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Chapter 14

Metabolomic Biomarkers in Mental
Disorders: Bipolar Disorder

and Schizophrenia

Melissa Quintero, Danijela Stanisic, Guilherme Cruz, Joao G. M. Pontes,
Tassia Brena Barroso Carneiro Costa, and Ljubica Tasic

Abstract Psychiatric disorders are some of the most impairing human diseases.
Among them, bipolar disorder and schizophrenia are the most common. Both have
complicated diagnostics due to their phenotypic, biological, and genetic heteroge-
neity, unknown etiology, and the underlying biological pathways, and molecular
mechanisms are still not completely understood. Given the multifactorial complex-
ity of these disorders, identification and implementation of metabolic biomarkers
would assist in their early detection and diagnosis and facilitate disease monitoring
and treatment responses. To date, numerous studies have utilized metabolomics to
better understand psychiatric disorders, and findings from these studies have begun
to converge. In this chapter, we briefly describe some of the metabolomic biomark-
ers found in these two disorders.
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14.1 Introduction

Millions of people experience mental or neuropsychiatric disorders including bipo-
lar affective disorder and schizophrenia, among others. These mental illnesses, usu-
ally observed in childhood, adolescence, and early adulthood, are characterized by
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a combination of abnormal thoughts, emotions, behaviors, and disturbed perception
of reality, affecting not only the person with illness but also society. While not being
completely understood in terms of their causes, the symptoms of mental illnesses
are scientifically valid and well known. Treatments are readily available and include
psychotherapy and medication and are effective for most people, but there are no
specific tests that can be used as an add-on for diagnosis. As such, there are high
levels of curiosity to understand if molecular biomarkers can assist in making
clearer diagnostic decisions.

Biomarker research has been an extensive success in various medical fields so
far, but using biomarkers to diagnose and predict treatment response for mental
disorders is still a challenge [1]. Based on observations that a specific compound
may be present or altered just in patients with a given mental disorder and not in
healthy individuals, a valid biomarker can be found if successfully detected.
However, the fundamental definition of a psychiatric disorder is based on subjective
and/or behavioral criteria which are determined clinically, making it difficult to
determine whether or not a person has a particular disorder [2].

The search for biomarkers for psychiatric disorders has a long history, with ear-
lier studies investigating molecular markers, like platelet imipramine binding or
cerebrospinal 5-hydroxyindoleacetic acid (5-HIAA) in people with depression [3],
or behavioral markers such as smooth pursuit eye movements in people with schizo-
phrenia [4]. Currently, global profiling approaches, such as metabolomics, are
expected to be able to pinpoint discriminating molecules as clinical biomarkers,
providing an overview of the metabolic status and global biochemical events associ-
ated with a particular cellular or biological system [5]. Metabolomics has the poten-
tial to scrutinize candidate markers that will improve the diagnosis of the diseases
facilitating better patient prognoses and, thus, the development of novel therapeutic
strategies [6]. Metabolic markers in diagnosis are thought to be one of the most
interesting categories of biomarkers, given their role in physiological processes.
Since a biomarker should be detected and measured in a sample obtained using
noninvasive procedures, body fluids including plasma/serum, urine, saliva, and, to
some extent, cerebrospinal fluid (CSF) are thought to be useful sources for bio-
marker monitoring [5]. Furthermore, the scientific synergy between biomarkers and
metabolomics is important as metabolomics has been used in many instances to
identify novel biomarkers which can lead to new and improved therapeutic strate-
gies for many serious and life-threatening diseases. Preliminary metabolomic signa-
tures and some biomarkers have already been described for schizophrenia and
bipolar disorder [7—11], but the endophenotype specificities are still under discus-
sion, and identification of illness-specific biomarkers capable of adding not only to
the diagnosis process but for use in monitoring prognosis or clinical response to
treatment is still lacking. We need to improve the understanding of the biological
abnormalities in psychiatric illnesses across conventional diagnostic boundaries.
This review focuses on metabolomic biomarkers for bipolar disorder and
schizophrenia.
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14.1.1 Metabolomic Biomarkers

The use of metabolomics in the examination for novel biomarkers in different clini-
cal areas is based on the hypothesis that diseases cause disruption of biochemical
pathways leading to a metabolic fingerprint characteristic of the site and nature of
the disease [12]. The term “biomarker” or “biological marker” was first used in
1989 as a medical subject heading to mean “measurable and quantifiable biological
parameters which serve as indexes for health- and physiology-related assessments
such as disease risk, psychiatric disorders, environmental exposure and its effects,
disease diagnosis, metabolic processes, substance abuse, epidemiologic studies
etc.” In 2001 that definition was standardized and further defined. One of the earliest
biomarker approaches in psychiatry [13] employed chromatography to detect a uri-
nary metabolite, 3,4-dimethoxyphenylethylamine (later identified as p-tyramine
[14]), which formed a controversial “pink spot” on paper chromatograms among
those with schizophrenia but not in healthy individuals. Since then, genomic and
transcriptomic approaches have dominated biomarker discovery efforts in psychiat-
ric disorders. However, the global study of metabolites (i.e., metabolomics) emerged
later as a promising approach for identification of potential diagnostic and treatment
response biomarkers for psychiatric disorders [15].

Currently, there are several types of metabolomic biomarkers, which enable
response prediction or dynamical description of both disease progression and treat-
ment effectiveness. The integration between clinical metabolomics and pharmacol-
ogy may allow the discovery of more meaningful biomarkers which could enable
the development of individualized treatment methods. The success of this integra-
tion depends on the explicit consideration of study designs and data analysis tech-
niques that can effectively quantify sources of biological variability [16].

To date, the most explored bioanalytical platforms in metabolomics research are
nuclear magnetic resonance (NMR) and mass spectrometry (MS) [17]. The recent
rapid development of a range of analytical platforms including gas chromatography,
liquid chromatography techniques like high-performance liquid chromatography
(HPLC) or ultra-performance liquid chromatography (UPLC), and capillary elec-
trophoresis, and the use of these as hyphenated analytical methods coupled to MS
or NMR, created new possibilities for biomarker research. Other techniques popular
in metabolomic research include magnetic resonance imaging (MRI) and high-
resolution magic angle spinning spectroscopy (HR-MAS). Bioanalytical platforms
enable separation, detection, characterization, and quantification of metabolites,
and then we can relate this information to altered metabolic pathways. Due to the
complexity of the metabolome and the diverse properties of metabolites, no single
analytical platform can detect all of the metabolites in a biological sample. The
combined use of modern instrumental analytical approaches has helped to increase
the coverage of detected metabolites that cannot be achieved by single-analysis
techniques [18-20]. Integrated platforms have been frequently used to provide sen-
sitive and reliable detection of thousands of metabolites in a biofluid sample
(Fig. 14.1).
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Fig. 14.1 Workflow in untargeted metabolomic studies. After clinical evaluation and sample col-
lection from at least two groups (e.g., disease and healthy), an appropriate analytical method or
combination of more than one should be used for sample assessment and the resulting large
amounts of data analyzed for differences that might point to mental disorder biomarkers
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Bioanalytical platforms in metabolomics start from a comparative analysis
among at least two groups of samples and rely on big data processing by chemomet-
rics. The most used of the data processing techniques are multivariate statistical
analyses such as principal component analysis (PCA) to explore the data and detect
outliers [21, 22], partial least squares discriminant analysis (PLS-DA) and orthogo-
nal partial least squares discriminant analysis (OPLS-DA) to classify the samples
and identify the main metabolites responsible for the discrimination [23, 24], and
logistic regression to evaluate the metabolites as biomarkers [25]. The list of tools
available for spectral processing and data analysis are available in Alonso et al. [19].

