significantly elevated (Z=3.20, p=1e-03, I]>=0.14; Z=5.56,
p<le-06, I]*=0.41, respectively) (Supplementary Table 3).

For the expanded study group of 52 patients (Paper III) AA, BA levels and their
metabolically relevant ratios were analysed using a series of linear mixed-effects
regression models.

In the enlarged study group, we confirmed our previous findings as the
decrease in Pro (p=7e-05) and alpha-AAA levels (p=1e-06) and Tyr/Phe ratio
(p=6e-04) were identified as significant when comparing patients with control
subjects. In contrary, taurine level (p=2e-15) was significantly increased in AP-
naive patients compared to the control group. In addition to previous findings,
Orn/Arg ratio (p=2e-06) was also found significantly increased in patients’ group.
These results are presented in more detail in supplementary tables (Supple-
mentary Table 4, 5, 6).

In brief, untreated FEP patients had reduced serum levels of Pro, alpha-AAA
and Tyr/Phe ratio. On contrary, the level of taurine and Orn/Arg ratio were
elevated. All these changes were associated with the presence of the disease.

6.3.2. Differences in amino acids’ and biogenic amines’ profile in
FEP patients before and after 7 months of treatment

In the primary study group Ala, Met, Tyr and Val showed an elevating trend
whereas Asp showed a reducing trend after 7-month treatment compared to AP-
naive patients’ group. His (Z=3.75, p=2e-04, I’=0.20), Pro (Z=4.15, p=3e-05,
I’=0.24) and Tyr/Phe ratio (Z=4.46, p=8e-06, I]*=0.28) showed significantly
increased levels after treatment (Supplementary Table 7).

On BAs level, Kyn/Trp ratio showed an elevating trend, contrary to spermine,
methionine-sulfoxide (Met-So) and Met-So/Met ratio that were found to have a
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reducing trend between patients after 7 months of treatment compared to AP-
naive patients’ group. The levels of acetylornithine (Ac-Orn) (Z=3.41, p=7e-04,
I=0.16), alpha-AAA (Z=3.33, p=9e-04, I’=0.15) and Kyn (Z=3.59, p=3e-04,
I’=0.18) elevated significantly during the 7 months of treatment, whereas the
level of taurine (Z=5,17, p<le-06, I]’=0.37) was reduced compared to AP-naive
patients (Supplementary Table 8).

In brief, after 7 months of treatment levels of His, Pro, Ac-Orn, alpha-AAA,
the Kyn and Tyr/Phe ratio had increased in FEP patients, whereas the serum level
of taurine decreased in FEP patients.

6.3.3. Differences in amino acids’ and biogenic amines’ profile in FEP
patients after 7 months of treatment compared to control subjects

In the study group of 36 patients, 7 months of AP treatment resulted in AA levels
returning to being comparable to control subjects. The BA Met-So level was
significantly reduced (p=2e-02, 1]°=0.07) hence the ratio between Met-So and
Met was also significantly reduced (p=2¢-02) in treated patients compared to the
control subjects. The effect size of this change was moderate (1]°=0.08). The ratio
between Kyn and Trp was elevated in treated patients compared to the control
subjects (p=2e-03), the effect size was moderate (1]°=0.13).

In 7 months of AP treatment in the expanded study group of 52 patients, all
levels of previously altered AAs, BAs (Supplementary Table 9) and their ratios
reverted to a level comparable to the control subjects’. This change was accom-
panied by reduction of psychotic symptoms.

6.3.4. Differences in amino acids’ and biogenic amines’ profile in FEP
patients after 5.1 years of treatment compared to control subjects

5.1 years after onset of SSD, patients’ illness and AP medication usage were
associated with significant alterations in six AAs’and two of their derivate BAs’
levels (Supplementary Table 9) as well as several calculated biomarker ratios. In
AAs’ profile, persistence of the disease and treatment were found associated with
the decrease in Asp (f71)=-5.26, p<le-04) and Glu (¢71=—12.19, p<le-04) levels.
In contrast, Asn (¢71y=4.73, p<le-04), Gln (¢71y=9.22, p<le-04), Met (¢71y=9.74,
p<le-04) and Orn (t71y=3.47, p<9e-04) levels were increased. A statistically
significant decrease in alpha-AAA (#71=—6.25, p<le-04) and an increase in
taurine (¢71y=5.35, p<le-04) level were detected in patients compared to the
control subjects. Furthermore, the ratios of alpha-AAA/Kyn (¢71=-5.71, p<le-04),
Asp/Asn (t71y=-8.26, p<le-04), and Glu/Gln (#71,=—12.24, p<le-04) were also
decreased. The ratio between Orn and Arg (#71y=5.43, p<le-04) was, contrarily,
increased. Therefore, the profile of AAs and BAs, after 5.1 years of ongoing
illness and treatment, was shifted back towards pre-treatment status compared to
7-month treatment that showed more resemblance to the control groups
(Figures 1, 2).

41



Amino acids

Asparagine Aspartate
1
1 -
0
o .
o o
5 $
] . = 3
4
a
2 o1
Contrel """eé" trol P;‘.‘e": be"’: ;PEF P“‘.“e";’ “":;}: 6"’“{. AP P“.‘e:“ efters:tyear AP Control subjects Patients before AP Patients after 06-year AP Patients after 5.1-year AP
ontrof subjects an patients at three time-points Control subjects and FEP patients at three time-points
G . Gl
1 e o foe
r 1
) 0 0
s — 50
i o i}
4 . J
. E]
Control subjects Patients before AP Patients after 0.6 year AP Patients after 5.1.year AP Control subjects Patients before AP Patients after 0.6-year AP _ Patients after 5.1-year AP
Control subjects and FEP patients at three time-points Control subjects and FEP patients at three time-points
Methionine Ornithine
05
1 : R . e e
. of. 03 +
See . .
° e el " 3 ) .
50 K P 8 00 — %
E - - E -
. — o . .
o "y s e o
4 L3 . . .
. 08 oo
Control subjects Patients before AP Patients after 0.6year AP Patients after 5.1.year AP Control subjects Patients before AP Patients after 0.6-year AP _Patients aftor 5.1-year AP,
Control subjects and FEP patients at three time-points Control subjects and FEP patients at three time-points
Proline
04 : . ° o
s o v T
. i o s
g " g :
5% o~ V> o
04 = .

Control subjects Patients before AP Patients after 0.6-year AP Patients after 5.1-year AP
Control subjects and FEP patients at three time-points

4




Biogenic amines

Alpha-aminoadipic acid Taurine
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Figure 1 Boxplots of the statistically significant variation of the errors (residuals) of log-
transformed amino acid and biogenic amine levels (derived by regressing out covariate
effects) for control subjects and first-episode (FEP) patients at baseline (before treatment
with APs), after 0.6-year, and after 5.1-year treatment with APs. The solid black
horizontal line in each box represents the median. The area above and below the line
represents the 50" and the 25™ to the 50 percentiles, respectively. The whiskers extend
to the highest and lowest values contained within 1.5 times the interquartile range of the
data. Each calculated error variance is represented as a dot
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Biomarker ratios
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Figure 2 Boxplots of the statistically significant variation of the errors (residuals) of log-
transformed biomarker ratios (derived by regressing out covariate effects) for control
subjects and first-episode (FEP) patients at baseline (before treatment with APs), after
0.6-year, and after 5.1-year treatment with APs

In brief, patients treated for 5.1 years had reduced serum levels of Asp, Glu,
alpha-AAA and Glu/Gln, Asp/Asn and alpha-AAA/Kyn ratio. In contrast, the
levels of Asn, Gln, Met, Orn, taurine and Orn/Arg ratio were elevated. Therefore,
the profile of AAs and BAs was significantly altered and not only compared to
control subjects but to untreated FEP patients and patients after short-term AP
treatment.
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7. DISCUSSION

SSDs are a diverse class of psychiatric conditions that, to present knowledge,
greatly share a biochemical background. To understand the pathophysiology
underlying the symptoms of SSDs better, the dynamics of metabolic changes
during the different stages of the illness should be researched. As the processes
at the onset of the disease are known to have a crucial role in determining further
prognosis (Drake et al., 2020), the early course of these conditions is in the focus
of our interest. Derived from the main hypotheses of SSD pathophysiology we
concentred our study to lipid and AA-related changes. We used metabolomics
approach to evaluate GPL, SL, AA and BA levels in SSD patients’ blood serum
compared to control subjects. Assessments were conducted at different time-
points of the illness — AP-naive state in the first psychotic episode, after the sta-
bilisation of patients’ condition in 7 months of AP treatment and for AA and BA
levels again in approximately 5 years after the onset of the disease and treatment
initiation. The aim was to characterise the changes in GPLs’, SLs’, AAs’ and
BAs’ metabolomic profiles during the early course of SSD and AP medication use.

7.1. Changes in lipid profile in first psychotic
episode (Paper I)

In this part of the study, we detected statistically significant alterations in numerous
lipid metabolite levels in AP-naive FEP patients’ group compared to the control
group. Eleven PC diacyls and the calculated total PC-aa showed diminished con-
centrations in patients’ group. Additionally, five PC acyl-alkyls’ and SL SM-C20:2
levels were decreased in patients experiencing the onset of SSD. However,
LysoPC-a-C20:4 level, in contrast, was elevated in patients compared to the
control subjects. All these changes demonstrated a strong main effect of the disease
in GLM modelling, with the strongest effect on PC-aa-C32:2, PC-aa-C34:3, PC-
aa-C34:4, PC-aa-C36:2 and PC-aa-C36:3 concentrations.

Heightened LysoPC levels have also been found in a study involving 55 AP-
naive FEP SCZ and bipolar disorder patients (Costa et al., 2019). However, Costa
and colleagues (2019), in contrast to our findings, saw an increase in patients’ PC
blood plasma levels compared to the control group (Costa et al., 2019). In another
study including 20 SCZ onset patients, the AP-naive patients demonstrated
increased SM, triacylglycerol and cholesteryl ester levels, whilst their plasmenyl-
PC, plasmenyl-PE, PC, LysoPC, LysoPE and acylcarnitine levels were reduced
(Yan et al., 2018). Wang and colleagues (2019) found in their sample of 119 SCZ
patients including 20 first-episode patients, that at least a month off-treatment
recurrent SCZ patients show similar lipid profiles to AP-naive FEP patients with
most PC, LysoPC, and all PE serum levels decreased compared to control subjects.
Most LysoPE and SM levels, however, were found to have increased (Wang
et al., 2019). These findings support our results as decreased PC levels in SCZ
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patients seem to be eminent in most studies. As PCs are an important component
of HDL, our find of diminished PC levels may also be associated with lower
levels of HDL found in first-episode non-affective psychosis patients (Misiak
etal., 2017).

The vast majority of cell membrane PCs are diacyls containing two long-chain
fatty acid residues (van der Veen et al., 2017). Previously we have demonstrated
the elevation of circulating long-chain acylcarnitines’ (C16:0, C16:1, C16:1-OH,
C18:1, and C18:2) serum levels in AP-naive FEP patients (Kriisa et al., 2017).
These findings suggest that in FEP a lipidomic shift occurs that is characterized
by increased disintegration of PCs leading to an elevated concentration of acyl-
carnitines. A similar mechanism may explain the elevated LysoPC-a-C20:4 as
lecithin-cholesterol acyltransferase can transfer PC’s fatty acid to the free chole-
sterol in plasma, producing cholesteride and LysoPC (Rousset et al., 2009). When
PC contains C20:4 residues then the decomposition would result in a lowered PC
and a heightened LysoPC-a-C20:4 level. Described lipidomic shifts may refer to
cell membrane damage in FEP.

Potential factors that can induce differences between the results of different
studies are numerous, starting with a selection of subjects in relation to their
duration of the illness and age ending with varied methodological and statistical
approaches. These partially contradictive findings indicate that lipid metabolism
in FEP patients may be altered by factors of which present studies do not give
thorough comprehension yet. Further investigation is needed and more emphasis
on patients’ illness duration, age and medication history could clarify the emerged
inconsistencies.

7.2. Changes in lipid profile after seven months of
antipsychotic treatment (Paper I)

After 7 months of treatment statistically significant elevation in 9 PC and two
LysoPC levels emerged. GLM modelling verified the AP treatment as its cause
and treatment effect was the strongest on PC-aa-C36:2 and PC-aa-C36:3 levels.
Contrary to PCs, SM-(OH)-C16:1 and SM-C18:0 serum concentrations showed
a decrease. Although other changes in lipid profile subsequent to the treatment did
not demonstrate such salience when comparing treated patients’ group to the
control group, after applying the Bonferroni correction for multiple comparisons,
the two groups did not differ significantly in their lipid metabolite concentrations.
Therefore, 7 months of AP treatment was sufficient to reverse GPL and SL serum
level changes accompanying FEP.

In contrast to our results, studying 36 FEP patients, Suvitaival and colleagues
found that in patients’ group the serum levels of studied PCs were reduced during
the follow-up period of 1 year (Suvitaival et al., 2016). This contradiction, how-
ever, may be the result of a difference in the duration of the illness between
patients’ groups. In the study of Yan and colleagues, 8 weeks after starting the
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AP medication SCZ patients’ lipid profiles showed four different alteration patterns
(Yan et al., 2018). Firstly, some lipid levels were elevated in AP-naive patients
and decreased by treatment, these were cholesteryl esters and triacylglycerols.
Secondly, plasmenyl-PC, PC and LysoPC levels were decreased in AP-naive
patients and further diminished after two months of treatment. Third, glucosyl-
ceramide, ceramide and fatty acid levels that were not altered in AP-naive patients
but decreased during 8 weeks of treatment. Lastly, plasmenyl-PE, LysoPE and
acylcarnitine levels were altered in AP-naive patients’ group compared to control
subjects, but these alterations had no significant response to treatment (Yan et al.,
2018). In our study, the evaluation of lipid profile changes related to AP use was
performed 7 months after initiating the treatment. Taking into consideration the
variety of results depending on the treatment and illness duration, it can be
assumed that further changes in the lipid profile may occur after a longer follow-
up period.

Considering SM levels in our study, in AP-naive patients only one discrimi-
nated patients from control subjects significantly and that was SM-C20:2, the
level of which was decreased in patients. After 7 months of treatment, levels of
SM-(OH)-C16:1 and SM-C18:0 were diminished. Previous studies on SM meta-
bolism changes in the context of SSDs are very limited and focused mainly on
the central nervous system findings. Relating to peripheral tissues, Tessier and
colleagues (2016) noticed in their study of SCZ patients’ red blood cell membrane
lipidomic composition that patients divide into two groups with respect to SM
membrane content — first group demonstrated prominent alterations in membrane
lipids including low levels of SMs, second groups’ results were similar to control
subjects. Furthermore, perturbations in membrane lipid composition were accom-
panied by more severe psychopathology, suggesting its association with DA
signalling (Tessier et al., 2016). Similarly to our finding, SM blood plasma level
decrease after a period of AP medication has been detected in a group of SCZ
patients before, however, in that study AP-naive patients demonstrated elevated
SM concentrations contrary to ours (Yan et al., 2018).

The subject of peripheral lipidomic patterns in SSDs need further investi-
gation as current studies are few in numbers and provide limited data. Never-
theless, relying on available information and our study results, AP treatment seems
to reverse alterations in GPL and SL profiles during 7 months of follow-up. What
kind of lipidomic changes accompany psychotic illness and AP treatment in long
term, what are the potential influential factors and how do they relate to the course
of the illness need to be specified.
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7.3. Changes in amino acid and biogenic amine profile
in first psychotic episode (Paper Il and Paper Ill)

In our study, when FEP patients’ and control subjects’ AA and BA metabolomic
profiles from serum were compared, several statistically significant differences
were observed. AP-naive patients demonstrated a decrease in Pro levels, Tyr/Phe
ratio and alpha-AAA levels. An increase in taurine level was eminent in FEP
patients compared to the control subjects. Additionally, Orn/Arg ratio elevation
was detected in the extended group of SCZ patients, although it was not signi-
ficant in the primary group of 38 patients.

Alterations in Pro concentrations, as Pro is the precursor of Glu synthesis and
potentially has several other effects on neurotransmission, have been studied in
SSDs context (Clelland et al., 2016; Volk et al., 2016). However, data on peripheral
Pro levels in FEP patients are extremely limited. To our knowledge only one
relevant study including 40 drug-naive FEP patients exists and, in contrast to our
results, it showed elevated plasma levels of Pro in comparison to control subjects
(Garip & Kayir, 2019). However, recent findings indicate, that plasma prolidase
levels alter significantly in different stages of SCZ (Bolu et al., 2021), therefore,
patient cohort differences may contribute to the inconsistent findings. Never-
theless, further investigation of Pro in the context of FEP is necessary to clarify
its role in the pathogenesis of SSDs.

We identified a shift in favour of Phe in the ratio between AAs Tyr and Phe.
To our knowledge, there are no previous publications related to Phe blood con-
centrations or Phe and Tyr relation changes in FEP. However, in a study measuring
Phe and Tyr plasma concentrations in over 900 SCZ patients, in accordance with
our finding in FEP patients, an elevated Phe and Phe/Tyr ratio has been described
(Mathai et al., 2016; Okusaga et al., 2014). The relative elevation of Phe can be
the result of the inhibition of Phe hydroxylase by acquired immune activated
state, which is well known to accompany SSDs (Upthegrove & Khandaker, 2020;
Haring et al., 2015; Mathai et al., 2016). Knowing that Tyr is a substrate for Tyr
hydroxylase in producing DA, a relatively lower level of Tyr may reflect the
amplified production of DA in dopaminergic neurons, associated with the mani-
festation of psychotic symptoms.