14.2 Biomarkers in Psychiatric Disorders

14.2.1 Metabolomic Biomarkers in Bipolar Disorder

Bipolar disorder is chronic and recurrent disorder that affects around 1% of the
global population [26-28], leading to disabilities in young people (mostly between
18 and 44 years of age), such as cognitive and functional impairment, and increased
mortality particularly from suicide and cardiovascular disease [29, 30]. Bipolar dis-
order is characterized as biphasic moods that include depression and mania (in
some cases hypomania) and which occur as recurrent episodes of changes in behav-
ior of individuals. There are several subclassifications of this disorder including
bipolar I, bipolar II, cyclothymia, and other atypical forms, depending on severity
and duration of depressive and manic episodes [29]. The diagnostic error still leads
to erroneous treatment, increasing patient suffering, and, therefore, greater suicide
risk [31].

Bipolar disorder is a major cause of comorbidity because it directly affects the
productivity of people making the disease a socioeconomic problem, besides being
a major cause of death, and 25% of those affected by the disease attempt suicide
with 11% success [30, 32—34]. Bipolar disorder is a historically known disease with
well-documented epidemiology [30]. In the early nineteenth century, it was believed
that the cause of most diseases was a problem of uric acid metabolism. By exerting
influence on common diseases such as gout, high blood pressure, and renal calculus,
it was also attributed to dementia, schizophrenia, mania, depression, and bipolar
disorder [31]. Lithium was discovered as a chemical element in the same century. In
the tests performed with its salts, mainly lithium carbonate, it was found that it is
capable of dissolving crystals of uric acid. Based on this information, psychiatrists
started prescribing lithium carbonate (Li,CO;) for mental disorders. This study
could be considered as one of the first metabolomic research instances. Other stud-
ies showed that Li* was effective against bipolar disorder [31, 35, 36].

Bipolar disorder biomarkers have been studied in blood, serum, urine, and
plasma by '"H NMR [10, 37-39], by gas chromatography (GC)-MS [38, 40, 411, and
through in vivo brain imaging experiments [42-44]. Table 14.1 lists some of
metabolites that are altered for this type of mental disorder including
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Table 14.1 Specific biomarkers related to bipolar disorders
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Analytical
Biomarkers Sample type platforms
Acetate-choline [39] Human blood serum NMR
Acetone [10, 45] Female urine NMR
N-Acetyl-aspartate [46] Brain MRS
N-Acetyl-aspartate (NAA)/PCr-Cr [47] | White matter MRI
N-Acetyl-aspartyl-glutamate [46] Brain MRS
N-Acetyl-aspartyl-glutamic acid [37] Human blood serum NMR
N-Acetyl-glutamic acid [48] Serum CE-TOFMS
N-Acetyl-phenylalanine [37] Human blood serum NMR
Adipic acid [10] Urine GC-MS
B-Alanine [10, 38, 48] Urine 'H-NMR,
GC-MS,
CE-TOEMS
y-Aminobutyric acid (GABA) [42,49] | Brain, temporal lobes MRS, MRI
B-Amino-isobutyric acid [10] Urine GC-MS
Amygdalin [37] Human blood serum NMR
Arabitol [10] Urine GC-MS
Arginine [48] Serum CE-TOFMS
Azelaic acid [10, 38] Urine NMR, GC-MS
Choline [9, 37, 45] Human blood serum, urine, male NMR
urine
Citrulline [50] Plasma of drug-free patients CE-TOFMS
Creatine [42-44, 46] Brain, white and gray matter, MRS, MRI
cerebrospinal fluid
Formate [10, 45] Male urine NMR
Glutamate [39, 42-44] Brain, human blood serum, white MRS, MRI,
and gray matter, cerebrospinal fluid | NMR
Glutamine [37, 42—-44] Human blood serum, brain, white NMR, MRS,
and gray matter, cerebrospinal fluid | MRI
Glycine [10] Urine GC-MS
Glycerol-phosphocholine + White matter MRI
phosphocholine (GPC + PC) [47]
Glycolate [10] Urine NMR
5-HIAA [51] White matter HPLC, DTI
5-HT serotonin neurotransmitter [51] White matter HPLC, DTI
4-Hydroxybenzoic acid [10] Urine GC-MS
a-Hydroxybutyrate [9, 10, 38, 45] Urine NMR, GC-MS
5-Hydroxy-hexanoic acid [10] Urine GC-MS
D-Hydroxy-pyrimidine [10, 38, 41] Urine NMR, GC-MS
Isobutyrate [9] Urine NMR
Isocitric acid (isocitrate) [52] CFS (rats) CE-TOFMS
a-Ketoglutaric acid [37] Human blood serum NMR

(continued)
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Table 14.1 (continued)
Analytical
Biomarkers Sample type platforms
Kynurenine, kynurenic acid and White matter HPLC, DTI
3-hydroxy-kynurenine [51]
Lactate[10] Urine NMR
Lipids and lipoamide [37, 39] Human blood serum NMR
Mannitol [10] Urine GC-MS
Methylmalonic acid [10] Urine GC-MS
N-Methyl-nicotinamide [45] Urine NMR
Myo-inositol [37, 39, 53] Human blood serum NMR
Oxalacetate [45] Female urine NMR
Phenylalanine [10] Urine GC-MS
Phosphatidic acid (44:4) [54] Human blood serum UHPLC-MS
Phosphatidic acid (48:8 (OH)) [54] Human blood serum UHPLC-MS
Phosphatidylethanolamine (42:5) [54] Human blood serum UHPLC-MS
Phosphatidylglycerol (32:4 (OH)) [54] | Human blood serum UHPLC-MS
Phosphatidylinositol (40:3) [54] Human blood serum UHPLC-MS
Phosphocreatine-creatine (PCr-Cr) [44, | White matter and gray matter, MRI
47] cerebrospinal fluid
Propionate [10] Urine NMR
Pseudouridine [38] Urine NMR, GC-MS
Pyruvate Serum CE-TOFMS
Pyroglutamic acid [10] Urine GC-MS
Serine [48] Serum CE-TOFMS
Triacylglycerol (42:3) [54] Human blood serum UHPLC-MS
Tryptophan [51] White matter HPLC, DTI
5-Hydroxyindole-3-acetic acid White matter HPLC, DTI
(5-HIAA) [51]
5-Hydroxytryptamine (5-HT) serotonin | White matter HPLC, DTI
neurotransmitter [51]

a-hydroxybutyrate, choline, isobutyrate, and N-methylnicotinamide which differen-
tiate patients with bipolar disorders from healthy individuals, while propionate, for-
mate, 2,3-dihydroxybutanoic acid, phenylalanine, 2,4-dihydroxypyrimidine, and
B-alanine were differentiated in patients with bipolar disorder and mild cognitive
disorders [9, 41, 55].