Heightened levels of taurine were apparent and it had the most distinct relation
to the FEP compared to the other observed metabolites in our study. Elevated
taurine levels in FEP patients are in line with a study by Cao and colleagues
(2019) of 29 drug-naive first-episode patients and 84 recurrent SCZ patients who
had been medication-free for at least a month. In this study, the authors did not
find any significant differences in metabolic profiles between FEP drug-naive
patients and recurrent SCZ patients (Cao et al., 2019). Elevated plasma levels of
taurine in patients compared to the control subjects were demonstrated and Cao
and colleagues (2019) stated, that excessive taurine may contribute to oxidative
stress, neurotransmitter disorders and even to the dysfunction of the NMDA
receptor. However, administering taurine in addition to the AP medication has
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shown greater improvements in psychopathology scores in FEP patients than
placebo, presumably owing to its antioxidant properties (O’Donnell et al., 2016).
Taurine’s potential role in oxidative stress and neuroprotective processes is dis-
cussed in more detail in a previous article by our research group, where taurine
and epidermal growth factor are proposed to be FEP biomarkers and taurine
emphasized as one of the most important endogenous antioxidant (Koido et al.,
2016).

Our study demonstrated a reduction in BA alpha-AAA levels in AP-naive FEP
patients. Alpha-AAA concentration in human physiology is tightly connected to
Kyn concentration. As a competitive substrate, alpha-AAA in high levels prevents
Kyn from reacting with Kyn aminotransferase 11 (a prevalent isoform of Kyn
aminotransferases in the brain) and thereby transaminating into KYNA (Hallen
et al., 2013; Passera et al., 2011). High levels of alpha-AAA lead to decreased
KYNA production from Kyn and low levels of alpha-AAA lead to increased
KYNA production. Both reduced alpha-AAA and Kyn peripheral concentrations
may indicate enhanced KYNA production in the central nervous system. Although
in our patients’ group of 38 people we found the trend of diminishing Kyn levels,
in the extended patients’ group it was not observed. In drug-naive first-episode
SCZ patients’ decreased Kyn plasma levels compared to the control group have
been demonstrated before (Joaquim et al., 2018). Low levels of Kyn in the
periphery may be the result of intensified Kyn use in the central nervous system.
This is in accordance with the reduced alpha-AAA found in our study. Decreased
alpha-AAA would lead to increased KYNA production from Kyn, thereby
depleting the levels of both alpha-AAA and Kyn.

In the group of 52 patients, we exposed a significant elevation of Orn/Arg
ratio. So far only very limited data on Arg metabolism in SSD patients have been
available. In a case-control study of FEP patients, no significant difference was
found in Orn plasma levels between drug-naive patients and controls, nor did the
Orn level change after 10 weeks of AP treatment (Garip et al., 2019). Again, as
the matter has been studied very little, the reason for inconsistent results is
unclear. However, the shift we found towards Orn may reflect the activity of
arginase, the increase of which has been associated with SSDs (Liu et al., 2016).

Orn/Arg ratio alteration may be linked to the metabolomic changes observed
in SSD in yet another way. Orn is the precursor for the synthesis of spermine. In
our primary FEP patients group, the elevation of spermine levels was found,
whereas the same pattern did not occur in the extended study group. Although, to
our knowledge, there are no previous studies presenting spermine levels in FEP
drug-naive patients, its significantly elevated plasma levels have been found in
SCZ and bipolar disorder patients compared to the control subjects (Baytunca &
Ongiir, 2020). It is hypothesized that heightened spermine levels may serve as a
compensatory mechanism attempting to recover NMDA receptor dysfunction, as
it has several NMDA receptors modulating properties (Baytunca & Ongiir, 2020;
Hackos & Hanson, 2017). These findings of Orn/Arg and spermine levels that, at
first glance, are not in line with our primary and extended study groups, may, in
fact, reflect a nuanced interplay and fragile balance in Arg metabolic pathway. It
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can be hypothesized that in the case of increased arginase activity the Orn/Arg
ratio will incline towards Orn. At some point, during the course of FEP, the Orn’s
relative excess will enhance spermine production that lowers Orn levels and pre-
sumably also modulates NMDA receptor dysfunction. Further research of Arg
pathway alterations in SSD patients has to be done, to explain seemingly contra-
dictive findings and reveal the potential underlying mechanisms that shift the
balance of the metabolic pathway and mediate the NMDA receptor dysfunction.

7.4. Changes in amino acid and biogenic amine profile
after seven months of antipsychotic treatment
(Paper Il and Paper IlI)

As expected, 7 months of AP treatment reduced psychotic symptoms markedly
in FEP patients. Unfortunately, it was accompanied by a significant increase in
BMI, a probable sign of developing metabolic syndrome. After 7 months of AP
treatment metabolomic changes described above relating AAs and BAs were
reverted and their concentrations had shifted back to the level comparable to CS.

An exception emerged when analysing primary patients’ group. The Ac-Orn
level was also elevated by the treatment but unlike the other BAs mentioned, its
levels were not significantly changed in drug-naive FEP patients compared to CS.
Therefore, Ac-Orn concentration ascendance presumably reflects its connection
with drug intake rather than the shifts related to the psychotic illness itself. How-
ever, Ac-Orn has not been observed to be an influential molecule in the central
nervous system, nor has it been associated with AP treatment in general. In mouse
brains, an increase of Ac-Orn level has been found to accompany prolonged
administration of haloperidol (McClay et al., 2015). The cause of its elevation in
our study is unknown.

Taurine levels after 7 months of AP treatment were decreased, whereas alpha-
AAA and Kyn levels increased to the level comparable to the control subjects’.
Levels of AAs Pro and His were elevated and the ratio between Tyr and Phe shifted
in favour of Tyr. The latter could be a consequence of an increased DA demand
resulting from D, receptor blockage by AP drugs (Ichikawa et al., 2001), there-
fore, heightened use of its precursor may occur.

Although not all changes in AA and BA levels survived the Bonferroni cor-
rection, the trend in AA and BA levels indicate that the metabolomic changes
accompanying FEP were reversed towards the normalisation of the metabolomic
profile after 7 months of treatment. Repeated measures GLM was used to estimate
the main effect of the treatment on the AA and BA level changes and BMI. It
revealed that AP treatment was strongly linked to the decrease of taurine, spermine
and Asp and increase of Pro, His, Ala, alpha-AAA, Kyn levels and BMI. The
changes in taurine and Pro concentrations showed the most distinguished asso-
ciation with AP treatment.
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7.5. Changes in amino acid and biogenic amine
profile after 5.1 years of ongoing psychotic illness and
treatment (Paper Il and Paper lll)

In the follow-up after an average of 5.1 years of ongoing treatment and SSD,
results regarding the AA and their derivate BA metabolomic profiles in patients
were pathologic. Out of 31 metabolites measured, eight showed altered levels
compared to the control subjects. We detected increased Asn, Gln, Orn, taurine,
Met and decreased Asp, Glu and alpha-AAA levels. Consequently, Asp/Asn,
Glu/Gln, alpha-AAA/Kyn ratios had lowered and the Orn/Arg ratio heightened
(Figures 1, 2).

Metabolism of AAs Asp, Gln and Asn, Glu is tightly linked. Asp and Gln are
substrates for Asn synthetase that, in adenosine triphosphate (ATP) dependent
reaction, converts Asp and Gln into Asn and Glu (Lomelino et al., 2017). In
accordance to our findings, heightened Asn levels have been shown by Garip and
Kayir in a study involving 40 FEP patients, however, their follow-up period was
only 10 weeks and during the treatment period, the level of Asn started to
normalize, analogously to our short-term treatment results (Garip & Kayir, 2019).
It has been proposed that the excessive peripheral Asn levels may result in an
inhibited uptake of other AAs due to the competition for limited transporters
(Lomelino et al., 2017).

Our study revealed decreased Asp levels, increased Asn levels and therefore
decreased Asp/Asn ratio in the sample of SSD patients compared to the control
subjects. Diminished Asp plasma levels in patients with recurrent SCZ compared
to the first-episode patients have also been shown (Cao et al., 2018). According
to mice models, peripherally increased Asp concentrations elevate Asp central
levels as it efficiently crosses the blood-brain barrier (Sacchi et al., 2017). Asp is
an important regulator of adult neurogenesis, an NMDA receptor agonist and,
additionally, can activate NMDA, and several different presynaptic receptors,
thereby stimulating Glu release in specific areas of the brain (Genchi, 2017;
Errico et al., 2018; Sacchi et al., 2017). Established changes reflect an altered
metabolic pathway that involves not only Asn and Asp but Glu as well.

As increased Gln and decreased Glu serum concentrations occurred in patients,
a decreased Glu/Gln ratio was consequently detected in SSD patients compared
to the control group. Madeira and colleagues (2018) have found that patients with
illness onset within 5 years showed Gln/Glu ratio elevation, whereas chronic SCZ
patients (in their study mean illness duration 23.6 years) had a decreased Gln/Glu
ratio when compared to the control subjects. This is in accordance with our findings
that likewise showed Glu and Gln ratio to be inclined in favour of Gln. This
diversion in Glu and GIn ratio demonstrates dynamic metabolomic changes puta-
tively related to pathogenesis and pharmacological treatment of SSDs (Madeira
et al., 2018). In a study involving 15 SCZ patients, heightened breath ammonia
levels were detected in patients compared to the control subjects (Popa et al.,
2015). This phenomenon was hypothesised by authors to be related to the
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deficiency of AAs required for ammonia detoxification in the liver and reduced
kidney function both as the result of medication. The main route for ammonia
detoxification in the brain is by Gln synthesis by Gln synthetase but it also can
be bound into Ala by the collaboration of Glu dehydrogenase and Ala amino-
transferase (Dadsetan et al., 2013). Both of these mechanisms demand Glu and
produce Gln. Gln in turn, as described before, is a substrate for Asn synthesis.
Therefore, it can be hypothesised that the elevation of Gln and Asn (with a con-
comitant decrease in Glu and Asp levels) in SSD patients is the result of an
intensified ammonia detoxification derived from AP medication use. Considering
the variable findings amongst patient groups with different durations of the SSD,
it is clear that Glu and GlIn levels are affected by the illness progression and further
investigation with emphasis on the disease duration in relation to Asp, Asn, Gln
and Glu metabolism is needed.

We detected increased Met level in SSD patients with illness and treatment
duration of 5.1 years compared to controls. In the first-episode stage of the illness,
this alteration was not salient. Nevertheless, heightened Met levels have been
previously associated with SSDs. Methylation, as an important regulator of
numerous metabolic pathways and biologic processes including gene expression
through DNA methylation, has been found to be impaired in SSD patients (Li et
al.,2019; Wang et al., 2015). In the '60s and '70s, several studies showed that Met
treatment of SSD patients concluded in exacerbation of the symptoms (Cohen et
al., 1974). Although the mechanisms through which Met provokes psychotic mani-
festations in not entirely clear, alterations in peripheral Met level should be
considered as a potential expression of underlying pathological processes.

After 5.1 years of disease and treatment, the SSD patients in our study demon-
strated an increased level of Orn and therefore Orn/Arg ratio similarly to the state
at the onset of the disease. To our knowledge, there are no previous studies that
could validate or confute this finding. A significant correlation between Orn serum
concentration and the duration of illness has been found in SCZ patients, giving
ground to a hypothesis that long term AP medication may induce Orn concen-
tration (Tomiya et al., 2007). A study involving 168 recurrent SCZ patients, who
had been off-medication at least for a month, and 40 drug-naive FEP patients,
found diminished Orn plasma levels in patients compared to the control subjects
(Cao et al., 2018). Taking into consideration the substantial differences between
the patients’ cohorts in Cao and colleagues’ and our study, especially in terms of
previous treatment and illness duration variability, the results are hardly com-
parable, and their controversy is not unexpected.

In accordance with our findings, increased taurine serum concentration in SSD
patients has been found in a study including 113 SCZ patients (Cao et al., 2019).
However, the aforementioned limitations in the comparability of the studies apply
again, as the study by Cao and colleagues (2019) included both recurrent off-medi-
cation and drug-naive first-episode SCZ patients. Taurine upregulation may be
associated to its beneficial properties as anti-inflammatory, antioxidant and glucose
and lipid metabolism modulating agent and thereby function as a compensatory
mechanism (Koido et al., 2016; O’Donnell et al., 2016; Rosa et al., 2014).

52



Decreased alpha-AAA level, therefore reduced alpha-AAA/Kyn ratio re-
appeared during the 5-year duration of the SSD. Limited data are available
regarding alpha-AAA blood level changes in SSD patients. However, Kyn path-
way has several potential modulating effects on SSD development as Kyn is the
precursor for KYNA, an antagonist of Glu receptors (Joaquim et al., 2018). Low-
grade inflammatory processes accompanying SSDs have been shown by Joaquim
and colleagues (2018) to incline Trp metabolism towards the production of Kyn
instead of serotonin. Therefore, Kyn prevalence in relation to alpha-AAA may
also reflect the upregulation of Kyn production. Further investigation is needed
for more conclusive explanations relating to Kyn pathway alterations and SSD
pathogenesis putative associations.

7.6. Strengths and limitations of the study

The main limitation of our study is the modest number of participants. Never-
theless, it is possible to successfully identify metabolomic profiles in the sample
sizes including 30-50 subjects per group (Kohler et al., 2017) and our previous
results from metabolite studies on study groups of the same size have so far gotten
confirmed by other researches. A fundamental reason for the rather small patient
number is the relatively low incidence of FEP compared to more prevalent ill-
nesses. Secondly, data from control subjects were gathered at one time point and
the control group did not undergo longitudinal monitoring contrary to patients’
group. It can be discussed that relying on patients’ statements relating to substance
use, fasting status before blood collection or similar subjects is a limitation. How-
ever, in everyday clinical practice additional analyses would not be conducted to
verify these statements either, therefore it is in accordance with our naturalistic
approach. As the pharmacological agents’ use among study patients was not re-
stricted but derived from clinically relevant circumstances, it was enabled to be
altered during the study, and in addition to different AP medication, anxiolytic,
mood stabilizing and antidepressant drugs were permitted to be used. Therefore,
we were not able to assess the effect of specific active substances on evaluated
metabolites. However, the naturalistic approach has several beneficial aspects.
Firstly, we can assume that the outcomes achieved are truly relevant in routine
clinical practice. Secondly, as the study-related additional interventions and re-
strictions were minimal, so was the distress caused by them to patients. The latter
is possibly a reason for our study’s relatively low (considering the nature of the
condition) dropout rates both in 7 months and 5 years perspective. Other strengths
of our study include simultaneous determination of numerous biomolecules and
the strict selection of patients in considering their diagnoses. However, the most
important strength of our study is the longitudinal design. Starting the evaluation
in the first psychotic outbreak in AP-naive state and following the patients up to
5 years and more makes this study a unique source of information for under-
standing the dynamic metabolomic changes during the lengthy course of the
SSDs.
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7.7. Summary of the discussion and future directions

SSDs are characterised by numerous metabolomic changes. Our study con-
centrated on GPL, SL, AA and BA levels that were measured in FEP patients
before initiating AP treatment, 7 months into the treatment and ongoing of the
disease and finally for AAs and BAs again in 5 years after the onset of the disease
and initiation of treatment. Visual summary of our findings can be seen in Figure 3.

We detected the following alterations in drug-naive FEP patients’ lipidomic
profiles: a diminished level of eleven PC diacyls, calculated total PC-aa, five PC
acyl-alkyls, one SM and an elevated level of one LysoPC. These changes may
reflect cell membrane damage and energetic dysregulation. Seven months of AP
treatment reversed the observed metabolomic changes seen in drug-naive FEP
patients, referring that in this early stage of the disease, the pathological processes
influencing metabolic pathways can be managed to a certain extent. However, as
a common adverse effect, a significant BMI elevation accompanied the AP medi-
cation use, showing that the lipid metabolism disturbances exceed the range of
GPLs and SLs studied.

For more conclusive insight into the lipid metabolism in context of SSDs, a
wider variety of lipid subtypes should be studied simultaneously and measure-
ments made at more numerous time points during the course of the disease. The
first question of interest would be how fast the positive effects of AP treatment
seen in the first seven months emerge and for how long do they last in the context
of lipid metabolism, as we demonstrated that it is limited in the case of AAs and
BAs.

Concerning AA and BA levels we identified a decrease in Pro and alpha-AAA
levels, Tyr/Phe, Orn/Arg ratio and an increase in taurine level in drug-naive FEP
patients compared to the control subjects. These changes can be related to neuro-
transmission dysregulation (many through NMDA receptor dysfunction), immune
activation due to low grade inflammation and oxidative stress — all well-known
constituents of SSDs pathogenesis. Seven months of AP treatment reversed the
observed metabolomic changes seen in drug-naive FEP patients. However, several
AA and BA level alterations reappeared after 5.1 years of treatment and illness
continuation. It seems that the positive effect AP treatment initially established
for metabolomic aberrations diminishes over time and pathogenetic mechanisms
overpower the treatment. However, there are metabolomic changes that may
reflect the activation of compensatory mechanisms instead.

Our results, former data and the controversial findings in overviewed studies
indicate, that biomolecule alterations in SSDs are dynamic. Specific metabolomic
patterns characterise different stages of the disease and the illness and AP treat-
ment duration have significant influence to the metabolomic profile. As the
number of studies taking these variables into account are few in number, it is
rather difficult to make conclusive deductions based on the existing data. Cur-
rently, the knowledge, which changes accompany the pathogenetic processes of
the illness, which are compensatory, which follow the patients’ lifestyle changes
and which can be attributed to pharmacological effects, is limited. Shifts in
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metabolite levels can be associated to contemporary theories of SSDs patho-
genetic mechanisms and help to give further direction to the research. More
thorough investigation is needed to clarify the factors educing alterations in meta-
bolomic profiles of patients, reveal potential biomarkers and targets for treatment.

Schematic overview of robust changes in lipidomic, amino acids’ and biogenic
amines’ profiles in the early stage of schizophrenia spectrum disorders

Ac-Orn 1
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FEP 7 months )
Longitudinal monitoring of biomarkers
AP treatment //

(AAs) amino acids, (Ac-Orn) acetylornithine, (alpha-AAA) alpha-aminoadipic acid, (AP) antipsychotic, (Arg) arginine,
(Asn) asparagine, (Asp) aspartate, (BAs) biogenic amines, (FEP) first-episode psychosis, (Glu) glutamate, (GIn)
glutamine, (Kyn) kynurenine, (LysoPC) lysophosphatidylcholine, (Met) methionine, (Orn) ornithine, (Phe)
phenylalanine, (PC) phosphatidylcholine, (PC-aa-C3X:X) PC-aa-C30:0, PC-aa-C32:1, PC-aa-C32:2, PC-aa-C34:2, PC-aa-
C34:3, PC-aa-C34:4, PC-aa-C36:1, PC-aa-C36:2, PC-aa-C36:3, PC-aa-C36:6, PC-aa-C38:3, (PC-ae-CXX:X) PC-ae-C34:2,
PC-ae-C36:2, PC-ae-C36:3, PC-ae-C40:2, PC-ae-C40:4, (Pro) proline, (SM) sphingomyelin, (Tyr) tyrosine

Figure 3 Visual summary of changes found in this study in lipidomic, amino acid, and
biogenic amine profiles during three timepoints of early stage schizophrenia spectrum
disorders
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8. CONCLUSIONS

The hypothesis that significant and associable alterations in the profile of
circulating GPLs, SLs, AAs and BAs occur during SSD was confirmed. Further-
more, connected altered metabolic pathways cause “domino effects” in synthesis,
transport and elimination of the metabolites, leading to several functional dis-
turbances. This thesis posed three main objectives. Following our research, the
results imply the following conclusions:

e Before AP treatment FEP patients demonstrate diminished serum concent-
rations of eleven PC diacyls (PC-aa-C30:0, PC-aa-C32:1, PC-aa-C32:2,
PC-aa-C34:2, PC-aa-C34:3, PC-aa-C34:4, PC-aa-C36:1, PC-aa-C36:2, PC-
aa-C36:3, PC-aa-C36:6, PC-aa-C38:3), calculated total PC-aa and five PC
acyl-alkyls (PC-ae-C34:2, PC-ae-C36:2, PC-ae-C36:3, PC-ae-C40:2, PC-ae-
C40:4) when comparing their circulating GPL serum levels to the control
groups’. Additionally, SL SM-C20:2 level is decreased in patients when
comparing their circulating SLs levels to the control subjects’. In contrast,
LysoPC-a-C20:4 serum level is elevated in patients compared to the control
subjects. After seven months of AP medication statistically significant eleva-
tions in nine PC (PC-aa-C32:2, PC-aa-C34:3, PC-aa-C34:4, PC-aa-C36:1,
PC-aa-C36:2, PC-aa-C36:3, PC-aa-C36:6, PC-aa-C38:3, PC-aa-C40:5) and
two LysoPC (LysoPC-a-C14:0, LysoPC-a-C20:3) levels emerge. Contrary to
PCs, SM-(OH)-C16:1 and SM-C18:0 serum concentrations show a decrease.
After 7 months of AP treatment, when applying the Bonferroni correction for
multiple comparisons in comparing treated patients’ group to the control group,
the two groups do not differ significantly in their lipid metabolite concen-
trations. Therefore, our study proved the dynamic alterations in specific lipid
metabolites’ profile of SSD patients during the course of illness and treatment
compared to the control subjects.

e Before AP treatment FEP patients demonstrate a decrease in Pro levels,
Tyr/Phe ratio and alpha-AAA levels. An increase in taurine level is seen in
FEP patients compared to the control subjects. Additionally, an Orn/Arg ratio
elevation is present when comparing SSD patients’ circulating AA and BA
serum levels to the control subjects’. After seven months of AP medication,
metabolomic changes relating AAs and BAs are reverted and their concen-
trations shift back to the level comparable to CS. Exceptionally, after seven
months of AP medication of FEP patients, Ac-Orn level is elevated in patients,
although its level is not significantly different in drug-naive FEP patients
compared to the control subjects. After five years of continuation of the
disease and AP treatment increased Asn, Gln, Orn, taurine, Met and decreased
Asp, Glu and alpha-AAA circulating serum levels are detectable in patients
compared to control subjects. Consequently, Asp/Asn, Glu/Gln, alpha-AAA/
Kyn ratios are lowered and Orn/Arg ratio heightened. Therefore, our study
proved the dynamic alterations in specific AA and BA profiles of SSD patients
during the course of illness and treatment compared to control subjects.
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e The alterations in metabolomic profile of circulating GPLs, SLs, AAs and
BAs in AP-naive FEP SSD patients indicate an extensive metabolomic shift
induced by the psychotic illness. Changes in GPL and SL levels in drug-naive
patients refer to a lipidomic shift characterized by an increased disintegration
of PCs that may reflect the damage of cell membranes and underly impaired
HDL metabolism. Observed alterations in AAs’ and BAs’ levels, predomin-
antly seem to be connected to metabolic pathways synthesising or modulating
the effect of the key neurotransmitters (Glu, DA) associated with psychotic
symptoms. Seven months of AP treatment in case of FEP are sufficient to
reverse GPLs, SLs, AAs and BAs related metabolomic alterations induced by
the onset of psychosis. However, during five years of AP medication use and
ongoing SSD, the AAs and BAs metabolomic profiles aberrate again. The
mechanisms of this appear to be related not only to previously mentioned
neurotransmitter functions but more widely to inflammatory, oxidative and
energetic processes known to be impaired in SSDs. Therefore, our study
proved the dynamic alterations in the metabolomic profile of SSD patients
during the course of illness and treatment that are in concordance with the
previous theoretical knowledge.

57



9. REFERENCES

Al-Diwani, A., Handel, A., Townsend, L., Pollak, T., Leite, M. 1., Harrison, P. J.,
Lennox, B. R., Okai, D., Manohar, S. G., & Irani, S. R. (2019). The psychopathology
of NMDAR-antibody encephalitis in adults: A systematic review and phenotypic
analysis of individual patient data. The Lancet Psychiatry, 6(3), 235-246.
https://doi.org/10.1016/S2215-0366(19)30001-X

Arciniegas, D. B. (2015). Psychosis. Continuum: Lifelong Learning in Neurology, 21 (3
Behavioral Neurology and Neuropsychiatry), 715-736.
https://doi.org/10.1212/01.CON.0000466662.89908.¢7

American Psychiatric Association. (2013). Diagnostic and statistical manual of mental
disorders (5th ed.). https://doi.org/10.1176/appi.books.9780890425596

Balu, D. T., Li, Y., Puhl, M. D., Benneyworth, M. A., Basu, A. C., Takagi, S., Bol-
shakov, V. Y., & Coyle, J. T. (2013). Multiple risk pathways for schizophrenia
converge in serine racemase knockout mice, a mouse model of NMDA receptor
hypofunction. Proceedings of the National Academy of Sciences, 110(26), E2400—
E24009. https://doi.org/10.1073/pnas.1304308110

Baytunca, M. B., & Ongiir, D. (2020). Plasma spermine levels in patients with schizo-
phrenia and bipolar disorder: A preliminary study. Schizophrenia Research, 216, 534—
535. https://doi.org/10.1016/j.schres.2019.11.040

Benjamini, Y., & Hochberg, Y. (1995). Controlling the False Discovery Rate: A Practical
and Powerful Approach to Multiple Testing. Journal of the Royal Statistical Society.
Series B (Methodological), 57(1), 289-300.
https://doi.org/10.1111/1.2517-6161.1995.tb02031.x

Bevers, E. M., & Williamson, P. L. (2016). Getting to the Outer Leaflet: Physiology of
Phosphatidylserine Exposure at the Plasma Membrane. Physiological Reviews, 96(2),
605—-645. https://doi.org/10.1152/physrev.00020.2015

Boll, K. M., Noto, C., Bonifacio, K. L., Bortolasci, C. C., Gadelha, A., Bressan, R. A.,
Barbosa, D. S., Maes, M., & Moreira, E. G. (2017). Oxidative and nitrosative stress
biomarkers in chronic schizophrenia. Psychiatry Research, 253, 43—48.
https://doi.org/10.1016/j.psychres.2017.03.038

Bolu, A., Uzun, O., Burak Aydin, M., Ertugrul, S., Oznur, T., Cetinkaya, S., Erdem, O.,
& Nahit Ozmenler, K. (2021). Plasma prolidase levels are high in schizophrenia but
not in first-episode psychosis. International Clinical Psychopharmacology, 36(1),
25-29. https://doi.org/10.1097/YIC.0000000000000329

Brekke, E., Morken, T. S., & Sonnewald, U. (2015). Glucose metabolism and astrocyte—
neuron interactions in the neonatal brain. Neurochemistry International, 82, 33—41.
https://doi.org/10.1016/j.neuint.2015.02.002

Cao, B., Wang, D., Brietzke, E., McIntyre, R. S., Pan, Z., Cha, D., Rosenblat, J. D.,
Zuckerman, H., Liu, Y., Xie, Q., & Wang, J. (2018). Characterizing amino-acid bio-
signatures amongst individuals with schizophrenia: A case—control study. Amino
Acids, 50(8), 1013—1023. https://doi.org/10.1007/s00726-018-2579-6

Cao, B., Wang, D., Pan, Z., McIntyre, R. S., Brietzke, E., Subramanieapillai, M., Nozari, Y.,
& Wang, J. (2019). Metabolic profiling for water-soluble metabolites in patients with
schizophrenia and healthy controls in a Chinese population: A case-control study. The
World Journal of Biological Psychiatry, 0(0), 1-11.
https://doi.org/10.1080/15622975.2019.1615639

58



Cappelletti, P., Tallarita, E., Rabattoni, V., Campomenosi, P., Sacchi, S., & Pollegioni, L.
(2018). Proline oxidase controls proline, glutamate, and glutamine cellular concen-
trations in a U87 glioblastoma cell line. PLOS ONE, 13(4), €0196283.
https://doi.org/10.1371/journal.pone.0196283

Castellano-Gonzalez, G., Jacobs, K. R., Don, E., Cole, N. J., Adams, S., Lim, C. K.,
Lovejoy, D. B., & Guillemin, G. J. (2019). Kynurenine 3-Monooxygenase Activity in
Human Primary Neurons and Effect on Cellular Bioenergetics Identifies New
Neurotoxic Mechanisms. Neurotoxicity Research, 35(3), 530-541.
https://doi.org/10.1007/s12640-019-9997-4

Chadda, R. K., Ramshankar, P., Deb, K. S., & Sood, M. (2013). Metabolic syndrome in
schizophrenia: Differences between antipsychotic-naive and treated patients. Journal
of Pharmacology & Pharmacotherapeutics, 4(3), 176—186.
https://doi.org/10.4103/0976-500X.114596

Chen, Y., & Cao, Y. (2017). The sphingomyelin synthase family: Proteins, diseases, and
inhibitors. Biological Chemistry, 398(12), 1319-1325.
https://doi.org/10.1515/hsz-2017-0148

Cheng, W.-J., Chen, C.-H., Chen, C.-K., Huang, M.-C., Pietrzak, R. H., Krystal, J. H., &
Xu, K. (2018). Similar psychotic and cognitive profile between ketamine dependence
with persistent psychosis and schizophrenia. Schizophrenia Research, 199, 313-318.
https://doi.org/10.1016/j.schres.2018.02.049

Clelland, C. L., Drouet, V., Rilett, K. C., Smeed, J. A., Nadrich, R. H., Rajparia, A.,
Read, L. L., & Clelland, J. D. (2016). Evidence that COMT genotype and proline
interact on negative-symptom outcomes in schizophrenia and bipolar disorder.
Translational Psychiatry, 6(9), e891—-e891. https://doi.org/10.1038/tp.2016.157

Cohen, J. (1988). Statistical power analysis for the behavioral sciences (2nd ed). L.
Erlbaum Associates.

Cohen, S. M., Nichols, A., Wyatt, R., & Pollin, W. (1974). The administration of
methionine to chronic schizophrenic patients: A review of ten studies. Biological
Psychiatry, 8(2), 209-225.

Comes, A. L., Papiol, S., Mueller, T., Geyer, P. E., Mann, M., & Schulze, T. G. (2018).
Proteomics for blood biomarker exploration of severe mental illness: Pitfalls of the
past and potential for the future. Translational Psychiatry, 8(1), 160.
https://doi.org/10.1038/s41398-018-0219-2

Correll, C. U., Solmi, M., Veronese, N., Bortolato, B., Rosson, S., Santonastaso, P.,
Thapa-Chhetri, N., Fornaro, M., Gallicchio, D., Collantoni, E., Pigato, G., Favaro, A.,
Monaco, F., Kohler, C., Vancampfort, D., Ward, P. B., Gaughran, F., Carvalho, A. F.,
& Stubbs, B. (2017). Prevalence, incidence and mortality from cardiovascular disease
in patients with pooled and specific severe mental illness: A large-scale meta-analysis
of 3,211,768 patients and 113,383,368 controls. World Psychiatry, 16(2), 163—180.
https://doi.org/10.1002/wps.20420

Costa, A. C., Joaquim, H. P. G., Talib, L. L., Serpa, M. H., Zanetti, M. V., & Gattaz, W. F.
(2019). Plasma metabolites in first episode psychoses. Schizophrenia Research, 206,
468-470. https://doi.org/10.1016/j.schres.2018.11.010

Coyle, J. T. (2006). Glutamate and Schizophrenia: Beyond the Dopamine Hypothesis.
Cellular and Molecular Neurobiology, 26(4), 363-382.
https://doi.org/10.1007/s10571-006-9062-8

Crabtree, G. W., Park, A. J., Gordon, J. A., & Gogos, J. A. (2016). Cytosolic Accumu-
lation of L-Proline Disrupts GABA-Ergic Transmission through GAD Blockade. Cell
Reports, 17(2), 570-582. https://doi.org/10.1016/j.celrep.2016.09.029

59



Dadsetan, S., Kukolj, E., Bak, L. K., Serensen, M., Ott, P., Vilstrup, H., Schousboe, A.,
Keiding, S., & Waagepetersen, H. S. (2013). Brain alanine formation as an ammonia-
scavenging pathway during hyperammonemia: Effects of glutamine synthetase
inhibition in rats and astrocyte—neuron co-cultures. Journal of Cerebral Blood Flow
& Metabolism, 33(8), 1235. https://doi.org/10.1038/jcbfm.2013.73

Daubner, S. C., Le, T., & Wang, S. (2011). Tyrosine Hydroxylase and Regulation of
Dopamine Synthesis. Archives of biochemistry and biophysics, 508(1), 1-12.
https://doi.org/10.1016/j.abb.2010.12.017

Davis, K. L., Kahn, R. S., Ko, G., & Davidson, M. (1991). Dopamine in schizophrenia:
A review and reconceptualization. The American Journal of Psychiatry, 148(11),
1474-1486. https://doi.org/10.1176/ajp.148.11.1474

Davison, J., O’Gorman, A., Brennan, L., & Cotter, D. R. (2018). A systematic review of
metabolite biomarkers of schizophrenia. Schizophrenia Research, 195, 32-50.
https://doi.org/10.1016/j.schres.2017.09.021

De Luca, V., Viggiano, E., Messina, G., Viggiano, A., Borlido, C., Viggiano, A., &
Monda, M. (2008). Peripheral Amino Acid Levels in Schizophrenia and Anti-
psychotic Treatment. Psychiatry Investigation, 5(4), 203-208.
https://doi.org/10.4306/pi.2008.5.4.203

Drake, R. J., Husain, N., Marshall, M., Lewis, S. W., Tomenson, B., Chaudhry, 1. B.,
Everard, L., Singh, S., Freemantle, N., Fowler, D., Jones, P. B., Amos, T., Sharma, V.,
Green, C. D., Fisher, H., Murray, R. M., Wykes, T., Buchan, 1., & Birchwood, M.
(2020). Effect of delaying treatment of first-episode psychosis on symptoms and
social outcomes: A longitudinal analysis and modelling study. The Lancet Psychiatry,
7(7), 602—610. https://doi.org/10.1016/S2215-0366(20)30147-4

Erhardt, S., Schwieler, L., Imbeault, S., & Engberg, G. (2017). The kynurenine pathway
in schizophrenia and bipolar disorder. Neuropharmacology, 112, 297-306.
https://doi.org/10.1016/j.neuropharm.2016.05.020

Errico, F., Nuzzo, T., Carella, M., Bertolino, A., & Usiello, A. (2018). The Emerging
Role of Altered d-Aspartate Metabolism in Schizophrenia: New Insights From
Preclinical Models and Human Studies. Frontiers in Psychiatry, 9.
https://doi.org/10.3389/fpsyt.2018.00559

Franscescon, F., Miiller, T. E., Bertoncello, K. T., & Rosemberg, D. B. (2020). Neuro-
protective role of taurine on MK-801-induced memory impairment and hyper-
locomotion in zebrafish. Neurochemistry International, 135, 104710.
https://doi.org/10.1016/j.neuint.2020.104710

Fujigaki, H., Yamamoto, Y., & Saito, K. (2017). L-Tryptophan-kynurenine pathway
enzymes are therapeutic target for neuropsychiatric diseases: Focus on cell type
differences. Neuropharmacology, 112,264-274.
https://doi.org/10.1016/j.neuropharm.2016.01.011

Fusar-Poli, P., Cappucciati, M., Rutigliano, G., Heslin, M., Stahl, D., Brittenden, Z.,
Caverzasi, E., McGuire, P., & Carpenter, W. T. (2016). Diagnostic Stability of
ICD/DSM First Episode Psychosis Diagnoses: Meta-analysis. Schizophrenia Bulletin,
42(6), 1395-1406. https://doi.org/10.1093/schbul/sbw020