In some studies, such as '"H-NMR analysis of anterior cingulate cortex of brain tis-
sue, a higher concentration of myo-inositol in patients with bipolar disorder was found
and when patients underwent treatment with lithium-based drugs, the concentration of
myo-inositol was decreased considerably [53]. These data were reinforced by the
metabolomic analysis of blood serum [37]. Myo-inositol is synthesized from special
plasma membrane lipids by inositol monophosphatase type II (IMPase II), which is a
candidate enzyme for Li* since it is inhibited by Li * in tests using pharmacologically
relevant concentrations in vitro [56]. Myo-inositol acts as a secondary messenger
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and is responsible for immobilizing calcium (Ca*") stored inside the cell, which acts
as a prosthetic agent of other enzymes such as hexokinase. In general, myo-inositol
is able to initiate several metabolic paths vital to cellular functions [57]. The action
of Li* may be linked to the competitive inhibition of inositol monophosphatase II,
which would lead to a decrease in myo-inositol concentrations in neurons, which
depend on this enzyme to synthesize it since myo-inositol does not cross the blood-
brain barrier [58].

On the other hand, glutamate, glutamine, creatine, and the ratios among these
metabolites are the most cited in the literature, and NMR, MRI, LC-MS, and HPLC
techniques have been used for their detection [37, 39, 42—44]. Glutamate is one of
the most abundant neurotransmitters in the brain, as a precursor of glutamine,
y-aminobutyric acid (GABA), and glutathione. It is one of the structural compo-
nents of proteins and an intermediate metabolite [59-61]. The differences between
metabolites indicated by Sethi et al. [37] lead to conclusion that some possible bio-
markers for bipolar disorder are a-ketoisovaleric acid, a-ketoglutaric acid, N-acetyl-
aspartyl glutamic acid, N-acetyl-phenylalanine, and glutamine, which were detected
or altered only in bipolar disorder patients, while N-acetyl-alanine was detected
only in controls [37]. N-acetyl-aspartate, N-acetyl-aspartyl-glutamate, creatine, and
phosphocreatine are some of the metabolites suggested by Haarman et al. [46] as
the levels of these were decreased in the left hippocampus after MRS quantification
using LC Model. The authors hypothesized that these results are a consequence of
diminished neuronal integrity in this region. N-acetyl-aspartate is the second most
abundant substance in the central nervous system, formed in mitochondria from
acetyl-CoA and aspartate. Phosphocreatine and creatine are important buffers in the
brain and muscle tissues, providing energy and a constant ATP concentration, and a
decrease in their concentrations might be due to cell death [46].

A lipidomic study in blood serum employing ultra-HPLC (UHPLC) coupled
with high-resolution MS (HRMS) identified lipid profiles of bipolar disorder
patients and healthy individuals. Sphingolipids and glycerolipids were increased,
while glycerophospholipids were decreased in patient serum samples. Of the lipids
with greater differential proportions in the groups, the authors concluded that phos-
pholipid biosynthesis is the most altered pathway in bipolar disorder patients [54].

Recently, Soeiro-de-Souza et al. [43] investigated and compared healthy indi-
viduals with bipolar disorder I and II patients, who were treated with Li*, anticon-
vulsants, and antipsychotics. The authors carried out brain imaging using magnetic
resonance spectroscopy and quantified glutamate, glutamine, and creatine and their
ratios after treatment. One of their conclusions was that bipolar disorder patients
and controls had the same volume of white matter but lower volumes of anterior
cingulate cortex and a higher volume of CSF. Also, the change in the concentration
of glutamate was observed in treated patients. Moreover, they found a lower ratio of
glutamate/creatine during medication and a constant glutamine/creatine ratio. By
comparing bipolar subjects with healthy individuals, the higher glutamate/creatine
and glutamine/creatine ratios were observed after omitting medications, which
might be indicative that their increments were not caused by medication use [43].
The concentration of glutamine was high, and the glutamate/glutamine ratio and
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glutamate concentrations were lower in the patient group when compared to the
healthy controls. Pairing the groups by age and gender, lower glutamate concentra-
tions and glutamate/glutamine ratios were observed in the bipolar patients [42].

Zheng et al. [9] examined urinary samples using a NMR-based metabonomic
method and found that choline, isobutyrate, o-hydroxybutyrate, and
N-methylnicotinamide could be good urinary metabolite biomarkers for bipolar dis-
order (AUC of 0.89 for training samples and 0.86 in the sample test). They found
that the increase of a-hydroxybutyrate was derived from elevated levels of
a-ketobutyrate, which is consequence of a higher conversion rate of cystathionine to
cysteine. The altered levels of choline in bipolar patients’ urine could be due to the
abnormalities in the acetylcholine neurotransmission precursor mechanism and
abnormal phospholipid metabolism [9, 62]. The higher concentration of isobutyrate
in urine is a result of a lower blood concentration of valine, which can influence an
increase in concentration of catecholamines and serotonin. The N-methylnicotina
mide concentration was decreased in bipolar subjects being an end product of nico-
tinamide processing in the tryptophan-NAD* pathway. Tryptophan is a precursor of
kynurenine and serotonin metabolism, and the decrease in metabolites of nicotinic
acid leads to an increase in kynurenine metabolism [9]. Five metabolites were speci-
fied as potential biomarkers (pseudouridine, f-alanine, o-hydroxybutyrate,
2,4-dihydroxypyrimidine, and azelaic acid) in bipolar disorder by a combined 'H-
NMR/GC-MS approach [38]. Previous studies from the same group suggested that
2,4-dihydroxypyrimidine, ~N-methylnicotinamide, choline, isobutyrate, and
a-hydroxybutyrate are as possible metabolites for diagnosis of bipolar disorder
using urine samples examined by GC-MS analysis [9, 38, 41].

Another study that connects kynurenic acid and metabolites from kynurenine
metabolism to bipolar disorder is from Poletti et al. [S1]. Kynurenine and kynurenic
acid were determined from bipolar disorder patient plasma using HPLC and diffu-
sion tensor imaging (DTI) in an evaluation of white matter microstructure. There is
a hypothesis that serotonergic turnover in bipolar disorder could influence the white
matter of brain microstructure as that changes in myelination and integrity of myelin
can influence signal speed and communication with different brain areas [63—65].
Through application of DTI, it was possible to confirm the hypothesis in a homoge-
neous sample of patients with bipolar disorder and to link kynurenine acid and
5-hydroxyacetic acid with changes in white matter microstructure. The result dem-
onstrated an inefficient turnover of serotonin, but this did not affect tryptophan,
despite the lower concentration of the latter in blood samples [51].

14.2.2 Metabolomic Biomarkers in Schizophrenia

Schizophrenia is a chronic psychiatric disorder with a heterogeneous genetic and
neurobiological background that influences early brain development and is
expressed as a combination of psychotic symptoms such as hallucinations and delu-
sions, along with organizational, motivational, and cognitive dysfunctions [66, 67].
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It starts in late adolescence or early adulthood and affects approximately 0.5-1% of
the world population with high heritability [68].