Galinska-Skok, B., Szulc, A., Matus, A., Konarzewska, B., Cwalina, U., Tarasow, E., &
Waszkiewicz, N. (2019). Proton magnetic resonance spectroscopy changes in a
longitudinal schizophrenia study: A pilot study in eleven patients. Neuropsychiatric
Disease and Treatment, 15, 839-847. https://doi.org/10.2147/NDT.S196932

Garip, B., & Kayir, H. (2019). Alteration in NMDAR-related amino acids in first episode
psychosis. Synapse, 73(11), €22127. https://doi.org/10.1002/syn.22127

60



Garip, B., Kayir, H., & Uzun, O. (2019). L-Arginine metabolism before and after 10 weeks
of antipsychotic treatment in first-episode psychotic patients. Schizophrenia Research,
206, 58—66. https://doi.org/10.1016/j.schres.2018.12.015

Genchi, G. (2017). An overview on d-amino acids. Amino Acids, 49(9), 1521-1533.
https://doi.org/10.1007/s00726-017-2459-5

George, M., Maheshwari, S., Chandran, S., Manohar, J. S., & Sathyanarayana Rao, T. S.
(2017). Understanding the schizophrenia prodrome. Indian Journal of Psychiatry,
59(4), 505-509. https://doi.org/10.4103/psychiatry.IndianJPsychiatry 464 17

German, J. B., Hammock, B. D., & Watkins, S. M. (2005). Metabolomics: Building on a
century of biochemistry to guide human health. Metabolomics, 1(1), 3-9.
https://doi.org/10.1007/s11306-005-1102-8

Ghosh, S., Dyer, R. A., & Beasley, C. L. (2017). Evidence for altered cell membrane lipid
composition in postmortem prefrontal white matter in bipolar disorder and schizo-
phrenia. Journal of Psychiatric Research, 95, 135-142.
https://doi.org/10.1016/j.jpsychires.2017.08.009

Gleich, T., Deserno, L., Lorenz, R. C., Boehme, R., Pankow, A., Buchert, R., Kiihn, S.,
Heinz, A., Schlagenhauf, F., & Gallinat, J. (2015). Prefrontal and Striatal Glutamate
Differently Relate to Striatal Dopamine: Potential Regulatory Mechanisms of Striatal
Presynaptic Dopamine Function? Journal of Neuroscience, 35(26), 9615-9621.
https://doi.org/10.1523/INEUROSCI.0329-15.2015

Griinder, G., Hippius, H., & Carlsson, A. (2009). The ,,atypicality of antipsychotics: A
concept re-examined and re-defined. Nature Reviews Drug Discovery, 8(3), 197-202.
https://doi.org/10.1038/nrd2806

Guloksuz, S., & Os, J. van. (2018). The slow death of the concept of schizophrenia and
the painful birth of the psychosis spectrum. Psychological Medicine, 48(2), 229-244.
https://doi.org/10.1017/S0033291717001775

Hackos, D. H., & Hanson, J. E. (2017). Diverse modes of NMDA receptor positive
allosteric modulation: Mechanisms and consequences. Neuropharmacology, 112, 34—
45. https://doi.org/10.1016/j.neuropharm.2016.07.037

Hallen, A., Jamie, J. F., & Cooper, A. J. L. (2013). Lysine metabolism in mammalian
brain: An update on the importance of recent discoveries. Amino Acids, 45(6), 1249—
1272. https://doi.org/10.1007/s00726-013-1590-1

Harayama, T., & Riezman, H. (2018). Understanding the diversity of membrane lipid
composition. Nature Reviews Molecular Cell Biology, 19(5), 281-296.
https://doi.org/10.1038/nrm.2017.138

Haring, L., Koido, K., Vasar, V., Leping, V., Zilmer, K., Zilmer, M., & Vasar, E. (2015).
Antipsychotic treatment reduces psychotic symptoms and markers of low-grade
inflammation in first episode psychosis patients, but increases their body mass index.
Schizophrenia Research, 169(1-3), 22-29.
https://doi.org/10.1016/j.schres.2015.08.027

Hellemose, L. A. A., Laursen, T. M., Larsen, J. T., & Toender, A. (2018). Accidental
deaths among persons with schizophrenia: A nationwide population-based cohort
study. Schizophrenia Research, 199, 149-153.
https://doi.org/10.1016/j.schres.2018.03.031

Henriksen, M. G., Nordgaard, J., & Jansson, L. B. (2017). Genetics of Schizophrenia:
Overview of Methods, Findings and Limitations. Frontiers in Human Neuroscience,
11. https://doi.org/10.3389/fnhum.2017.00322

61



Hirsch, L., Yang, J., Bresee, L., Jette, N., Patten, S., & Pringsheim, T. (2017). Second-
Generation Antipsychotics and Metabolic Side Effects: A Systematic Review of
Population-Based Studies. Drug Safety, 40(9), 771-781.
https://doi.org/10.1007/s40264-017-0543-0

Hjorthgj, C., Stiirup, A. E., McGrath, J. J., & Nordentoft, M. (2017). Years of potential
life lost and life expectancy in schizophrenia: A systematic review and meta-analysis.
The Lancet Psychiatry, 4(4), 295-301.
https://doi.org/10.1016/S2215-0366(17)30078-0

Horrobin, D. F. (1998). The membrane phospholipid hypothesis as a biochemical basis
for the neurodevelopmental concept of schizophrenia. Schizophrenia Research, 30(3),
193-208. https://doi.org/10.1016/S0920-9964(97)00151-5

Horrobin, D. F., Glen, A. I. M., & Vaddadi, K. (1994). The membrane hypothesis of
schizophrenia. Schizophrenia Research, 13(3), 195-207.
https://doi.org/10.1016/0920-9964(94)90043-4

Hou, Y., & Wu, G. (2018). Nutritionally Essential Amino Acids. Advances in Nutrition,
9(6), 849-851. https://doi.org/10.1093/advances/nmy054

Howes, O. D., & Kapur, S. (2009). The Dopamine Hypothesis of Schizophrenia: Version
IIT — The Final Common Pathway. Schizophrenia Bulletin, 35(3), 549-562.
https://doi.org/10.1093/schbul/sbp006

Howes, O., McCutcheon, R., & Stone, J. (2015). Glutamate and dopamine in schizo-
phrenia: An update for the 21st century. Journal of psychopharmacology, 29(2), 97—
115. https://doi.org/10.1177/0269881114563634

Hu, W., MacDonald, M. L., Elswick, D. E., & Sweet, R. A. (2015). The glutamate hypo-
thesis of schizophrenia: Evidence from human brain tissue studies. Annals of the New
York Academy of Sciences, 1338(1), 38=57. https://doi.org/10.1111/nyas.12547

Huang, J. H., Park, H., Iaconelli, J., Berkovitch, S. S., Watmuff, B., McPhie, D., Ongiir, D.,
Cohen, B. M., Clish, C. B., & Karmacharya, R. (2017). Unbiased Metabolite Profiling
of Schizophrenia Fibroblasts under Stressful Perturbations Reveals Dysregulation of
Plasmalogens and Phosphatidylcholines. Journal of Proteome Research, 16(2), 481—
493. https://doi.org/10.1021/acs.jproteome.6b00628

Hoglund, E., Qverli, @., & Winberg, S. (2019). Tryptophan Metabolic Pathways and
Brain Serotonergic Activity: A Comparative Review. Frontiers in Endocrinology, 10.
https://doi.org/10.3389/fendo.2019.00158

Twisk, J., Bosman, L., Hoekstra, T., Rijnhart, J., Welten, M., Heymans, M. (2018). Dif-
ferent ways to estimate treatment effects in randomised controlled trials. Con-
temporary Clinical Trials Communications, 10, 80-85.
https://doi.org/10.1016/j.conctc.2018.03.008

Ichikawa, J., Ishii, H., Bonaccorso, S., Fowler, W., O’Laughlin, 1., & Meltzer, H. (2001).
5-HT2A and D2 receptor blockade increases cortical DA release via 5-HT1A receptor
activation: A possible mechanism of atypical antipsychotic-induced cortical
dopamine release. Journal of neurochemistry, 76, 1521-1531.
https://doi.org/10.1046/j.1471-4159.2001.00154.x

Jakobsen, A. S., Speyer, H., Norgaard, H. C. B., Karlsen, M., Hjorthgj, C., Krogh, J.,
Mors, O., Nordentoft, M., & Toft, U. (2018). Dietary patterns and physical activity in
people with schizophrenia and increased waist circumference. Schizophrenia
Research, 199, 109-115. https://doi.org/10.1016/j.schres.2018.03.016

James, S. L., Abate, D., Abate, K. H., Abay, S. M., Abbafati, C., Abbasi, N., Abba-
stabar, H., Abd-Allah, F., Abdela, J., Abdelalim, A., Abdollahpour, I., Abdul-
kader, R. S., Abebe, Z., Abera, S. F., Abil, O. Z., Abraha, H. N., Abu-Raddad, L. J.,

62



Abu-Rmeileh, N. M. E., Accrombessi, M. M. K., ... Murray, C. J. L. (2018). Global,
regional, and national incidence, prevalence, and years lived with disability for 354
diseases and injuries for 195 countries and territories, 1990-2017: A systematic
analysis for the Global Burden of Disease Study 2017. The Lancet, 392(10159), 1789—
1858. https://doi.org/10.1016/S0140-6736(18)32279-7

Jauhar, S., McCutcheon, R., Borgan, F., Veronese, M., Nour, M., Pepper, F., Rogdaki, M.,
Stone, J., Egerton, A., Turkheimer, F., McGuire, P., & Howes, O. D. (2018). The
relationship between cortical glutamate and striatal dopamine in first-episode
psychosis: A cross-sectional multimodal PET and magnetic resonance spectroscopy
imaging study. The Lancet Psychiatry, 5(10), 816-823.
https://doi.org/10.1016/S2215-0366(18)30268-2

Jauhar, S., Nour, M. M., Veronese, M., Rogdaki, M., Bonoldi, 1., Azis, M., Turk-
heimer, F., McGuire, P., Young, A. H., & Howes, O. D. (2017). A Test of the Trans-
diagnostic Dopamine Hypothesis of Psychosis Using Positron Emission Tomographic
Imaging in Bipolar Affective Disorder and Schizophrenia. JAMA Psychiatry, 74(12),
1206—-1213. https://doi.org/10.1001/jamapsychiatry.2017.2943

Jin, Hua, Meyer, J. M., & Jeste, D. V. (2004). Atypical antipsychotics and glucose dys-
regulation: A systematic review. Schizophrenia Research, 71(2), 195-212.
https://doi.org/10.1016/j.schres.2004.03.024

Jin, Huajie, & Mosweu, 1. (2017). The Societal Cost of Schizophrenia: A Systematic
Review. PharmacoEconomics, 35(1), 25-42. https://doi.org/10.1007/s40273-016-
0444-6

Joaquim, H. P. G., Costa, A. C., Gattaz, W. F., & Talib, L. L. (2018). Kynurenine is
correlated with IL-1pB in plasma of schizophrenia patients. Journal of Neural Trans-
mission, 125(5), 869-873. https://doi.org/10.1007/s00702-018-1838-8

Kaddurah-Daouk, R., McEvoy, J., Baillie, R. A., Lee, D., Yao, J. K., Doraiswamy, P. M.,
& Krishnan, K. R. R. (2007). Metabolomic mapping of atypical antipsychotic effects
in schizophrenia. Molecular Psychiatry, 12(10), 934-945.
https://doi.org/10.1038/sj.mp.4002000

Kahn, R. S., & Sommer, I. E. (2015). The neurobiology and treatment of first-episode
schizophrenia. Molecular Psychiatry, 20(1), 84-97.
https://doi.org/10.1038/mp.2014.66

Kaur, N., Chopra, S., Singh, G., Raj, P., Bhasin, A., Sahoo, S. K., Kuwar, A., & Singh, N.
(2018). Chemosensors for biogenic amines and biothiols. Journal of Materials
Chemistry B, 6(30), 4872-4902. https://doi.org/10.1039/C8TB00732B

Kempf, L., Nicodemus, K. K., Kolachana, B., Vakkalanka, R., Verchinski, B. A.,
Egan, M. F., Straub, R. E., Mattay, V. A., Callicott, J. H., Weinberger, D. R., &
Meyer-Lindenberg, A. (2008). Functional Polymorphisms in PRODH Are Associated
with Risk and Protection for Schizophrenia and Fronto-Striatal Structure and
Function. PLOS Genetics, 4(11). https://doi.org/10.1371/journal.pgen.1000252

Khan, A., Kalia, R., Ide, G., & Ghavami, M. (2017). What are realistic treatment goals?
Lingering symptoms require you to evaluate pharmacotherapy and offer psychosocial
interventions. Current psychiatry, 16, 35.

Kim, M. G. (2016). Understanding the Etiology and Treatment Approaches of Schizo-
phrenia: Theoretical Perspectives and Their Critique.
https://doi.org/10.4236/0jpsych.2016.64030

63



Kirkpatrick, B., Miller, B. J., Garcia-Rizo, C., Fernandez-Egea, E., & Bernardo, M.
(2012). Is Abnormal Glucose Tolerance in Antipsychotic-Naive Patients With Non-
affective Psychosis Confounded by Poor Health Habits? Schizophrenia Bulletin,
38(2), 280-284. https://doi.org/10.1093/schbul/sbq058

Klaus, F., Kaiser, S., & Kirschner, M. (2018). Negativsymptome der Schizophrenie — ein
Uberblick. Therapeutische Umschau, 75(1), 51-56.
https://doi.org/10.1024/0040-5930/2000966

Klein, M. O., Battagello, D. S., Cardoso, A. R., Hauser, D. N., Bittencourt, J. C., &
Correa, R. G. (2019). Dopamine: Functions, Signaling, and Association with Neuro-
logical Diseases. Cellular and Molecular Neurobiology, 39(1), 31-59.
https://doi.org/10.1007/s10571-018-0632-3

Kohler, 1., Hankemeier, T., van der Graaf, P. H., Knibbe, C. A. J., & van Hasselt, J. G. C.
(2017). Integrating clinical metabolomics-based biomarker discovery and clinical
pharmacology to enable precision medicine. European Journal of Pharmaceutical
Sciences, 109, S15-S21. https://doi.org/10.1016/j.ejps.2017.05.018

Koido, K., Innos, J., Haring, L., Zilmer, M., Ottas, A., & Vasar, E. (2016). Taurine and
Epidermal Growth Factor Belong to the Signature of First-Episode Psychosis.
Frontiers in Neuroscience, 10. https://doi.org/10.3389/fnins.2016.00331

Kriisa, K., Leppik, L., Bal6tsev, R., Ottas, A., Soomets, U., Koido, K., Volke, V.,
Innos, J., Haring, L., Vasar, E., & Zilmer, M. (2017). Profiling of Acylcarnitines in
First Episode Psychosis before and after Antipsychotic Treatment. Journal of
Proteome Research, 16(10), 3558-3566.
https://doi.org/10.1021/acs.jproteome.7b00279

Labrie, V., Fukumura, R., Rastogi, A., Fick, L. J., Wang, W., Boutros, P. C., Ken-
nedy, J. L., Semeralul, M. O., Lee, F. H., Baker, G. B., Belsham, D. D., Barger, S. W.,
Gondo, Y., Wong, A. H. C., & Roder, J. C. (2009). Serine racemase is associated with
schizophrenia susceptibility in humans and in a mouse model. Human Molecular
Genetics, 18(17), 3227-3243. https://doi.org/10.1093/hmg/ddp261

Laird, N. M., & Ware, J. H. (1982). Random-effects models for longitudinal data. Bio-
metrics, 38(4), 963—974. https://doi.org/10.2307/2529876

Lally, J., Ajnakina, O., Stubbs, B., Cullinane, M., Murphy, K. C., Gaughran, F., &
Murray, R. M. (2017). Remission and recovery from first-episode psychosis in adults:
Systematic review and meta-analysis of long-term outcome studies. British Journal
of Psychiatry, 211(6), 350-358. https://doi.org/10.1192/bjp.bp.117.201475

Laursen, T. M. (2019). Causes of premature mortality in schizophrenia: A review of
literature published in 2018. Current Opinion in Psychiatry, 32(5), 388-393.
https://doi.org/10.1097/Y CO.0000000000000530

Li, S., Zong, L., Hou, Y., Zhang, W., Zhou, L., Yang, Q., Wang, L., Jiang, W., Li, Q.,
Huang, X., Ning, Y., Wen, Z., & Zhao, C. (2019). Altered DNA methylation of the
AluY subfamily in schizophrenia and bipolar disorder. Epigenomics, 11(6), 581-586.
https://doi.org/10.2217/epi-2018-0139

Lieberman, J. A., Girgis, R. R., Brucato, G., Moore, H., Provenzano, F., Kegeles, L.,
Javitt, D., Kantrowitz, J., Wall, M. M., Corcoran, C. M., Schobel, S. A., & Small, S. A.
(2018). Hippocampal dysfunction in the pathophysiology of schizophrenia: A
selective review and hypothesis for early detection and intervention. Molecular
Psychiatry, 23(8), 1764—1772. https://doi.org/10.1038/mp.2017.249

Liu, H., Heath, S. C., Sobin, C., Roos, J. L., Galke, B. L., Blundell, M. L., Lenane, M.,
Robertson, B., Wijsman, E. M., Rapoport, J. L., Gogos, J. A., & Karayiorgou, M.
(2002). Genetic variation at the 22q11 PRODH2/DGCRG6 locus presents an unusual

64



pattern and increases susceptibility to schizophrenia. Proceedings of the National
Academy of Sciences, 99(6), 3717-3722. https://doi.org/10.1073/pnas.042700699