Abnormalities in neurotransmission have provided the basis for theories on the
pathophysiology of schizophrenia. Most of these theories center on either an excess
or a deficiency of neurotransmitters such as dopamine, serotonin, and glutamate.
Other theories implicate aspartate, glycine, and y-aminobutyric acid (GABA) as
part of the neurochemical imbalance in schizophrenia [69]. Another theory for the
symptoms of schizophrenia involves the activity of glutamate, the major excitatory
neurotransmitter in the brain. This theory has arisen in response to the finding that
phencyclidine and ketamine, both noncompetitive NMDA/glutamate antagonists,
could induce schizophrenia-like symptoms [70]. However, there is not a consensus
on whether there is an increase [71, 72] or a decrease [73, 74] of these metabolite
concentrations. Metabolites, like tele-methylhistamine (t-MH), were detected by
GC-MS in CSF samples of schizophrenia patients. Other studies showed that t-MH
is associated with an increase of histaminergic activity and desensitization of neural
tissues due to decreases of histamine H1 and H2 receptors and an increase of hista-
mine concentrations [75].

Several metabolomic studies have also pointed to some metabolic abnormalities
(Table 14.2). He et al. [8] demonstrated differences in amino acid and lipid metabo-
lism in medicated and non-medicated schizophrenia patients when compared to the
control group. Subsequent analyses of these potentially relevant metabolites as well
as analysis of known schizophrenia risk genes identified the glutamine and arginine
signaling pathways as possible risk factors. Another study [71] raised the possibility
that there are at least two different schizophrenia-related risk pathways, and these
are involved in glucoregulation and proline metabolism. In addition to glutamine
and arginine metabolism, amino acids altered in plasma or CSF of schizophrenia
patients have been linked to nitrogen compound biosynthetic processes. The finding
of changes in certain lipids, fatty acids, and amino acids has implicated phospho-
lipid synthesis [85]. The use of metabolic profiles in CSF from drug-naive patients
compared with matched controls found elevated glucose concentrations in patients,
whereas the serum glucose concentration showed no differences [7]. Lipid analysis
in plasma from patients with schizophrenia compared with that of healthy individu-
als revealed significantly lower concentrations of lipids [87]. Potential metabolite
markers consisted of several fatty acids and ketone bodies, and the presumed upreg-
ulated fatty acid catabolism may result from an insufficiency of glucose supply in
the brains of patients with schizophrenia [72]. Also, glycine and serine are amino
acids that have frequently been reported as markers of schizophrenia due to their
significant changes in the metabolic profile among patients and healthy individuals
[84, 88, 89].

Noninvasive analyses of schizophrenia patient expired breaths indicated a higher
level of alkanes when compared to healthy individuals. The level of ethane and
pentane, which cross the pulmonary alveolar membrane, is result of dead cells due
to peroxidation of cell membrane lipids. Other alkanes such as butane were not
detected. Furthermore, pentane is not a specific biomarker for schizophrenia since it



14 Biomarkers in Psychiatric Disorders 281

Table 14.2 Specific biomarkers related to schizophrenia

Biomarkers Sample type Analytical platforms
Acetoacetate [72] Urine GC-TOFMS and

'"H-NMR
Acetone [72] Urine GC-TOFMS and

'"H-NMR
N-Acetyl-aspartate [76] Serum GC-MS
Cis-aconitic acid [72] Urine GC-TOFMS
Allantoin [77] Serum GC-MS
2-Aminoadipic acid [72] Urine GC-TOFMS
a-Aminobutyrate (AABA) [72] Serum GC-TOFMS

Urine

y-Aminobutyric acid (GABA) [77] Blood LC-ESI/MS/MS
Arachidonic acid [78] Serum HPLC-MS

HPLC fluorescence
Arginine [8] Plasma MS
Aspartic acid [40, 72, 76] Serum GC-MS

Peripheral blood mononuclear | GC-TOFMS
cells (PBMC)

Benzoic acid [40] PBMC GC-MS
Betaine [77] Blood and plasma CE-TOFMS
1,3-Bisphosphoglycerate [76] Serum GC-MS
Carbon disulfide [79] Breath GC-MS
Catechol [72] Urine GC-TOFMS
Cholesterol [76, 80] Serum GC-MS
Citrate [7, 72, 76] Serum GC-MS

CSF GC-TOFMS and

'"H-NMR

Citric acid [55] PBMC GC-MS
Creatine [77] Blood and plasma CE-TOFMS
Creatinine [40] PBMC GC-MS
Cystine [72] Serum GC-TOFMS
6-Deoxy-mannofuranose [80] Serum GC-MS
Dihydroxyacetone phosphate [55] PBMC GC-MS
2,3-Dihydroxybutanoic acid [72] Urine GC-TOFMS
3,4-Dihydroxyphenylacetic acid Blood LC-ESI/MS/MS
(DOPAC) [77]
3,4-Dimethoxyphenethylamine (3,4- Urine MS
DMPEA) [81]
Dopamine (DA) [40, 77] PBMC GC-MS

Blood LC-ESI/MS/MS
Eicosanoic acid [80] Serum GC-MS
Eicosenoic acid [72] Serum GC-TOFMS
Erythrose [76] Serum GC-MS
Ethane [82] Breath GC-MS
2-Ethyl-3-hydroxypropionic acid [72] Urine GC-TOFMS

(continued)



282

Table 14.2 (continued)
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Biomarkers Sample type Analytical platforms
Fructose [55] PBMC GC-MS
Fructose 6-phosphate [55] PBMC GC-MS
Fumaric acid [40] PBMC GC-MS
Galactose oxime [80] Serum GC-MS
Glucose [7, 55, 72, 76] PBMC GC-MS,
Urine GC-TOFMS and
CSF 'H-NMR
Serum
Glucose 6-phosphate [55] PBMC GC-MS
Gluconic acid [77] Blood and plasma CE-TOFMS
Glucuronic acid [76] Serum GC-MS
Glutamate [72, 77, 78, 83] Blood, plasma, urine CE-TOFMS;
LC-ESI/MS/MS
GC-TOFMS
HPLC-MS
Glutamine [8] Plasma MS
CSF
y-Glutamylcysteine [78] Serum HPLC-MS
HPLC fluorescence
Glutathione [78] Serum HPLC-MS
HPLC fluorescence
Glyceraldehyde-3-phosphate [55] PBMC GC-MS
Glycerate [72] Serum GC-TOFMS
Glycerate 3-phosphate [55] PBMC GC-MS
Glycerol [40, 76] PBMC GC-MS
Serum
Glycerol 3-phosphate [55] PBMC GC-MS
Glycine [76, 84] Plasma GC-MS
Serum
Glycocyamine [72] Urine GC-TOFMS
Heptadecanoic acid [80] Serum GC-MS
Hexadecanoic acid Serum GC-MS
(palmitic acid) [72, 76] GC-TOFMS
Histidine [8] Plasma MS
Homoserine [40] PBMC GC-MS
Homovanillic acid (HVA) [77] Blood LC-ESI/MS/MS
Hydroxyacetic acid [72] Urine GC-TOFMS
3-Hydroxyadipic acid [72] Urine GC-TOFMS
2-Hydroxybutyrate [72] Serum GC-TOFMS
Urine
3-Hydroxybutyrate [72, 78] Serum GC-TOFMS and
Urine 'H-NMR;
HPLC-MS
2-Hydroxyethyl palmitate [40] PBMC GC-MS

(continued)
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Table 14.2 (continued)

283

Biomarkers Sample type Analytical platforms
5-Hydroxyindole-3-acetic acid (5-HIAA) | Blood LC-ESI/MS/MS
[77]
Hydroxylamine [40] PBMC GC-MS
3-Hydroxysebacic acid [72] Urine GC-TOFMS
5-Hydroxytryptamine (5-HT) [77, 78] Blood LC-ESI/MS/MS
Serum HPLC-MS
HPLC fluorescence
Inositol [40] PBMC GC-MS
Isoleucine [72] Urine GC-TOFMS
a-Ketoglutarate [76] Serum GC-MS
L-Kynurenine [78] Serum HPLC-MS
HPLC fluorescence
Lactate [7, 55, 72, 76, 78] PBMC GC-MS;
Serum GC-TOFMS;
CSF 'H-NMR;
HPLC-MS
Lactobionic acid [76] Serum GC-MS
Linoleic acid [72, 76, 78] Serum HPLC-MS
HPLC fluorescence
GC-MS
GC-TOFMS
Malate [72] Serum GC-TOFMS
Maltose [40] PBMC GC-MS
3-Methoxy-4-hydroxyphenylglycol Blood LC-ESI/MS/MS
(MHPG) [77]
Tele-methylhistamine [85, 86] CSF GC-MS
Methyl phosphate [40] PBMC GC-MS
Myo-inositol [72, 76] Serum GC-MS
GC-TOFMS
Norepinephrine (NE) [77] Blood LC-ESI/MS/MS
Octadecanoic acid Serum GC-MS
(stearic acid) [72, 76] GC-TOFMS
(9Z)-Octadec-9-enoic acid Serum GC-MS
(oleic acid) [72, 80] GC-TOFMS
Octanoic acid [40] PBMC GC-MS
Ornithine [8] Plasma MS
2-Oxoglutarate [72] Serum GC-TOFMS
1-Oxoproline [80] Serum GC-MS
PC ae C38:6 [8] Plasma MS
Pentadecanoic acid [80] Serum GC-MS
Pentane [79, 82] Breath GC-MS
4-Pentenoic acid [72] Urine GC-TOFMS
Phenylalanine [72] Serum GC-TOFMS
Pipecolinic acid [72] Urine GC-TOFMS

(continued)
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Table 14.2 (continued)

Biomarkers Sample type Analytical platforms
2-Piperidinecarboxylic acid [80] Serum GC-MS
Pyroglutamic acid (5-oxoproline) [40, 72] | PBMC GC-MS
Urine GC-TOFMS
Serum
Pyruvate [55, 72] PBMC GC-MS
Serum GC-TOFMS
Ribose 5-phosphate [55] PBMC GC-MS
Serine [72, 78, 84] Plasma, serum GC-MS,
GC-TOFMS,
HPLC-MS
Sorbitol [40] PBMC GC-MS
Suberic acid [72] Urine GC-TOFMS
Succinic acid [55] PBMC GC-MS
Tetradecanoic acid [72] Serum GC-TOFMS
Threonic acid [72] Urine GC-TOFMS
Threonine [78] Serum HPLC-MS
HPLC fluorescence
a-Tocopherol [40] PBMC GC-MS
y-Tocopherol [40, 76] Serum GC-MS
PBMC
-Tryptophan [76, 78] Serum HPLC-MS
HPLC fluorescence
GC-MS
L-Tyrosine [78] Serum HPLC-MS
HPLC fluorescence
Uric acid [76] Serum GC-MS
Valine [40, 72] PBMC GC-MS
Urine GC-TOFMS
Vanillylmandelic acid (VMA) [77] Blood LC-ESI/MS/MS

has been reported to occur in other diseases such as heart attack, rheumatoid arthri-
tis, and nutritional deficiency [79, 82].

Another biomarker that has been studied is trimethylglycine (also known as beta-
ine) since it participates in homocysteine metabolism. More specifically, it partici-
pates in the conversion of homocysteine to methionine which is mediated by
betaine-homocysteine methyltransferase in human tissues. Koike et al. [83] observed
a decrease of betaine levels in schizophrenia patients and consequently an increase
of the homocysteine concentration in the brain, which can lead to a high oxidative
stress and a neural damage. In addition to betaine, hydroxylamine, pyroglutamic
acid, y-tocopherol, and a-tocopherol have been listed as markers of the increase in
oxidative stress in schizophrenia patients [83]. The higher concentrations of hydrox-
ylamine in patients compared to healthy individuals suggest a higher accumulation
of reactive oxygen species (ROS) in patients with schizophrenia, while lower
tocopherol concentrations indicate a decrease in antioxidative defense [40].
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As already stated, biomarker candidates found for BD and schizophrenia are
numerous, but these have still not been tested in geographically different environ-
ments and using greater number of samples as means of validation. In order to apply
these in clinical research, there must be coordinated efforts around the globe to
verify which of the cited biomarkers are applicable and universal. It is also expected
that this will help to expand research in modern and multidisciplinary psychiatry
and design biomarker-based user friendly tests that can be performed as simple
clinical trials with easy to read and interpretable data.

14.3 Samples, Methodology, and Techniques: Concerns

To guarantee the quality of the data and the biological interpretations, it is important
to properly select the sample type, the method of sample preparation, and the pre-
processing procedures. Another critical issue is the selection of an appropriate con-
trol group [90, 91]. When immediate analysis is not feasible, to prevent changes in
the composition of the samples, it is necessary to store them at —80 °C, but cycles
of freezing and thawing should be avoided [90, 92-94].

The cellular components of the blood (erythrocytes, leukocytes, and platelets)
can be excluded using centrifugation, obtaining the plasma or serum. The superna-
tant portions of these are derived with or without the addition of anticoagulants,
respectively. Plasma is composed of a variety of substances such as proteins, pep-
tides, and electrolytes. The precipitation of proteins can be carried out with trichlo-
roacetic acid (TCA) and cold methanol to reduce their potential interference in the
analysis [90].

Plasma, serum, and CSF are naturally buffered. However, the pH in urine sam-
ples can vary and should be controlled by addition of a sodium phosphate buffer
(Na,HPO,/NaH,PO,) [90-93].

The sodium salt of 3-trimethylsilylpropionic acid (TSP) should not be used as a
NMR standard reference in samples containing high concentrations of proteins. An
alternative is the use of formate or internal standards, such as the lactate signal (3H,
d, 1.33 ppm,®J = 7 Hz) in plasma or serum samples [94, 95].

Analysis of urine samples presents several advantages compared to blood or
CSF, since urine collection is easy and noninvasive and enables more extensive
sampling frequency. Furthermore, the sample preparation is less complex due to the
absence, or low level, of proteins and peptides [90, 92, 96]. However, it is important
to define the time of urine collection since the concentration of metabolites can vary
during the day due to dietary, lifestyle, and pharmaceutical interference [90, 92].

The collection of CSF is invasive, and, therefore, routine sampling and longitu-
dinal studies are not desirable. One of the main concerns of using CSF is the poten-
tial of blood contamination during the sampling process. There are some known
protocols to decrease blood contamination in CSF [90, 93].

Numerous methods of sample preparation prior to MS-based analysis have been
reported. These are diverse extraction protocols that will lead to the observation of dif-
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ferent fractions in the metabolite profile [90, 94]. However, the signals are usually fil-
tered using specific pulse sequences in NMR-based analysis instead of applying sample
preparation techniques, such as protein precipitation or ultrafiltration [94-97].