Liu, P., Jing, Y., Collie, N. D., Dean, B., Bilkey, D. K., & Zhang, H. (2016). Altered brain
arginine metabolism in schizophrenia. Translational Psychiatry, 6(8), e871—e871.
https://doi.org/10.1038/tp.2016.144

Lomelino, C. L., Andring, J. T., McKenna, R., & Kilberg, M. S. (2017). Asparagine
synthetase: Function, structure, and role in disease. Journal of Biological Chemistry,
292(49), 19952-19958. https://doi.org/10.1074/jbc.R117.819060

Madeira, C., Alheira, F. V., Calcia, M. A., Silva, T. C. S., Tannos, F. M., Vargas-Lopes, C.,
Fisher, M., Goldenstein, N., Brasil, M. A., Vinogradov, S., Ferreira, S. T., &
Panizzutti, R. (2018). Blood Levels of Glutamate and Glutamine in Recent Onset and
Chronic Schizophrenia. Frontiers in Psychiatry, 9.
https://doi.org/10.3389/fpsyt.2018.00713

Maia, T. V., & Frank, M. J. (2017). An Integrative Perspective on the Role of Dopamine
in Schizophrenia. Biological Psychiatry, 81(1), 52—66.
https://doi.org/10.1016/j.biopsych.2016.05.021

Mathai, A. J., Kanwar, J., Okusaga, O., Fuchs, D., Lowry, C. A., Peng, X., Giegling, 1.,
Hartmann, A. M., Konte, B., Friedl, M., Gragnoli, C., Reeves, G. M., Groer, M. W.,
Rosenthal, R. N., Rujescu, D., & Postolache, T. T. (2016). Blood Levels of
Monoamine Precursors and Smoking in Patients with Schizophrenia. Frontiers in
Public Health, 4. https://doi.org/10.3389/fpubh.2016.00182

Matsumoto, J., Nakanishi, H., Kunii, Y., Sugiura, Y., Yuki, D., Wada, A., Hino, M.,
Niwa, S.-I., Kondo, T., Waki, M., Hayasaka, T., Masaki, N., Akatsu, H., Hashi-
zume, Y., Yamamoto, S., Sato, S., Sasaki, T., Setou, M., & Yabe, H. (2017).
Decreased 16:0/20:4-phosphatidylinositol level in the post-mortem prefrontal cortex
of elderly patients with schizophrenia. Scientific Reports, 7(1), 45050.
https://doi.org/10.1038/srep45050

McClay, J. L., Vunck, S. A., Batman, A. M., Crowley, J. J., Vann, R. E., Beardsley, P. M.,
& van den Oord, E. J. (2015). Neurochemical Metabolomics Reveals Disruption to
Sphingolipid Metabolism Following Chronic Haloperidol Administration. Journal of
Neuroimmune Pharmacology, 10(3), 425-434.
https://doi.org/10.1007/s11481-015-9605-1

McCutcheon, R. A., Krystal, J. H., & Howes, O. D. (2020). Dopamine and glutamate in
schizophrenia: Biology, symptoms and treatment. World Psychiatry, 19(1), 15-33.
https://doi.org/10.1002/wps.20693

McCutcheon, R., Beck, K., Jauhar, S., & Howes, O. D. (2018). Defining the Locus of
Dopaminergic Dysfunction in Schizophrenia: A Meta-analysis and Test of the
Mesolimbic Hypothesis. Schizophrenia Bulletin, 44(6), 1301-1311.
https://doi.org/10.1093/schbul/sbx180

McEvoy, J., Baillie, R. A., Zhu, H., Buckley, P., Keshavan, M. S., Nasrallah, H. A.,
Dougherty, G. G., Yao, J. K., & Kaddurah-Daouk, R. (2013). Lipidomics Reveals
Early Metabolic Changes in Subjects with Schizophrenia: Effects of Atypical
Antipsychotics. PLOS ONE, 8(7). https://doi.org/10.1371/journal.pone.0068717

Merritt, K., Egerton, A., Kempton, M. J., Taylor, M. J., & McGuire, P. K. (2016). Nature
of Glutamate Alterations in Schizophrenia: A Meta-analysis of Proton Magnetic
Resonance Spectroscopy Studies. JAMA Psychiatry, 73(7), 665-674.
https://doi.org/10.1001/jamapsychiatry.2016.0442

Misiak, B., Stanczykiewicz, B., Laczmanski, L., & Frydecka, D. (2017). Lipid profile
disturbances in antipsychotic-naive patients with first-episode non-affective

65



psychosis: A systematic review and meta-analysis. Schizophrenia Research, 190, 18—
27. https://doi.org/10.1016/j.schres.2017.03.031

Moghaddam, B., & Javitt, D. (2012). From Revolution to Evolution: The Glutamate
Hypothesis of Schizophrenia and its Implication for Treatment. Neuropsycho-
pharmacology, 37(1), 4-15. https://doi.org/10.1038/npp.2011.181

Montealegre, C., Verardo, V., Luisa Marina, M., & Caboni, M. F. (2014). Analysis of
glycerophospho- and sphingolipids by CE. Electrophoresis, 35(6), 779—792.
https://doi.org/10.1002/elps.201300534

Mouchlis, V. D., & Dennis, E. A. (2019). Phospholipase A2 catalysis and lipid mediator
lipidomics. Biochimica et Biophysica Acta (BBA) — Molecular and Cell Biology of
Lipids, 1864(6), 766—771. https://doi.org/10.1016/j.bbalip.2018.08.010

Murray, R. M., Bhavsar, V., Tripoli, G., & Howes, O. (2017). 30 Years on: How the
Neurodevelopmental Hypothesis of Schizophrenia Morphed Into the Developmental
Risk Factor Model of Psychosis. Schizophrenia Bulletin, 43(6), 1190—-1196.
https://doi.org/10.1093/schbul/sbx121

National Institute for Health and Care Excellence. (2014). Psychosis and schizophrenia
in adults: prevention and management [Clinical guideline No. 178].
https://www.nice.org.uk/guidance/cg178/chapter/1-Recommendations#care-across-
all-phases

Nordstokke, D., & Zumbo, B. (2010). A New Nonparametric Levene Test for Equal
Variances. Psicologica, 31,401-430.

Nucifora, F. C., Mihaljevic, M., Lee, B. J., & Sawa, A. (2017). Clozapine as a Model for
Antipsychotic Development. Neurotherapeutics, 14(3), 750-761.
https://doi.org/10.1007/s13311-017-0552-9

Nuzzo, T., Sacchi, S., Errico, F., Keller, S., Palumbo, O., Florio, E., Punzo, D.,
Napolitano, F., Copetti, M., Carella, M., Chiariotti, L., Bertolino, A., Pollegioni, L.,
& Usiello, A. (2017). Decreased free d -aspartate levels are linked to enhanced d -
aspartate oxidase activity in the dorsolateral prefrontal cortex of schizophrenia
patients. Npj Schizophrenia, 3(1), 1-10. https://doi.org/10.1038/s41537-017-0015-7

O’Donnell, C. P., Allott, K. A., Murphy, B. P., Yuen, H. P., Proffitt, T.-M., Papas, A.,
Moral, J., Pham, T., O’Regan, M. K., & Phassouliotis, C. (2016). Adjunctive Taurine
in First-Episode Psychosis: A Phase 2, Double-Blind, Randomized, Placebo-Cont-
rolled Study. The Journal of Clinical Psychiatry, 77(12), 1610-1617.
https://doi.org/10.4088/JCP.15m10185

Okuno, A., Fukuwatari, T., & Shibata, K. (2011). High tryptophan diet reduces extra-
cellular dopamine release via kynurenic acid production in rat striatum. Journal of
Neurochemistry, 118(5), 796—805.
https://doi.org/10.1111/1.1471-4159.2011.07369.x

Okusaga, O., Muravitskaja, O., Fuchs, D., Ashraf, A., Hinman, S., Giegling, 1., Hart-
mann, A. M., Konte, B., Friedl, M., Schiffman, J., Hong, E., Reeves, G., Groer, M.,
Dantzer, R., Rujescu, D., & Postolache, T. T. (2014). Elevated Levels of Plasma
Phenylalanine in Schizophrenia: A Guanosine Triphosphate Cyclohydrolase-1
Metabolic Pathway Abnormality? PLOS ONE, 9(1), ¢85945.
https://doi.org/10.1371/journal.pone.0085945

Overall, J. E., & Gorham, D. R. (1962). The Brief Psychiatric Rating Scale. Psychological
Reports, 10(3), 799-812. https://doi.org/10.2466/pr0.1962.10.3.799

Palmer, E. E., Hayner, J., Sachdev, R., Cardamone, M., Kandula, T., Morris, P.,
Dias, K.-R., Tao, J., Miller, D., Zhu, Y., Macintosh, R., Dinger, M. E., Cowley, M. J.,
Buckley, M. F., Roscioli, T., Bye, A., Kilberg, M. S., & Kirk, E. P. (2015). Asparagine

66



Synthetase Deficiency causes reduced proliferation of cells under conditions of
limited asparagine. Molecular Genetics and Metabolism, 116(3), 178—186.
https://doi.org/10.1016/j.ymgme.2015.08.007

Passera, E., Campanini, B., Rossi, F., Casazza, V., Rizzi, M., Pellicciari, R., & Mozza-
relli, A. (2011). Human kynurenine aminotransferase Il — reactivity with substrates
and inhibitors. The FEBS Journal, 278(11), 1882—1900.
https://doi.org/10.1111/1.1742-4658.2011.08106.x

Pedraz-Petrozzi, B., Elyamany, O., Rummel, C., & Mulert, C. (2020). Effects of
inflammation on the kynurenine pathway in schizophrenia — A systematic review.
Journal of Neuroinflammation, 17(1), 56. https://doi.org/10.1186/s12974-020-1721-z

Peet, M. M. (2004). Diet, diabetes and schizophrenia: Review and hypothesis. The British
journal of psychiatry. 184(547), S102-S105. https://doi.org/10.1192/bjp.184.47.s102

Pegg, A. E. (2016). Functions of Polyamines in Mammals. Journal of Biological
Chemistry, 291(29), 14904-14912. https://doi.org/10.1074/jbc.R116.731661

Pillinger, T., McCutcheon, R. A., Vano, L., Mizuno, Y., Arumuham, A., Hindley, G.,
Beck, K., Natesan, S., Efthimiou, O., Cipriani, A., & Howes, O. D. (2020). Com-
parative effects of 18 antipsychotics on metabolic function in patients with schizo-
phrenia, predictors of metabolic dysregulation, and association with psychopathology:
A systematic review and network meta-analysis. The Lancet Psychiatry, 7(1), 64—77.
https://doi.org/10.1016/S2215-0366(19)30416-X

Pinheiro, J. C., Bates, D. J., DebRoy, S., & Sakar, D. (2018). nlme: Linear and Nonlinear
Mixed Effects Models.

Plitman, E., Iwata, Y., Caravaggio, F., Nakajima, S., Chung, J. K., Gerretsen, P., Kim, J.,
Takeuchi, H., Chakravarty, M. M., Remington, G., & Graff-Guerrero, A. (2017).
Kynurenic Acid in Schizophrenia: A Systematic Review and Meta-analysis. Schi-
zophrenia Bulletin, 43(4), 764—777. https://doi.org/10.1093/schbul/sbw221

Pollak, T. A., Lennox, B. R., Miiller, S., Benros, M. E., Priiss, H., Tebartz van Elst, L.,
Klein, H., Steiner, J., Frodl, T., Bogerts, B., Tian, L., Groc, L., Hasan, A., Baune, B. T.,
Endres, D., Haroon, E., Yolken, R., Benedetti, F., Halaris, A., ... Bechter, K. (2020).
Autoimmune psychosis: An international consensus on an approach to the diagnosis
and management of psychosis of suspected autoimmune origin. The Lancet
Psychiatry, 7(1), 93—108. https://doi.org/10.1016/S2215-0366(19)30290-1

Popa, C., Petrus, M., & Bratu, A. M. (2015). Ammonia and ethylene biomarkers in the
respiration of the people with schizophrenia using photoacoustic spectroscopy.
Journal of Biomedical Optics, 20(5), 057006.
https://doi.org/10.1117/1.JB0O.20.5.057006

Power, P. (2017). Outcome and recovery in first-episode psychosis. The British Journal
of Psychiatry, 211(6), 331-333. https://doi.org/10.1192/bjp.bp.117.205492

R Core Team. (2018). R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. URL
https://www.R-project.org/

Radua, J., Schmidt, A., Borgwardt, S., Heinz, A., Schlagenhauf, F., McGuire, P., & Fusar-
Poli, P. (2015). Ventral Striatal Activation During Reward Processing in Psychosis:
A Neurofunctional Meta-Analysis. JAMA Psychiatry, 72(12), 1243-1251.
https://doi.org/10.1001/jamapsychiatry.2015.2196

Rosa, F. T., Freitas, E. C., Deminice, R., Jorddo, A. A., & Marchini, J. S. (2014).
Oxidative stress and inflammation in obesity after taurine supplementation: A double-
blind, placebo-controlled study. European Journal of Nutrition, 53(3), 823-830.
https://doi.org/10.1007/s00394-013-0586-7

67



Rossi, F., Miggiano, R., Ferraris, D. M., & Rizzi, M. (2019). The Synthesis of Kynurenic
Acid in Mammals: An Updated Kynurenine Aminotransferase Structural KATalogue.
Frontiers in Molecular Biosciences, 6. https://doi.org/10.3389/fmolb.2019.00007

Rousset, X., Vaisman, B., Amar, M., Sethi, A. A., & Remaley, A. T. (2009). Lecithin:
Cholesterol Acyltransferase: From Biochemistry to Role in Cardiovascular Disease.
Current opinion in endocrinology, diabetes, and obesity, 16(2), 163—171.
https://doi.org/10.1097/med.0b013e328329233b

Sacchi, S., Novellis, V. D., Paolone, G., Nuzzo, T., lannotta, M., Belardo, C., Squillace, M.,
Bolognesi, P., Rosini, E., Motta, Z., Frassineti, M., Bertolino, A., Pollegioni, L.,
Morari, M., Maione, S., Errico, F., & Usiello, A. (2017). Olanzapine, but not
clozapine, increases glutamate release in the prefrontal cortex of freely moving mice
by inhibiting D-aspartate oxidase activity. Scientific Reports, 7(1), 46288.
https://doi.org/10.1038/srep46288

Sadock, B. J., Sadock, V. A., & Ruiz, P. (2015). Kaplan & Sadock’s Synopsis of
Psychiatry: Behavioral Sciences/clinical Psychiatry. Wolters Kluwer.

Savitz, J. (2020). The kynurenine pathway: A finger in every pie. Molecular Psychiatry,
25(1), 131-147. https://doi.org/10.1038/s41380-019-0414-4

Schaeffer, E. L., Gattaz, W., & Eckert, G. (2012). Alterations Of Brain Membranes In
Schizophrenia: Impact Of Phospholipase A2. Current topics in medicinal chemistry,
12. https://doi.org/10.2174/156802612805289845

Schneider, M., Levant, B., Reichel, M., Gulbins, E., Kornhuber, J., & Miiller, C. P.
(2017). Lipids in psychiatric disorders and preventive medicine. Neuroscience &
Biobehavioral Reviews, 76, 336-362.
https://doi.org/10.1016/j.neubiorev.2016.06.002

Schoonover, K. E., McCollum, L. A., & Roberts, R. C. (2017). Protein Markers of
Neurotransmitter Synthesis and Release in Postmortem Schizophrenia Substantia
Nigra. Neuropsychopharmacology, 42(2), 540-550.
https://doi.org/10.1038/npp.2016.164

Schousboe, A. (2019). Metabolic signaling in the brain and the role of astrocytes in
control of glutamate and GABA neurotransmission. Neuroscience Letters, 689, 11—
13. https://doi.org/10.1016/j.neulet.2018.01.038

Schwarcz, R., Bruno, J. P., Muchowski, P. J., & Wu, H.-Q. (2012). Kynurenines in the
mammalian brain: when physiology meets pathology. Nature reviews. Neuroscience,
13(7), 465—477. https://doi.org/10.1038/nrn3257

Schwartz, T. L., Sachdeva, S., & Stahl, S. M. (2012). Glutamate Neurocircuitry: Theo-
retical Underpinnings in Schizophrenia. Frontiers in Pharmacology, 3.
https://doi.org/10.3389/fphar.2012.00195

Seeman, P., & Lee, T. (1975). Antipsychotic drugs: Direct correlation between clinical
potency and presynaptic action on dopamine neurons. Science, 188(4194), 1217-
1219. https://doi.org/10.1126/science.1145194

Sethi, S., Hayashi, M. A. F., Barbosa, B. S., Pontes, J. G. M., Tasic, L., & Brietzke, E.
(2017). Lipidomics, biomarkers, and schizophrenia: A current perspective. Advances
in Experimental Medicine and Biology, 965, 265-290. Scopus.
https://doi.org/10.1007/978-3-319-47656-8 11

Sethi, Sumit, & Brietzke, E. (2015). Omics-Based Biomarkers: Application of Meta-
bolomics in Neuropsychiatric Disorders. International Journal of Neuropsycho-
pharmacology, 19(3). https://doi.org/10.1093/ijnp/pyv096

68



Sethi, Sumit, Hayashi, M. A., Sussulini, A., Tasic, L., & Brietzke, E. (2017). Analytical
approaches for lipidomics and its potential applications in neuropsychiatric disorders.
The World Journal of Biological Psychiatry, 18(7), 506-520.
https://doi.org/10.3109/15622975.2015.1117656

Sheffield, J. M., Karcher, N. R., & Barch, D. M. (2018). Cognitive Deficits in Psychotic
Disorders: A Lifespan Perspective. Neuropsychology Review, 28(4), 509—533.
https://doi.org/10.1007/s11065-018-9388-2

Sher, L., & Kahn, R. S. (2019). Suicide in Schizophrenia: An Educational Overview.
Medicina, 55(7). https://doi.org/10.3390/medicina55070361

Slifstein, M., Giessen, E. van de, Snellenberg, J. V., Thompson, J. L., Narendran, R.,
Gil, R., Hackett, E., Girgis, R., Ojeil, N., Moore, H., D’Souza, D., Malison, R. T.,
Huang, Y., Lim, K., Nabulsi, N., Carson, R. E., Lieberman, J. A., & Abi-Dargham, A.
(2015). Deficits in Prefrontal Cortical and Extrastriatal Dopamine Release in
Schizophrenia: A Positron Emission Tomographic Functional Magnetic Resonance
Imaging Study. JAMA Psychiatry, 72(4), 316-324.
https://doi.org/10.1001/jamapsychiatry.2014.2414

Stahl, S. M., & Stahl, S. M. (2013). Stahl’s Essential Psychopharmacology: Neuro-
scientific Basis and Practical Applications. Cambridge University Press.