For further information, there are many described procedures for collection and
preparation of serum [91, 94, 95, 97], plasma [91, 94], urine [91, 92, 94], and CSF
[98] samples. Barbosa et al. described the detailed procedures involved in serum
lipidomics [97].

14.3.1 Softwares and Databases

NMR spectral processing can be performed using Topspin or MestreNova software.
The Chenomx commercial package provides a tool that can be used from the point
of spectral processing to metabolite identification. For data statistical analysis, there
are free online platforms including PRIMe [99] and MetaboAnalyst [100] and free
or commercial software, such as R, MVAPACK [101], MATLAB, Statistica, and the
Unscrambler. The open-access databases Human Metabolome Database (HMDB)
[102], Biological Magnetic Resonance Data Bank (BMRB) [103], and Madison-
Qingdao Metabolomics Consortium Database (MMCD) [104] can be used to assist
in the spectral assignments of metabolites. A list and discussion about the database
and software for NMR metabolomics are available in the literature [105].

Current software available for processing mass spectra includes MassHunter
(Agilent?), Thermo™ Xcalibur™ (LC-MS), MestreNova (NMR and MS), and others.
Some specific software for both GC-MS and LC-MS preprocessing includes MetAlign™
[106], MZmine 2 (LC-MS) [107], XCMS [108], and SpectConnect (GC-MS) [109].

The statistical analysis of mass spectra data can be performed using the Agilent
MassHunter Profinder (data extraction) and Mass Profiler Professional (MPP-
Agilent®). Data mining can also be performed, and chemometric analysis can be
used for analysis of volatile organic compounds in GC-MS analysis. Finally,
ANOVA analysis and unsupervised statistical methods can also be applied such as
PCA and HCA [110].

Some software is also available that can be used for image data processing gener-
ated from imaging mass spectrometry (IMS) such as BioMap (Novartis) or flexIm-
aging (Bruker Daltonics), and the FlexAnalysis system (Bruker Daltonics) can be
used for quantification.

14.3.2 NMR x MS

Standard NMR pulse sequences frequently used in metabolomic studies are the water
suppression pulse sequence Watergate [111, 112], T,-edited CPMG pulse sequence
for filtering out signals of larger molecules [113, 114], and diffusion-ordered spectros-
copy (DOSY)-edited pulse sequence to detect assemblies of lipids [94, 95, 97].
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The development of high-resolution 'H magic angle spinning (MAS) NMR
spectroscopy has extended the capability of metabolomic studies since this
makes it possible to analyze intact tissues without a pre-treatment step. The
experiments are the same ones as those used in liquid state NMR metabolomics
[12, 94, 96, 115].

Since each technique has its strengths and limitations, the combination of NMR
and MS techniques for metabolic fingerprinting and profiling is growing and show-
ing the capacity to improve results by covering a more comprehensive range of
metabolites [94, 116, 117]. This can be done using hyphenated techniques such as
HPLC-NMR-MS, in which parallel NMR and MS analyses are performed using a
splitting of the eluting HPLC fraction. Another alternative is to aliquot the sample
for analysis by NMR and MS separately. Some authors have already applied this
approach in bipolar disorder and schizophrenia metabolomic studies.

Generally, when it is necessary to perform analyses in which the samples need to
be analyzed over a period of time, NMR spectroscopy is chosen because of the
greater reproducibility of the resulting spectra, while GC-MS or LC-MS are com-
monly used when it is necessary to achieve a higher sensitivity. However, this
requires high purity of samples and sometimes laborious preparation of the meta-
bolic components, such as derivatization of the samples [118]. Furthermore, the
testing of the range of molecules analyzed according to their functional groups will
be conditioned to the extraction solvent that is used in preparation of the samples.

In addition to the possibility of analyzing biofluids and the preparation care
already mentioned previously, tissue analysis by IMS has been explored as in the
work of Matsumoto et al. [119]. IMS is a technique that has allowed the analysis of
complex surfaces of samples (in 2D or 3D) and can result in the display of hundreds
to thousands of compounds per sample surface [120, 121].

14.4 Conclusion

Bipolar disorder and schizophrenia are chronic mental disorders that affect the pop-
ulation and can notably interfere with the normal life of a person. Modern medicine
still struggles with the accurate diagnosis and treatment of these diseases. Recent
and promising metabolomic discoveries in mental disorders will help in the selec-
tion of appropriate drug treatments, improve human health significantly, and ame-
liorate the quotidian effects on individuals. Acetone, N-acetyl-aspartate, GABA,
creatine, glutamine, glutamate, glycine, 5-hydroxyindole-3-acetic acid (5-HIAA),
myoinositol, a-ketoglutarate, L-kynurenine, lactate, phenylalanine, pyruvate, and
tryptophan are the most frequently occurring biomarkers cited in the literature as
being altered in bipolar disorder and schizophrenia patients [10, 37, 39, 40, 42, 43,
45-47, 49, 51, 53, 55, 72, 76-78]. Both disorders have some similar symptoms and
share some common metabolites, but the question is whether these metabolites
originate from the same source and metabolic pathway. It is anticipated that further
studies will help to determine this.



288

M. Quintero et al.

References

1.

10.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Venigalla H, Mekala HM, Hassan M, Zain H (2017) An update on biomarkers in psychi-
atric disorders—are we aware, do we use in our clinical practice? Ment Health Fam Med
13:471-479

. Boksa P (2013) A way forward for research on biomarkers for psychiatric disorders.

J Psychiatry Neurosci 38(2):75-77

. Gjerris A, Sgrensen AS, Rafaelsen OJ, Werdelin L, Alling C, Linnoila M (1987) 5-HT and

5-HIAA in cerebrospinal fluid in depression. J Affect Disord 12(1):13-22

. Ross RG, Olincy A, Harris JG, Sullivan B, Radant A (2000) Smooth pursuit eye movements

in schizophrenia and attentional dysfunction: adults with schizophrenia, ADHD, and a nor-
mal comparison group. Biol Psychiatry 48(3):197-203

. Yeung PK (2018) Metabolomics and biomarkers for drug discovery. Metabolites 8(1)
. Lista S, Giegling I, Rujescu D (2014) Schizophrenia: blood-serum-plasma metabolomics.

In: Martins-de-Souza D (ed) Proteomics and metabolomics in psychiatry. Karger Publishers,
Basel, p 27-44. ISBN-10: 3318025992

. Holmes E, Tsang TM, Huang JT-J, Leweke FM, Koethe D, Gerth CW et al (2006) Metabolic

profiling of CSF: evidence that early intervention may impact on disease progression and out-
come in schizophrenia. PLoS Med 3(8):e327. https://doi.org/10.1371/journal.pmed.0030327

. He Y, Yu Z, Giegling I, Xie L, Hartmann AM, Prehn C, Adamski J et al (2012) Schizophrenia

shows a unique metabolomics signature in plasma. Transl Psychiatry 2:e149. https://doi.
org/10.1038/tp.2012.76

. Zheng P, Wei Y-D, Yao G-E, Ren G-P, Guo J, Zhou C-J et al (2013) Novel urinary biomarkers

for diagnosing bipolar disorder. Metabolomics 9(4):800-808

Chen J-J, Zhou C-J, Liu Z, Fu Y-Y, Zheng P, Yang D-Y et al (2015) Divergent urinary
metabolic phenotypes between major depressive disorder and bipolar disorder identified
by a combined GC-MS and NMR spectroscopic metabonomic approach. J Proteome Res
14(8):3382-3389