Stepnicki, P., Kondej, M., & Kaczor, A. A. (2018). Current Concepts and Treatments of
Schizophrenia. Molecules, 23(8), 2087. https://doi.org/10.3390/molecules23082087

Sterzer, P., Adams, R. A., Fletcher, P., Frith, C., Lawrie, S. M., Muckli, L., Petrovic, P.,
Uhlhaas, P., Voss, M., & Corlett, P. R. (2018). The Predictive Coding Account of
Psychosis. Biological Psychiatry, 84(9), 634—643.
https://doi.org/10.1016/j.biopsych.2018.05.015

Stilo, S. A., & Murray, R. M. (2019). Non-Genetic Factors in Schizophrenia. Current
Psychiatry Reports, 21(10). https://doi.org/10.1007/s11920-019-1091-3

Suvitaival, T., Mantere, O., Kieseppd, T., Mattila, 1., P6ho, P., Hyotyldinen, T., Suvi-
saari, J., & Ores$i¢, M. (2016). Serum metabolite profile associates with the develop-
ment of metabolic co-morbidities in first-episode psychosis. Translational Psychiatry,
6(11), €951-951. https://doi.org/10.1038/tp.2016.222

Zhang, J., Jing, Y., Zhang, H., Bilkey, D. K., & Liu, P. (2018). Effects of maternal immune
activation on brain arginine metabolism of postnatal day 2 rat offspring. Schizo-
phrenia Research, 192, 431-441. https://doi.org/10.1016/j.schres.2017.05.016

Zipursky, R. B., Odejayi, G., Agid, O., & Remington, G. (2020). You say “schizophrenia”
and I say “psychosis”: Just tell me when I can come off this medication. Schizophrenia
Research. https://doi.org/10.1016/j.schres.2020.02.009

Taipale, H., Mittendorfer-Rutz, E., Alexanderson, K., Majak, M., Mehtila, J., Hoti, F.,
Jedenius, E., Enkusson, D., Leval, A., Sermon, J., Tanskanen, A., & Tiihonen, J.
(2018). Antipsychotics and mortality in a nationwide cohort of 29,823 patients with
schizophrenia. Schizophrenia Research, 197, 274-280.
https://doi.org/10.1016/j.schres.2017.12.010

Tayeb, H. O., Murad, H. A., Rafeeq, M. M., & Tarazi, F. I. (2019). Pharmacotherapy of
schizophrenia: Toward a metabolomic-based approach. CNS Spectrums, 24(3), 281—
286. https://doi.org/10.1017/S1092852918000962

Tessier, C., Sweers, K., Frajerman, A., Bergaoui, H., Ferreri, F., Delva, C., Lapidus, N.,
Lamaziere, A., Roiser, J. P., De Hert, M., & Nuss, P. (2016). Membrane lipidomics
in schizophrenia patients: A correlational study with clinical and cognitive mani-
festations. Translational Psychiatry, 6(10), €906—e906.
https://doi.org/10.1038/tp.2016.142

69



TIBCO Software Inc. Statistica (version 13) [data analysis software system]. Palo Alto,
CA, USA. Available from https://www.tibco.com/products/data-science

Tomiya, M., Fukushima, T., Watanabe, H., Fukami, G., Fujisaki, M., Iyo, M., Hashimoto,
K., Mitsuhashi, S., & Toyo’oka, T. (2007). Alterations in serum amino acid con-
centrations in male and female schizophrenic patients. Clinica Chimica Acta, 380(1),
186-190. https://doi.org/10.1016/j.cca.2007.02.011

Upthegrove, R., & Khandaker, G. M. (2020). Cytokines, Oxidative Stress and Cellular
Markers of Inflammation in Schizophrenia. Current Topics in Behavioral Neuro-
sciences, 44, 49—66. https://doi.org/10.1007/7854 2018 88

van der Veen, J. N, Kennelly, J. P., Wan, S., Vance, J. E., Vance, D. E., & Jacobs, R. L.
(2017). The critical role of phosphatidylcholine and phosphatidylethanolamine meta-
bolism in health and disease. Biochimica et Biophysica Acta (BBA) — Biomembranes,
1859(9, Part B), 1558—1572. https://doi.org/10.1016/j.bbamem.2017.04.006

van Meer, G., & Kroon, A. I. P. M. de. (2011). Lipid map of the mammalian cell. Journal
of Cell Science, 124(1), 5-8. https://doi.org/10.1242/jcs.071233

van Meer, G., Voelker, D. R., & Feigenson, G. W. (2008). Membrane lipids: Where they
are and how they behave. Nature Reviews Molecular Cell Biology, 9(2), 112—-124.
https://doi.org/10.1038/nrm2330

Varma, V. R., Oommen, A. M., Varma, S., Casanova, R., An, Y., Andrews, R. M.,
O’Brien, R., Pletnikova, O., Troncoso, J. C., Toledo, J., Baillie, R., Arnold, M.,
Kastenmueller, G., Nho, K., Doraiswamy, P. M., Saykin, A. J., Kaddurah-Daouk, R.,
Legido-Quigley, C., & Thambisetty, M. (2018). Brain and blood metabolite signatures
of pathology and progression in Alzheimer disease: A targeted metabolomics study.
PLOS Medicine, 15(1). https://doi.org/10.1371/journal.pmed.1002482

Voce, A., Calabria, B., Burns, R., Castle, D., & McKetin, R. (2019). A Systematic Review
of the Symptom Profile and Course of Methamphetamine-Associated Psychosis.
Substance Use & Misuse, 54(4), 549-559.
https://doi.org/10.1080/10826084.2018.1521430

Volavka, J., & Vevera, J. (2018). Very long-term outcome of schizophrenia. International
Journal of Clinical Practice, 72(7), e13094. https://doi.org/10.1111/ijcp.13094

Volk, D. W., Gonzalez-Burgos, G., & Lewis, D. A. (2016). L-Proline, GABA Synthesis
and Gamma Oscillations in Schizophrenia. Trends in Neurosciences, 39(12), 797—
798. https://doi.org/10.1016/].tins.2016.10.009

Walker, A. K., Wing, E. E., Banks, W. A., & Dantzer, R. (2019). Leucine competes with
kynurenine for blood-to-brain transport and prevents lipopolysaccharide-induced
depression-like behavior in mice. Molecular Psychiatry, 24(10), 1523—-1532.
https://doi.org/10.1038/s41380-018-0076-7

Wang, D., Cheng, S. L., Fei, Q., Gu, H., Raftery, D., Cao, B., Sun, X., Yan, J., Zhang, C.,
& Wang, J. (2019). Metabolic profiling identifies phospholipids as potential serum
biomarkers for schizophrenia. Psychiatry Research, 272, 18-29.
https://doi.org/10.1016/j.psychres.2018.12.008

Wang, L., Alachkar, A., Sanathara, N., Belluzzi, J. D., Wang, Z., & Civelli, O. (2015). A
Methionine-Induced Animal Model of Schizophrenia: Face and Predictive Validity.
International Journal of Neuropsychopharmacology, 18(12).
https://doi.org/10.1093/ijnp/pyv054

Weber-Fahr, W., Englisch, S., Esser, A., Tunc-Skarka, N., Meyer-Lindenberg, A.,
Ende, G., & Zink, M. (2013). Altered phospholipid metabolism in schizophrenia: A
phosphorus 31 nuclear magnetic resonance spectroscopy study. Psychiatry Research:
Neuroimaging, 214(3), 365-373. https://doi.org/10.1016/j.pscychresns.2013.06.011

70



Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis (2. tr). Springer
International Publishing. https://doi.org/10.1007/978-3-319-24277-4

Wishart, D. S., Tzur, D., Knox, C., Eisner, R., Guo, A. C., Young, N., Cheng, D.,
Jewell, K., Arndt, D., Sawhney, S., Fung, C., Nikolai, L., Lewis, M., Coutouly, M. A.,
Forsythe, 1., Tang, P., Shrivastava, S., Jeroncic, K., Stothard, P., ... Querengesser, L.
(2007). HMDB: The Human Metabolome Database. Nucleic Acids Research,
35(suppl 1), D521-D526. https://doi.org/10.1093/nar/gk1923

World Health Organization. (1992). The ICD-10 classification of mental and behavioural
disorders: Clinical descriptions and diagnostic guidelines. Geneva: World Health
Organization. http://apps.who.int/iris/handle/10665/37958

World Health Organization. (2018). International classification of diseases for mortality
and morbidity statistics (11th Revision). https://icd.who.int/browsel 1/1-m/en

Xu, M., & Wong, A. H. C. (2018). GABAergic inhibitory neurons as therapeutic targets
for cognitive impairment in schizophrenia. Acta Pharmacologica Sinica, 39(5), 733—
753. https://doi.org/10.1038/aps.2017.172

Yan, L., Zhou, J., Wang, D., Si, D., Liu, Y., Zhong, L., & Yin, Y. (2018). Unbiased lipi-
domic profiling reveals metabolomic changes during the onset and antipsychotics
treatment of schizophrenia disease. Metabolomics: Official Journal of the Meta-
bolomic Society, 14(6), 80. https://doi.org/10.1007/s11306-018-1375-3

71



10. SUMMARY IN ESTONIAN

Lipiidide, aminohapete ja biogeensete amiinide metaboloomilise profiili
muutused skisofreenia spektri hairete varajases kulus

10.1. Sissejuhatus

Skisofreenia spektri hdired mojutavad iilemaailmselt otseselt 20 miljonit inimset
(James et al., 2018) ning on suureks koormaks mitte ainult haigetele ja nende
lahedastele vaid kogu iihiskonnale. Kuigi skisofreenia spektri héirete spetsiifi-
lised kliinilised avaldused voivad ulatuslikult varieeruda, on neil ithised tuum-
stimptomid ning tavaliselt ka haiguse progressiooni muster. Skisofreenia spektri
héirete etioloogia on kompleksne ning kaasaegsed sellekohased teadmised ei ole
ammendavad. Haiguse avaldumist mojutavad nii geneetilised, arengulised, kesk-
kondlikud kui meditsiinilised faktorid (Stilo & Murray, 2019). Neurobioloogiline
lahenemine, integreerides andmeid erinevatelt kitsamatelt teadusaladelt on aga
ilmsiks toonud arvukaid haiguse aluseks olevate patofiisioloogiliste mehha-
nismide aspekte. Need on andnud aluse peamisteks skisofreenia patogeneesi
hiipoteesideks — rakumembraanide fosfolipiidide teooriale, dopamiiniteooriale
ning N-metiiiil-D-aspartaat (NMDA) glutamaadi retseptori teooriale.

Rakumembraanide fosfolipiidide hiipoteesi kohaselt tuleneb psiihhootiliste
simptomite avaldumine rakumembraanide lipiidkompositsiooni muutustest,
mille tagajérjel hdlbib membraanide retseptorite funktsioon. Dopamiini hiipoteesi
kohaselt kutsub teatud aju regioonide hiiperdopaminergia esile psithhoosi posi-
titvsed siimptomid ning hiipodopaminergia negatiivsed siimptomid. NMDA
glutamaadi retseptori teooria kohaselt on psiihhootiliste siimptomite viljakuju-
nemise aluseks NMDA glutamaadi retseptori diisfunktsioon, mille tagajirjel
muutub ka dopaminergilise nérviiilekande toimimine. Glutamaadi ja dopamiini
ringet seob omavahel gamma-aminovGihappe vahendatud nérviiilekanne ning
korvalekalded nendes siisteemides toovad endaga kaasa inhibitoorsete ja eksita-
toorsete impulsside diisbalansi ajus, millega vdivad kaasneda psiihhootilised
avaldused.

Kirjeldatud hiipoteesid ning antipsiihhootiliste preparaatide metaboolsed
efektid on kannustanud lipiidmetaboliitide, aminohapete ning biogeensete amiinide
uuringuid psiihhootiliste hdirete kontekstis. Kahjuks on meetodid, millega
pstihhootiliste héirte fookuses olevaid metaboliite méarata aga limiteeritud. Kuigi
loomkatsed, post mortem aju uuringud ning visualiseerivad aju uuringud on andnud
lubavaid ning pigem heas kooskdlas olevaid tulemusi, jddb nende meetodite
tohusus hetkel kliinilises praktikas ebapiisavaks ning senised tulemused mitte-
ammendavateks.

Metaboloomiline ldhenemine on osutunud psiihhiaatriliste hdirete uurimisel
tulusaks ning vdimaldab perifeerse vere substraadina kasutamist. Skisofreenia
spektri héiretega patsientidel tehtud metaboloomiliste uuringute hulk on véike
ning faktorid, mis oletatavasti tulemusi mdjutada vdivad (seoses haiguse staadiumi
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ning raviga) pahatihti tdhelepanuta jaetud. Seega, skisofreenia spektri hdirete
patofiisioloogia selgitamisel voiksid potentsiaalselt haigusega seotud biomole-
kulide (fosfolipiidide, aminohapete, biogeensete amiinide) metaboloomilised
uuringud olulist kasu tuua, kuid seda eeskétt juhul, kui patsientide kaasamisel
voetakse arvesse nende haiguskestust ning ravistaatust.

10.2. Uurimist66 eesmargid

Kéesoleva doktoritdd peamiseks eesmirgiks on iseloomustada tsirkuleerivate

gliitserofosfolipiidide, sfingolipiidide, aminohapete ning biogeensete amiinide

profiili psiihhootilise hdire vallandumisel (enne antipsiihhootilise ravi alustamist)
ning erinevatel ajahetkedel haiguse kulu véltel antipsiihhootilise ravi foonil.

Alaeesmirgid on jargmised:

e Iseloomustada esmase psiihhoosiepisoodiga patsientide tsirkuleerivate gliit-
serofosfolipiidide ja sfingolipiidide profiili vorreldes kontrollgruppi kuuluvate
isikutega enne antipsiihhootilise ravi alustamist ning pérast seitset kuud
medikamentoosset ravi

e Iseloomustada esmase psithhoosiepisoodiga patsientide tsirkuleerivate amino-
hapete ja biogeensete amiinide profiili vOrreldes kontrollgruppi kuuluvate
isikutega enne antipsiihhootilise ravi alustamist, pérast seitset kuud medika-
mentoosset ravi ning pédrast viit aastat jitkuvat medikamentoosset ravi ja
haiguse jatkumist

e Analiiiisida tsirkuleerivate gliitserofosfolipiidide, sfingolipiidide, aminohapete
ja biogeensete amiinide metaboloomilise profiili muutuste aluseks olevaid
potentsiaalseid mehhanisme psiihhootilise hédirega patsientidel, vdrreldes
kontrollgruppi kuuluvate isikutega enne antipsiihhootilise ravi alustamist,
pdrast seitset kuud medikamentoosset ravi ning pédrast viit aastat jatkuvat
medikamentoosset ravi ja haiguse jatkumist

10.3. Uuritavad je meetodid

Uuringu ldbiviimiseks andis loa Tartu Ulikooli inimuuringute eetika komitee
ning see on kooskdlas Helsingi deklaratsiooni eetiliste standarditega. Kdik uurin-
gus osalejad andsid selleks kirjaliku informeeritud ndusoleku.

Patsiendid kaasati uuringusse Tartu Ulikooli Kliinikumis, kuhu nad olid p6ér-
dunud ravile esmase psiihhootilise episoodi vallandumise tottu. Uuringudisain oli
naturalistlik ning sellest lahtuvalt ei piiratud uuringu véltel osalejate medikamen-
toosse ravi vdimalusi. Patsiendid said l&htuvalt kliiniliselt olulistest asjaoludest
ravi erinevate antipsiihootiliste farmakonide, nende kombinatsioonide ja vaja-
dusel tdiendavate preparaatidega ning raviskeemi vdis uuringu véltel ka muuta.
Kontrollgruppi virvati inimesed sarnasest geograafilisest piirkonnast. Uuringus
osales kokku 53 patsienti ning 37 kontrollgrupi kuuluvat isikut.
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Patsientidelt koguti demograafilised andmed, kliinilised andmed ning ana-
liiisideks vajalikud vereseerumi proovid kolmel ajahetkel — esmase psiihhoosi-
episoodiga haiglasse saabumisel enne antipsiihhootilise ravi alustamist, seitse
kuud pérast antipsiihhootilise raviga alustamist ning viis aastat pirast psiih-
hootilise héire vallandumist ja antipsiihhootilise raviga alustamist. Patsientide
psiihhopatoloogiat hinnati ,,Psiihhiaatrilise lithiskaala“ (Brief Psychiatric Rating
Scale (BPRS)) alusel (Overall & Gorham, 1962). Patsientide diagnoosid 1dhtuvad
Rahvusvahelise Haiguste klassifikatsiooni 10. véljaande (WHO, 1992) diag-
nostilistest kriteeriumitest ning on piistitatud baseerudes kliinilisele intervjuule,
patsientide kéitumise hindamisele ning terviseandmete lébivaatusele kogenud
psiihhiaatrite poolt. Kontrollgruppi kuuluvatelt isikutelt koguti vajalikud andmed
ning vereproovid iihekordselt uuringusse kaasamisel ning neid intervjueerisid
samuti kogenud psiihhiaatrid, valtimaks psiihhiaatriliste hdiretega isikute sattu-
mist kontrollgruppi.