. Sethi S, Brietzke E (2015) Omics-based biomarkers: application of metabolomics in neu-

ropsychiatric disorders. Int J Neuropsychopharmacol 19(3):yv096. https://doi.org/10.1093/
ijnp/pyv096

. Lindon JC, Holmes E, Nicholson JK (2003) Peer reviewed: so what’s the deal with metabo-

nomics? Anal Chem 75(17):384A-391A

Friedhoff AJ, van Winkle E (1962) The characteristics of an amine found in urine of schizo-
phrenic patients. ] Nerv Ment Dis 135:550-555

Boulton AA, Pollitt RJ, Majer JR (1967) Identity of a urinary “pink spot” in schizophrenia
and Parkinson’s disease. Nature 215:132-134

Money TT, Bousman CA (2013) Metabolomics of psychotic disorders. Metabolomics 3:117.
https://doi.org/10.4172/2153-0769.1000117

Kohler I, Hankemeier T, van der Graaf PH, Knibbe CAJ, van Hasselt JGC (2017) Integrating
clinical metabolomics-based biomarker discovery and clinical pharmacology to enable preci-
sion medicine. Eur J Pharm Sci 109S:S15-S21

Fuhrer T, Zamboni N (2015) High-throughput discovery metabolomics. Curr Opin Biotechnol
31:73-78

Zhang A, Sun H, Wang P, Han Y, Wang X (2012) Modern analytical techniques in metabolo-
mics analysis. Analyst 137(2):293-300

Alonso A, Marsal S, Julia A (2015) Analytical methods in untargeted metabolomics: state of
the art in 2015. Front Bioeng Biotechnol 3:23. https://doi.org/10.3389/fbioe.2015.00023
Riekeberg E, Powers R (2017) New frontiers in metabolomics: from measurement to insight.
F1000Res 6:1148. https://doi.org/10.12688/f1000research.11495.1

Wold S, Esbensen K, Geladi P (1987) Principal component analysis. Chemometrics Intellig
Lab Syst 2(1):37-52

Bro R, Smilde AK (2014) Principal component analysis. Anal Methods 6(9):2812-2831


https://doi.org/10.1371/journal.pmed.0030327
https://doi.org/10.1038/tp.2012.76
https://doi.org/10.1038/tp.2012.76
https://doi.org/10.1093/ijnp/pyv096
https://doi.org/10.1093/ijnp/pyv096
https://doi.org/10.4172/2153-0769.1000117
https://doi.org/10.3389/fbioe.2015.00023
https://doi.org/10.12688/f1000research.11495.1

14

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Biomarkers in Psychiatric Disorders 289

Bylesjo M, Rantalainen M, Cloarec O, Nicholson JK, Holmes E, Trygg J (2006) OPLS dis-
criminant analysis: combining the strengths of PLS-DA and SIMCA classification. ] Chemom
20(8-10):341-351

Berrueta LA, Alonso-Salces RM, Héberger K (2007) Supervised pattern recognition in food
analysis. J Chromatogr A 1158(1-2):196-214

Peng C-Y]J, Lee KL, Ingersoll GM (2002) An introduction to logistic regression analysis and
reporting. J Educ Res 96(1):3-14

Merikangas KR, Jin R, He J-P, Kessler RC, Lee S, Sampson NA et al (2011) Prevalence and
correlates of bipolar spectrum disorder in the world mental health survey initiative. Arch Gen
Psychiatry 68(3):241-251

Kessler RC, Merikangas KR, Wang PS (2007) Prevalence, comorbidity, and service utiliza-
tion for mood disorders in the United States at the beginning of the twenty-first century. Annu
Rev Clin Psychol 3:137-158

Sagar R, Pattanayak RD (2017) Potential biomarkers for bipolar disorder: where do we
stand? Indian J Med Res 145(1):7-16

Vieta E, Berk M, Schulze TG, Carvalho AF, Suppes T, Calabrese JR et al (2018) Bipolar
disorders. Nat Rev Dis Primers 4:18008. https://doi.org/10.1038/nrdp.2018.8

Hilty DM, Leamon MH, Lim RF, Kelly RH, Hales RE (2006) A review of bipolar disorder in
adults. Psychiatry 3(9):43-55

Shorter E (2009) The history of lithium therapy. Bipolar Disord 11(Suppl2):4-9

Coppen A, Healy D (1996) Biological psychiatry in Britain. In: Healy D (ed) The
psychopharmacologists: interviews by David Healey. Chapman and Hall, London,
pp 265-286

Marwaha S, Sal N, Bebbington P (2014) Adult psychiatric morbidity survey—bipolar dis-
order. In: NHS digital. https://digital.nhs.uk/data-and-information/publications/statistical/
adult-psychiatric-morbidity-survey/adult-psychiatric-morbidity-survey-survey-of-mental-
health-and-wellbeing-england-2014. Accessed 27 Sep 2018

Murray CJL, Lopez AD (1996) The global burden of disease. Harvard University Press,
Cambridge, MA. ISBN:0-9655466-0-8

Cade JFJ (1949) Lithium salts in the treatment of psychotic excitement. Med J Aust
2(10):349-352

Malhi GS, Tanious M, Das P, Coulston CM, Berk M (2013) Potential mechanisms of action
of lithium in bipolar disorder. CNS Drugs 27(2):135-153

Sethi S, Pedrini M, Rizzo LB, Zeni-Graiff M, Mas CD, Cassinelli AC et al (2017) 1H-NMR
T2-edited, and 2D-NMR in bipolar disorder metabolic profiling. Int J Bipolar Disord 5(1):23.
https://doi.org/10.1186/s40345-017-0088-2

Chen J-J, Liu Z, Fan S-H, Yang D-Y, Zheng P, Shao W-H et al (2014) Combined application
of NMR- and GC-MS-based metabonomics yields a superior urinary biomarker panel for
bipolar disorder. Sci Rep 4:5855. https://doi.org/10.1038/srep05855

Sussulini A, Prando A, Maretto DA, Poppi RJ, Tasic L, Banzato CEM et al (2009) Metabolic
profiling of human blood serum from treated patients with bipolar disorder employing 1H
NMR spectroscopy and chemometrics. Anal Chem 81(23):9755-9763

Liu M-L, Zheng P, Liu Z, Xu'Y, Mu J, Guo J et al (2014) GC-MS based metabolomics iden-
tification of possible novel biomarkers for schizophrenia in peripheral blood mononuclear
cells. Mol BioSyst 10(9):2398-2406

Xu X-J, Zheng P, Ren G-P, Liu M-L, Mu J, Guo J et al (2014) 2,4-Dihydroxypyrimidine
is a potential urinary metabolite biomarker for diagnosing bipolar disorder. Mol Biosyst
10(4):813-819