Biokeemiliste markerite mddramisel ning nende seerumitasemete mdotmisel
kasutati voogsisestus tandem-mass-spektromeetria ning vedelik kromatograafia
meetodit ning statistlilises analiiiisis andmete tiilibile vastavaid kaasaegseid
statistilisi meetodeid.

10.4. Tulemused ja jareldused

e Tsirkuleerivate gliitserofosfolipiidide seerumtasemete vordlemisel avaldus
esmase psiihhoosiepisoodiga patsientidel enne antipsiihhootilise ravi rakenda-
mist iheteistkiimne fosfatidiiiilkoliin diatsiiiili (PC-aa-C30:0, PC-aa-C32:1,
PC-aa-C32:2, PC-aa-C34:2, PC-aa-C34:3, PC-aa-C34:4, PC-aa-C36:1, PC-
aa-C36:2, PC-aa-C36:3, PC-aa-C36:6, PC-aa-C38:3), arvutusliku kogu
fosfatidiiiilkoliin diatsiiiili ning viie fosfatidiiiilkoliin atsiiiil-alkiiiili (PC-ae-
C34:2, PC-ae-C36:2, PC-ae-C36:3, PC-ae-C40:2, PC-ae-C40:4) vihenenud
seerumkontsentratsioonid vOrreldes kontrollgrupiga. Lisaks sellele on patsien-
tidel alanenud ka sfingolipiid SM-C20:2. LysoPC-a-C20:4 seerumi tase,
vastupidiselt, on pantsientidel kontrollgruppi kuuluvate isikutega vorreldes
aga tousnud. Parast seitset kuud antipsiihhootilist ravi ilmnes iiheksa fosfati-
diitilkoliini (PC-aa-C32:2, PC-aa-C34:3, PC-aa-C34:4, PC-aa-C36:1, PC-aa-
C36:2, PC-aa-C36:3, PC-aa-C36:6, PC-aa-C38:3, PC-aa-C40:5) ning kahe
lisofosfatidiitilkoliini taseme statistiliselt oluline tdus. Vastupidiselt fosfati-
diitilkoliinidele SM-(OH)-C16:1 ja SM-C18:0 seerumi kontsentratsioonid
langesid. Bonferroni korrektsiooni rakendamisel ei erinenud pérast seitset
kuud antipsiihhootilist ravi patsientide grupi ning kontrollgrupi lipiidmeta-
boliitide kontsentratsioonid {iksteisest statistiliselt olulisel méidral. Seega
toendas meie uurimus skisofreenia spektri hdiretega patsientide spetsiifiliste
lipiidmetaboliitide profiili diinaamiliste muutuste olemasolu haiguse kulu ja
ravi véltel, vorreldes kontrollgruppi kuuluvate isikutega.
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e Tsirkuleerivate aminohapete ja biogeensete amiinide seerumtasemete vordle-
misel ilmestus esmase psiihhoosiepisoodiga patsientidel enne antipsiihhooti-
lise ravi rakendamist proliini taseme, tlirosiin/feniiiilalaniini suhte ja alfa-
aminoadipiinhappe taseme vdhenemine ning tauriini taseme oluline suure-
nemine vorreldes kontrollgrupiga. Lisaks sellele on patsientidel tdusnud
ornitiin/arginiini suhe patsientidel. Pérast seitset kuud antipsiihhootilist ravi
on aminohappeid ja biogeenseid amiine puudutavad metaboloomilised muu-
tused tagasi poordunud ning nende kontsentratsioonid nihkunud tagasi tase-
mele, mis on vorreldavad kontrollgruppi kuuluvate isikute samade néitajatega.
Erandlikult on pérast seitset kuud ravi antipsiihhootikumidega esmase psiih-
hoosiepisoodiga patsientide atsetiiiilornitiini tase tdusnud, kuigi selle tase
ravim-naiivsetel patsientidel ei ole oluliselt erinev kontrollgrupi kuuluvate
iskute omast. Pérast viis aastat kestnud haigust ning antipsiihhootilist ravi on
patsientidel vorreldes kontrollgruppi kuuluvate isikutega tuvastatavad korge-
nenud asparagiini, glutamiini, ornitiini, tauriini, metioniini ja alanenud aspar-
taadi, glutamaadi ja alfa-aminoadipiinhappe seerumitasemed. Sellest tule-
nevalt on alanenud aspartaat/asparagiini, glutamaat/glutamiini, alfa-amino-
adipiinhape/kiinureniini suhted ning korgenenud ornitiin/arginiini suhe. Seega
toendas meie uurimus skisofreenia spektri hdiretega patsientide spetsiifiliste
aminohapete ja biogeensete amiinide profiili diinaamiliste muutuste olemas-
olu haiguse kulu ja ravi viltel, vorreldes kontrollgruppi kuuluvate isikutega.

e Muutused antipsithhootikum-naiivsete esmase psiihhoosiepisoodiga skisof-
reenia spektri hdirega patsientide tsirkuleerivate gliitserofosfolipiidide, sfin-
golipiidide, aminohapete ja biogeensete amiinide metaboloomilises profiilis
nditavad ulatusliku psiihhootilise haiguse poolt indutseeritud metaboloomilise
nihke olemasolu. Ravim-naiivsetel patsientidel avaldunud muutused gliitsero-
fosfolipiidide ja sfingolipiidide tasemes viitavad lipidoomilisele nihkele, mida
iseloomustab fosfatidiiiilkoliinide suurenenud lagunemine, mis v3ib peegel-
dada rakumembraanide kahjustust ning olla aluseks suure tihedusega lipo-
proteiinide hdirunud metabolismile. Aminohapped ja biogeensed amiinid,
mille tasemete muutusi tdheldati, ndivad eeskétt olevat seotud metaboolsete
radadega, mis silinteesivad psiihhootiliste siimptomitega seostatud votme
neurotransmittereid (glutamaadi, dopamiini) voi moduleerivad nende toimet.
Seitse kuud viltav antipsiihhootiline ravi esmase psiihhoosiepisoodi korral on
piisav, et psithhoosi vallandumisest indutseeritud gliitserofosfolipiidide, sfin-
golipiidide, aminohapete ning biogeensete amiinidega seotud metaboloomi-
lised muutused tagasi poorata. Aminohapete ja biogeensete amiinide metabo-
loomilised profiilid viie aasta pikkuse antipsiihhootilise ravi tarvitamise ning
jatkuva skisofreenia spekti héire kestel hidlbivad aga taas. Selle mehhanism
paistab olevat seotud mitte ainult eelmainitud neurotransmitterite funkt-
siooniga, vaid laialdasemalt pdletikuliste, okslidatiivsete ning energeetiliste
protsessidega, mis skisofreenia spektri hiirete korral teadaolevalt hdirunud on.
Seega tdendas meie uurimus skisofreenia spektri héiretega patsientide meta-
boloomilise profiili diinaamiliste muutuste olemasolu haiguse kulu ja ravi
viltel, mis on kooskdlas varsemate teoreetiliste teadmistega.
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Meie uuringu tulemused viitavad, et haiguse ning antipsiihhootilise ravi kestusel
on oluline moju skisofreenia spekti hdirega patsientide metaboloomilisele profiilile.
Kuna uuringuid, mis neid muutujaid arvesse vtaks on vihe, on olemasolevatele
andmetele tuginedes raske I0plikke jireldusi teha. Meie tuvastatud nihked
metaboliitide tasemes on seostatavad kaasaegsete skisofreenia spektri héirete pato-
geneetiliste mehhanismide teooriatega ning aitavad seada edasisi sihte uurimis-
tooks. Vajalik on veel enam siivitsi minev metaboloomiliste muutuste uurimine
skisofreenia spektri héirete kontekstis, et nende patogeneesi paremini mdista,
leida potentsiaalseid biomarkereid ning teha kindlaks mérklaudu ravivoimaluste
parandamiseks.
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SUPPLEMENTARY MATERIALS

Table 1 Comparison of serum levels of glycerophospholipids (umol/l) and sphingolipids
(umol/l) between the first-episode psychosis patients (n=53) at baseline (FEP,) and
control subjects (CS) (n=37)

FEP» CS
Median Median Z-value p-value
(min — max) (min — max)
Glycerophospholipids
Lysophosphatidylcholine acyls
. 4.13 4.69
LysoPC-a-C14:0 (3.08-11.7) (3.05-7.70) -0.72 0.47
. 215 208
LysoPC-a-C16:0 (132-388) (107-248) 1.66 0.10
. 4.41 4.50
LysoPC-a-C16:1 (233-7.92) (2.24-7.18) * 0.22 0.83
. 3.89 3.94
LysoPC-a-C17:0 (1.89-7.66) (1.35-5.16) 0.52 0.60
. 60.3 62.2
LysoPC-a-C18:0 (31.8-117) (26.5-87.1) —-0.52 0.60
. 42.1 40.2
LysoPC-a-C18:1 (22.5-71.6) (19.8-56.7) 0.78 0.44
. 48.2 53.0
LysoPC-a-C18:2 (21.6-96.2) (19.2-107) —0.50 0.62
. 2.83 2.87
LysoPC-a-C20:3 (1.24-6.19) (1.31-5.45) —0.64 0.53
. 10.3 8.20
LysoPC-a-C20:4 (6.43-19.8) (3.81-15.9) 3.83 le-04
. 0.63 0.57
LysoPC-a-C24:0 (0.16-1.81) (0.30-2.12) 0.13 0.90
. 1.19 1.02
LysoPC-a-C26:0 (0.28-5.69) (0.55-4.25) 0.13 0.90
. 0.48 0.45
LysoPC-a-C26:1 (0.15-2.33) (0.24-2.80) 0.00 1.00
. 0.77 0.82
LysoPC-a-C28:0 (0.13-3.59) (0.37-2.52) -1.07 0.29
. 0.76 0.75
LysoPC-a-C28:1 (0.17-2.80) (0.43-3.24) -1.09 0.28
404 398
Total LysoPC (257-687) (200-527) 1.07 0.28
Phosphatidylcholine diacyls
. 0.57 0.47
PC-aa-C24:0 (0.19-1.82) (0.24-1.83) 1.15 0.25
. 1.72 1.44
PC-aa-C26:0 (0.80-10.30) (0.82-8.40) 0.975 0.33
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Table 1 (Continue)

FEP» CS
Median Median Z-value p-value
(min — max) (min — max)

PC-aa-C28:1 (l.lif§.44) ( .529;755.18) —-1.065 0.29
PC-aa-C30:0 (1.227'78:95) @. 12’75170‘7) —4.15 <le-05
PC-aa-C30:2 (0.0%fg.88) (0'0(;‘73?.13) —0.69 0.49
PC-aa-C32:0 (4.618(1‘105.0) (6.2131—‘220.4) -1.67 0.10
PC-aa-C32:1 (4.05(;).—8272.1) (4‘5132_';‘30) -3.53 4e-04
PC-aa-C32:2 (0.119'7638.77) (1.53;'71309) —-6.10 <le-05
PC-aa-C32:3 (©. 1%1?.65) (0.2(:;19.30) —2.12 0.03
PC-aa-C34:1 (87;;16230) (11;256) -2.57 0.01
PC-aa-C34:2 (13§f§50) (18§?§173) -3.95 8e-05
PC-aa-C34:3 @. 175;9;‘6.7) (3.71927.256.0) —6.18 <le-05
PC-aa-C34:4 (0. 1(;'7518.3 ) (0.413'71372) -5.90 <le-05
PC-aa-C36:0 (1,431;261.77) ( .627995.95) -1.62 0.11
PC-aa-C36:1 (14.%377‘4?9.8) (242(};‘9‘4) -5.07 <le-05
PC-aa-C36:2 (54'2277209) (89.1197(;85) -5.76 <le-05
PC-aa-C36:3 (24%9_’;‘7'5) (45'819_'?64) -5.64 <le-05
PC-aa-C36:4 (32?;‘_'?75) (50,1826167) —2.46 0.01
PC-aa-C36:5 (2.495'725)7.7) (5.51631391.9) —2.63 9e-03
PC-aa-C36:6 (0.2%'7513.22) (0.3%7718.53) —4.39 le-05
PC-aa-C38:0 (1.322'755.41) (1. 1?5{)61.66) -2.63 9e-03
PC-aa-C38:1 (0.822.?69.84) (O.Séfg.%) -1.76 0.08
PC-aa-C38:3 a 1.2727'11 6) (20.32?27.6) —4.50 <le-05
PC-aa-C38:4 (20%057'? 14) (29.52(}983. 1 —2.58 0.01
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Table 1 (Continue)

FEP» CS
Median Median Z-value p-value
(min — max) (min — max)

PC-aa-C38:5 (8.0331—?0.9) (13%36;§00) -2.59 0.01
PC-aa-C38:6 (10%(1'92470) (15%56;?38) -1.03 0.30
PC-aa-C40:1 (0.319’?20'27) (0.361;(2).()08) " —0.78 0.44
PC-aa-C40:2 (0.323i‘55.88) (0.829;51.00) —-0.29 0.77
PC-aa-C40:3 (0.531.—351.65) (0.8%1.:‘3%77) —0.59 0.56
PC-aa-C40:4 (2.2‘;.?2?.16) (2.24,‘5'75;09) -1.38 0.17
PC-aa-C40:5 (1.8’;.?2?.61) (2.74;75?0.5) —2.60 0.01
PC-aa-C40:6 (3.9?“:‘256.3) (5.3]827.4(39.0) -1.78 0.07
PC-aa-C42:0 (0.3(;'77;‘.27) (0.3(1'7710.79) 0.61 0.54
PC-aa-C42:1 (0.2%7512.00) (©. 1(;129.05) 0.34 0.73
PC-aa-C42:2 (0.2?'7617.37) (0.2(;'7618.41) 0.17 0.86
PC-aa-C42:4 (©. 1%—921.06) (0.411911.60) -1.66 0.10
PC-aa-C42:5 (0.302’_515'05) (0'2%_6;"26) —2.54 0.02
PC-aa-C42:6 (0.3(;’_6328) (0'4(;'_6;)'53) —0.54 0.59
Total_PC-aa (4919_1?435) (79;9?235) —4.25 2e-05
Phosphatidylcholine acyl-alkyls

PC-ae-C30:0 (0.2%1%88) (0.2(;':‘15.20) -1.07 0.28
PC-ae-C30:1 (0.0(1'7315.51) (©. 1%??.72) —0.83 0.41
PC-ae-C30:2 (0. 1%3349) (©. 1%72(’)5.67) 0.07 0.94
PC-ae-C32:1 (0.827;3;78) (I .Zifj.@) —-0.97 0.33
PC-ae-C32:2 (0.23'77?.22) (0.4(());710.98) —-0.93 0.35
PC-ae-C34:0 (0.4%'7819.37) (0.417?5.26) -2.35 0.02
PC-ae-C34:1 (3,3763153.0) (4.8%—2?2.7) —2.38 0.02
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Table 1 (Continue)

FEP, cs
Median Median Z-value p-value

(min — max) (min — max)
PC-ae-C34:2 6.73 9.47

(2.65-12.9) (431-16.8) —4.90 <le-05
PC-ae-C34:3 4.58 5.95

(1.52-9.47) (3.10-11.2) -3.30 le-03
PC-ae-C36:0 0.60 0.33

(0.00-1.15) (0.00-1.30) 2.96 3e-03
PC-ae-C36:1 25.8 29.0

(5.00-50.6) (12.8-55.4) -2.02 0.04
PC-ae-C36:2 12.1 15.3

(6.52-18.2) (6.91-24.9) -3.75 2e-04
PC-ae-C36:3 4.07 5.91

(1.59-7.39) (2.88-9.89) —4.97 <le-05
PC-ae-C36:4 7.24 9.40

(2.48-16.2) (5.36-18.3) -2.98 3e-03
PC-ae-C36:5 4.61 5.42

(1.64-11.0) (2.62-10.6) -1.93 0.05
PC-ae-C38:0 1.17 1.30

(0.56-2.07) (0.89-5.67) —2.63 8e-03
PC-ae-C38:1 8.30 11.6

(0.49-19.8) (4.14-23.5) -3.17 2¢-03
PC-ae-C38:2 9.10 13.3

(1.63-22.1) (5.27-24.5) -3.06 2e-03
PC-ae-C38:3 17.4 20.1

(3.12-32.9) (10.1-36.6) —2.60 9¢-03
PC-ae-C38:4 8.94 11.2

(4.11-15.1) (5.97-18.8) —-3.09 2e-03
PC-ae-C38:5 8.09 8.99

(321-17.0) (5.18-18.2) ~1.85 0.07
PC-ae-C38:6 2.90 3.49

(0.84-6.18) (1.76-13.0) —2.00 0.05
PC-ae-C40:1 222 2.03

(1.08-4.27) (1.09-5.35) 0.22 0.82
PC-ae-C40:2 3.58 4.43

(1.04-6.91) (2.05-7.21) —3.48 Se-04
PC-ae-C40:3 7.42 9.04

(0.85-13.5) (3.79-14.0) -3.12 2¢-03
PC-ae-C40:4 5.84 7.33

(1.59-10.4) (3.58-10.1) -3.55 4e-04
PC-ae-C40:5 8.56 9.74

(2.23-20.8) (5.20-19.5) —2.05 0.04
PC-ae-C40:6 2.65 2.84

(0.99-5.77) (1.40-9.83) -1.07 0.28
PC-ac-C42:0 091 0.95

(0.56-1.70) (0.69-2.15) -1.82 0.07
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Table 1 (Continue)

FEP), CS
Median Median Z-value p-value

(min — max) (min — max)
PC-ae-C42:1 1.47 1.29

(0.51-3.56) (0.53-3.02) 0.58 0.56
PC-ae-C42:2 118 111

(0.57-2.27) (0.47-2.52) 0.07 0.94
PC-ac-C42:3 171 1.67

(0.79-2.97) (0.77-3.45) 0.63 0.53
PC-ae-C42:4 1.41 1.75

(0.72-2.29) (0.94-2.85) 297 3e-03
PC-ae-C42:5 2.92 3.23

(1.62-5.84) (1.98-6.75) 2.10 0.04
PC-ae-C44:3 0.53 0.52

(0.19-1.08) (0.22-1.17) 025 0.80
PC-ae-C44:4 0.44 0.48

(0.24-0.86) (0.29-0.80) 0.8 0.56
PC-ae-C44:5 L1l 1.06

(0.60-2.04) (0.65-2.07) 0.47 0.64
PC-ac-C44:6 0.73 0.77

(0.39-1.34) (0.39-2.44) -0.01 0.99
Sphingolipids
SM-(OH)-C14:1 3.78 3.83

(0.92-6.10) (1.89-7.02) —0.96 0.34
SM-(OH)-C16:1 1.84 1.78

(0.44-3.56) (0.84-3.86) ~0.13 0.86
SM-(OH)-C22:1 6.36 7.17

(1.78-11.2) (3.45-13.1) -1.92 0.05
SM-(OH)-C22:2 5.59 6.16

(1.28-9.96) (2.94-13.2) * -1.96 0.05
SM-(OH)-C24:1 0.73 0.68

(0.15-1.54) (0.24-1.58) 021 0.84
SM-C16:0 65.0 70.5

(19.1-96.3) (29.3-108) * -1.56 0.12
SM-C16:1 7.92 9.09

(2.43-13.5) (4.71-16.5) -1.36 0.17
SM-C18:0 13.1 132

(3.09-25.8) (5.84-32.1) -0.32 0.75
SM-C18:1 5.36 5.86

(1.45-11.6) (2.59-14.0) —0.44 0.66
SM-C20:2 0.32 0.41

(0.04-0.62) (0.24-0.85) -3.69 2e-04
SM-C22:3 1.40 1.47

(0.00-3.32) (0.33-3.61) -1.01 031
SM-C24:0 11.1 12.2

(3.35-17.7) (5.77-19.8) -2.16 0.03
SM-C24:1 26.9 283

(9.70-51.8) (11.3-58.2) ~0.52 0.61
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Table 1 (Continue)

FEP» CS
Median Median Z-value p-value
(min — max) (min — max)
. 0.11 0.15
SM-€26:0 (0.00-0.28) (0.01-0.47) =273 6e-03
. 0.41 0.51
SM-C26:1 (0.02-0.85) (0.12-0.92) —3.00 3e-03
155 166
Total SM (48.2-239) (70.7-270) -0.94 0.35
Ratios of biomarkers
LysoPC-a-C16:0/ 48.5 45.6 1.48 014
LysoPC-a-C16:1 (24.8-72.4) (27.99-108) ) ’
LysoPC-a-C20:4/ 3.71 2.67
LysoPC-a-C20:3 (1.48-7.72) (1.60-7.79) 3.76 2e-04
PC-aa-C24:0/ 0.90 0.85 147 014
LysoPC-a-C24:0 (0.6 1-2.07) (0.60-1.35) ) ’
PC-aa-C26:0/ 1.72 1.52
LysoPC-a-C26:0 (0.81-4.80) (0.82-2.90) 1.98 0.05
PC-aa-C28:1/ 3.47 3.37
LysoPC-a-C28:1 (1.14-12.9) (1.60-5.79) 0.62 0.53
Total PC-aa/ 2.32 2.92
Total LysoPC (1.11-3.94) (1.88-5.70) =392 9e-05
Total PC-aa/ 6.32 7.52
Total SM (4.12-16.0) (3.41-12.6) =239 0.01

Z-adjusted values according to Mann-Whitney U-test (FEPb compared to CS).
p-values less than or equal to 0.0005 after Bonferroni correction are marked in bold.

* p-values less than 0.05 according to Levene’s test for homogeneity of variances (df=1,70).
Commentary: all measured values are 2.5...15 times higher than LOD.
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Table 2 Comparison of serum levels of amino acids (nmol/l) between the first-episode
psychosis (FEP) patients (n=38) at baseline (FEPy) and control subjects (CS) (n=37)

Amino acids 1\/1[7:3111'):“ Mecdsian Z-value  p-value Eff;:IcItz)s ize
(min — max) (min — max)

Alanine (Ala) (206.%;(‘)2!6533.00) (232.4(1)(())57';) ? 600) =10 0.04 0.06
Arginine (Arg) (88.(}3;51%.00) (94.01332(;%.00) ~1.66 0.10 -
Asparagine (Asn) | 9.53(?28803.30) (1 5.33%?).40) 034 0.73 -
Aspartate (Asp) (18.5(?476%.90) (15.38%%.20) 1.07 0.28 -
Citrulline (Citr) a2, 625;‘;% 0 1'307 1%90) -2.95 3e-03 0.12
Glutamine (Gn) | 18.%)?)7—.2? ? 3.00) (77.381%2.00) 0.68 049 -
Glutamate (Glu) (59.62&({)3 00) (1 14})%3—?20.00) 0.42 0.67 -
Glyeine (Gly) (153.%?)3—'230.00) (123.%)?)(12(1)23.00) 1.48 0.14 N
Histidine (His) 6L, 5%2_'1686. 0w 6 8_3%2_'1128_ 00y 2 0.02 0.07
Isoleucine (Tle) (42.7?1'19 350.00) (50. 1%)?39.00) —0.56 0.57 -
Leucine (Leu) (73.(}33572.00) (79.é(?f4%%.00) —0.16 0.87 -
Lysine (Lys) (1 17.1)%3225;)9.00) (107.%)%%289.00) 135 0.18 -
Methionine (Met) (4.467;7256.30) (4.439;22.20) 0.79 0.43 -
Omithine (Orn) (30.7?)721215 5.00) (23.4’158222 40 036 0.57 -
Phenylalanine (Phe) 41 82)2—?(())1 00) (38.2?)7—'11?5.00) 0.73 0.47 -
Proline (Pro) (83 ,;3_63%? 00) (123 .%)1054(1)709.00) —3.18 1e-03 0.14
Serine (Ser) (99.ig?é5§g.00) (69.31(?8322.00) 0.92 0.36 N
Threonine (Thr) (84.7132(;?;.00) (74. 11 3322.00) 165 0.10 -
Tryptophan (Trp) (30.3631359.30) (32.8?)3—.12 30.00) 24 0.01 0.08
Tyrosine (Tyr) (35.;?;%;70) (33.7?)3:12 29.00) —2.38 0.02 0.08
Valine (Val) 197.50 220.00 217 0.03 0.06

(112.00-299.00)

(126.00-401.00)
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Table 2 (Continue)

FEP» CS .
Effect size
Amino acids Median Median Z-value  p-value 2
. . ap
(min — max) (min — max)
. 0.16 0.16
Citr/Arg (0.09-0.31) (0.08-0.33) 135 0.18 -
0.82 1.03
Tyr/Phe (0.61-1.26) (0.49-1.57) -4.24 2e-05 0.24

Z-adjusted values according to Mann-Whitney U-test (FEPb compared to CS).

p-values less than or equal to 0.001 after Bonferroni correction (bolded) were considered
statistically significant.

Effect sizes >0.14 were interpreted as large.

Effect sizes 0.06-0.13 were interpreted as moderate.

Commentary: all measured values are higher than LLOQ.

Table 3 Comparison of serum levels of biogenic amines (umol/l) between the the first-
episode psychosis (FEP) patients (n=38) at baseline (FEP,) and control subjects (CS)

(n=37)

FEP» CS
, . , Effect size
Biogenic amines Median Median Z-value p-value ap
(min — max) (min — max)
o 0.56 0.59
Acetylornithine (Ac-Orn) (0.18-1.06) (0.18-2.03) -1.44 0.15 -
Asymmetric 0.43 0.43 050 0.62 B
dimethylarginine (ADMA) (0.30-0.67) (0.19-0.60) ’ '
Alpha-Aminoadipic-acid 0.56 0.76
(alpha-AAA) (0.25-1.34) (0.45-1.98) =327 1e-03 0.14
0.25 0.00
c4-OH-Pro (0.00-0.34) 0.00-039 170 007 -
. 0.00 0.00
Carnosine (0.00-0.13) (0.00-0.12) —0.66 0.51 -
. 69.65 68.50
Creatinine (42.30-123.00) (35.00-112.00) 037 072 -
0.12 0.15
I-DOPA (0.00-0.26) (0.00-0.26) —0.71 0.48 B
. 2.20 2.70
Kynurenine (Kyn) (1.39-5.42) (1.37-3.89) -291 4e-03 0.11
. . 0.45 0.38
Histamine (0.37-0.46) (0.37-0.46) 1.56 0.12 -
Methionine-sulfoxide 10.35 10.80 098 033 B
(Met-SO) (2.11-24.90) (3.04-23.10)
. 0.07 0.08
Putrescine (0.02-0.19) (0.03-0.20) -1.61 0.11 -
Symmetric-dimethy- 0.57 0.53 1.22 022 _
larginine (S-DMA) (0.39-0.93) (0.39-0.81) ’ '
. 0.57 0.65
Serotonin (5-HT) (0.08-1.69) (0.19-1.47) -0.92 0.36 -




Table 3 (Continue)

FEP, cs
. . . Effect size
Biogenic amines Median Median Z-value p-value ap
(min — max) (min — max)
. 0.27 0.23
Spermine (0.17-0.43) (0.16-0.28) 3.20 1e-03 0.14
0.42 0.61
t4-OH-Pro (0.00-1530)  (0.00-2070) 70 049 -
. 76.45 47.10
Taurine (32.40-172.00) (25.80-116.00) >0 ~<1e-06 04l
0.70 0.73
total-DMA (049-108)  (037-096) 037 070 -
Met-SO/ 1.35 1.44
Methionine (Met) (0.11-4.39) (0.16-429) 086 039 N
Kyn/ 0.03 0.04
Tryptophan (Trp) (0.02-0.08) (0.03-005 121 022 N
0.01 0.01
>-HT/Trp (0.00-0.03) 0.00-0.02 %% 079 -

Z-adjusted values according to Mann-Whitney U-test (FEP, compared to CS).
p-values less than or equal to 0.001 after Bonferroni correction (bolded) were considered

statistically significant.

Effect sizes >0.14 were interpreted as large.
Effect sizes 0.06—0.13 were interpreted as moderate.
Commentary: ADMA, creatinine, Kyn, Met-So, 5-HT, spermine, taurine, and total-DMA values
are higher than LLOQ. Ac-Orn, alpha-AAA, histamine, S-DMA values were at least 1.5 to 3 times

higher than LOD.
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Table 7 Comparison of serum levels of amino acids (umol/l) between the first-episode
psychosis (FEP) patients (n=36) at baseline (before treatment with antipsychotics, FEPy,)
and after 7-month treatment (FEP;) (n=36) with antipsychotics

FEP, FEPr Effect size
Amino acids Median Median Z-value p-value ap
(min-max) (min-max)
Alanine (Ala) (206.%)?)%65;)3.00) (294.‘(‘)1)%;)20.00) 266 8e:03 010
Arginine (Arg) (88.535%.00) (93.(;052?(2);.00) 0.44 0.66 N
Asparagine (Asn) (19.3(?;88%.30) (17.73(3;97(;.50) 121 0.23 -
Aspartate (Asp) (18;3;76%.90) (17'725;9557'40) 2.50 0.01 0.09
Citrulline (Citr) (12.62(?;2%.10) (15.5232258.70) 1.54 0.12 N
Glutamine (Gln) | 18.%)2)3 ? 3.00) (162.?)?)2—.5;5 ? 0.00) 12 0.13 -
Glutamate (Glu) (59.62(}?;;;(; 00) (57.22(())—64?9%00) 117 0.24 -
Glycine (Gly) (153.%)2)3—'230.00) (149.%)%7—?87.00) 0.23 0.82 -
Histidine (His) 6L, 5%27'1686. 00) (73.3%37'1132. 00y 375 2e-04 0.20
Isoleucine (Tle) (42.7%‘{19 350.00) (43.9%43g 950.00) 178 0.07 -
Leucine (Leu) (73.(:835703.00) (85.51(3332(31.00) 0.41 0.68 N
Lysine (Lys) (1 17.})%3!25;)9.00) (1 03.%)(())77.3(())6.00) 1.47 0.14 N
Methionine (Met) (4.467;7256.30) (4.51327'35350) 2.50 0.01 0.09
Ornithine (Orn) (30.7?)7—'1215 5.00) (28.2(;59(;.90) 0.90 0.37 -
Phenylalanine (Phe) @1 8?)2—?81 00) (38.2?)5—.1538.00) 1.35 0.18 -
Proline (Pro) (83.31(?—655%(1 00) (140.%)?)6—?22.00) 415 3¢5 024
Serine (Ser) (99.%?2592.00) (1 15.})?)1551)6.00) 118 0.24 -
Threonine (Thr) (84.71332(1(4)1.00) 71 .33—7;3%.00) L7l 0.09 -
Tryptophan (Trp) (30.36&;;30) (34.22)(1;t 25 100y 168 0.09 -
Tyrosine (Tyr) 38.55 63.25 2.99 3e-03 0.12

(35.80-88.70)

(40.60-121.00)
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Table 7 (Continue)

FEP, FEP¢ .
Effect size
Amino acids Median Median Z-value p-value ap)
(min—max) (min—max)
. 197.50 231.50
- 0.12
Valine (Val) (112.00-299.00) (136.00-390.00) 22 3e-03
. 0.16 0.17
Citr/Arg (0.09-0.31) (0.10-0.31) 1.81 0.07
0.82 1.01
- 0.28
Tyr/Phe (0.61-1.26) (0.77-1.44) 446 806

Z-values according to Wilcoxon Matched Pairs Test (FEP, compared to FEPy).
p-values less than or equal to 0.001 after Bonferroni correction (bolded) were considered

statistically significant.

Effect sizes >0.14 were interpreted as large.
Effect sizes 0.06—0.13 were interpreted as moderate.

Table 8 Comparison of serum levels of biogenic amines (umol/l) between the first-
episode psychosis (FEP) patients (n=36) at baseline (FEP,) (before treatment with
antipsychotic) and after 7-month treatment (FEPy) (n=36) with antipsychotics

FEP» FEP; .
. . . Effect size
Biogenic amines Median Median Z-value p-value )
. . ap)
(min — max) (min — max)
Acetylornithine 0.56 0.61
341 7e-04 0.16
(Ac-Orn) (0.18-1.06) (0.24-1.47) ¢
Asymmetric
; . 0.43 0.41
dimethylarginine 0.20 0.84 -
(ADMA) (0.30-0.67) (0.29-0.61)
Alpha aminoadipic acid 0.56 0.81
333 9e-04 0.15
(alpha-AAA) (0.25-1.34) (0.33-1.54) ¢
0.25 0.00
-OH- 1.72 0.09 -
c4-OH-Pro (0.00-0.34) (0.00-0.38)
. 0.00 0.00
2.03 0.04 0.06
Carnosine (0.00-0.13) (0.00-0.15)
. 69.65 71.65
0.03 0.98 -
Creatinine (42.30-123.00)  (45.70-124.00)
0.12 0.14
. . . -
1-DOPA (0.00-0.26) (0.00-0.30) 05 0.30
. 2.20 2.86
3.59 -04 0.18
Kynurenine (Kyn) (1.39-5.42) (1.77-4.74) Je
. . 0.45 0.38
1.89 0.06 -
Histamine (0.37-0.46) (0.37-0.45)
Methioninesulfoxide 10.35 8.72
2.05 0.04 0.06
(Met-SO) (2.11-24.90)  (1.69-20.30)
. 0.07 0.07
0.07 0.94 -
Putrescine (0.02-0.19) (0.03-0.21)
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Table 8 (Continue)

Biogenic amines ;if:n Nfe]::l:);n Z-value p-value Eff;eIcItz)s ize
(min — max) (min — max)
Symmetric-
?ér_ngﬁﬁ)argini“e (0.3%;5(?.93) (0.3(;f§.80) 134 08 B
Serotonin (5-HT) (0.0(2)32517. 6) o Og'flg ) 16 o -
Spermine (0.1%33. 8 o 1%'713 ) 279 se03 ol
@-OH-Pro (0.08125.30) (0.08;62(;.10) 031 ol B
Taurine (32.4?)%?2.00) (28.2‘:)6—.16 ? 900 17 <le06 037
total-DMA (0.4%—7? 08) (0.5(;—7(?.98) 00 062 B
?l/\l/f;t)s O Methionine . 111515.39) (0.02255) 214 003 0.06
Kyn/Tryptophan (Trp) (0.03?3.08) (O.ng)g.06) 2.70 7e-03 0.10
>-HT/Trp (0.0%%.03) (0.0(()){)(;02) 117 0.24 N

Z-values according to Wilcoxon Matched Pairs Test (FEP, compared to FEP).

p-values less than or equal to 0.001 after Bonferroni correction (bolded) were considered
statistically significant.

Effect sizes >0.14 were interpreted as large.

Effect sizes 0.06-0.13 were interpreted as moderate.

Commentary: ADMA, creatinine, Kyn, Met-So, 5-HT, spermine, taurine, and total-DMA values
are higher than LLOQ. Ac-Orn, alpha-AAA, histamine, S-DMA values were at least 1.5 to 3
times higher than LOD.
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