Soeiro-de-Souza MG, Henning A, Machado-Vieira R, Moreno RA, Pastorello BF, da Costa
LC et al (2015) Anterior cingulate Glutamate-Glutamine cycle metabolites are altered in
euthymic bipolar I disorder. Eur Neuropsychopharmacol 25(12):2221-2229
Soeiro-de-Souza MG, Otaduy MCG, Machado-Vieira R, Moreno RA, Nery FG, Leite C et al
(2018) Anterior cingulate cortex glutamatergic metabolites and mood stabilizers in euthymic


https://doi.org/10.1038/nrdp.2018.8
https://digital.nhs.uk/data-and-information/publications/statistical/adult-psychiatric-morbidity-survey/adult-psychiatric-morbidity-survey-survey-of-mental-health-and-wellbeing-england-2014
https://digital.nhs.uk/data-and-information/publications/statistical/adult-psychiatric-morbidity-survey/adult-psychiatric-morbidity-survey-survey-of-mental-health-and-wellbeing-england-2014
https://digital.nhs.uk/data-and-information/publications/statistical/adult-psychiatric-morbidity-survey/adult-psychiatric-morbidity-survey-survey-of-mental-health-and-wellbeing-england-2014
https://doi.org/10.1186/s40345-017-0088-2
https://doi.org/10.1038/srep05855

290

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

M. Quintero et al.

bipolar I disorder patients: a proton magnetic resonance spectroscopy study. Biol Psychiatry
Cogn Neurosci Neuroimaging 3(12):985-991

Atagiin Mi, Sikoglu EM, Can SS, Ugurlu GK, Kaymak SU, Caykoylii A et al (2018)
Neurochemical differences between bipolar disorder type I and II in superior temporal corti-
ces: a proton magnetic resonance spectroscopy study. J Affect Disord 235:15-19

Chen J-J, Huang H, Zhao L-B, Zhou D-Z, Yang Y-T, Zheng P et al (2014) Sex-specific
urinary biomarkers for diagnosing bipolar disorder. PLoS One 9(12):e115221. https://doi.
org/10.1371/journal.pone.0115221

Haarman BCM, Riemersma-Van der Lek RF (2016) Volume, metabolites and neuroinflam-
mation of the hippocampus in bipolar disorder. Bipolar Disord 56:21-33

Tannous J, Cao B, Stanley J, Amaral-Silva H, Soares J (2018) Metabolite abnormalities in
the anterior white matter of patients with pediatric bipolar disorder. Biol Psychiatry 83(9,
Supplement):S263. https://doi.org/10.1016/j.biopsych.2018.02.678

Yoshimi N, Futamura T, Kakumoto K, Salehi AM, Sellgren CM, Holmén-Larsson J et al
(2016) Blood metabolomics analysis identifies abnormalities in the citric acid cycle, urea
cycle, and amino acid metabolism in bipolar disorder. BBA Clin 5:151-158

Atagiin Mi, Sikoglu EM, Soykan C, Serdar Siileyman C, Ulusoy-Kaymak S, Caykoylii A
et al (2017) Perisylvian GABA levels in schizophrenia and bipolar disorder. Neurosci Lett
637:70-74

Kageyama Y, Kasahara T, Morishita H, Mataga N, Deguchi Y, Tani M et al (2017) Search
for plasma biomarkers in drug-free patients with bipolar disorder and schizophrenia using
metabolome analysis. Psychiatry Clin Neurosci 71(2):115-123

Poletti S, Myint AM, Schiietze G, Bollettini I, Mazza E, Grillitsch D et al (2018) Kynurenine
pathway and white matter microstructure in bipolar disorder. Eur Arch Psychiatry Clin
Neurosci 268(2):157-168

Yoshimi N, Futamura T, Bergen SE, Iwayama Y, Ishima T, Sellgren C et al (2016)
Cerebrospinal fluid metabolomics identifies a key role of isocitrate dehydrogenase in bipo-
lar disorder: evidence in support of mitochondrial dysfunction hypothesis. Mol Psychiatry
21(11):1504-1510

Davanzo P, Thomas MA, Yue K, Oshiro T, Belin T, Strober M et al (2001) Decreased anterior
cingulate myo-inositol/creatine spectroscopy resonance with lithium treatment in children
with bipolar disorder. Neuropsychopharmacology 24(4):359-369

Ribeiro HC, Klassen A, Pedrini M, Carvalho MS, Rizzo LB, Noto MN et al (2017) A pre-
liminary study of bipolar disorder type I by mass spectrometry-based serum lipidomics.
Psychiatry Res 258:268-273

Liu M-L, Zhang X-T, Du X-Y, Fang Z, Liu Z, Xu Y et al (2015) Severe disturbance of glu-
cose metabolism in peripheral blood mononuclear cells of schizophrenia patients: a targeted
metabolomic study. J Transl Med 13:226. https://doi.org/10.1186/s12967-015-0540-y
Atack JR, Rapoport SI, Varley CL (1993) Characterization of inositol monophosphatase in
human cerebrospinal fluid. Brain Res 613(2):305-308

Berridge MJ (1993) Inositol trisphosphate and calcium signalling. Nature 361(6410):
315-325

Manji HK, Potter WZ, Lenox RH (1995) Signal transduction pathways. Molecular targets for
lithium’s actions. Arch Gen Psychiatry 52(7):531-543

Yiiksel C, Ongiir D (2010) Magnetic resonance spectroscopy studies of glutamate-related
abnormalities in mood disorders. Biol Psychiatry 68(9):785-794

Bak LK, Schousboe A, Waagepetersen HS (2006) The glutamate/GABA-glutamine cycle:
aspects of transport, neurotransmitter homeostasis and ammonia transfer. J Neurochem
98(3):641-653

Erecinska M, Silver IA (1990) Metabolism and role of glutamate in mammalian brain. Prog
Neurobiol 35(4):245-296

Frey BN, Stanley JA, Nery FG, Monkul ES, Nicoletti MA, Chen H-H et al (2007) Abnormal
cellular energy and phospholipid metabolism in the left dorsolateral prefrontal cortex of


https://doi.org/10.1371/journal.pone.0115221
https://doi.org/10.1371/journal.pone.0115221
https://doi.org/10.1016/j.biopsych.2018.02.678
https://doi.org/10.1186/s12967-015-0540-y

14

63.

64.

65.

66.

67.

. Kahn RS, Sommer IE, Murray RM, Meyer-Lindenberg A, Weinberger DR, Cannon TD et al

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

Biomarkers in Psychiatric Disorders 291

medication-free individuals with bipolar disorder: an in vivo 1H MRS study. Bipolar Disord
9(Suppl 1):119-127

Oertel-Knochel V, Reinke B, Alves G, Jurcoane A, Wenzler S, Prvulovic D et al (2014)
Frontal white matter alterations are associated with executive cognitive function in euthymic
bipolar patients. J Affect Disord 155:223-233

Lu LH, Zhou XJ, Keedy SK, Reilly JL, Sweeney JA (2011) White matter microstructure
in untreated first episode bipolar disorder with psychosis: comparison with schizophrenia.
Bipolar Disord 13(7-8):604-613

Benedetti F, Yeh P-H, Bellani M, Radaelli D, Nicoletti MA, Poletti S et al (2011) Disruption
of white matter integrity in bipolar depression as a possible structural marker of illness. Biol
Psychiatry 69(4):309-317

Patel KR, Cherian J, Gohil K, Atkinson D (2014) Schizophrenia: overview and treatment
options. PT 39(9):638-645

Owen MJ, Sawa A, Mortensen PB (2016) Schizophrenia. Lancet 388(10039):86-97

(2015) Schizophrenia. Nat Rev Dis Primers 1:15067. https://doi.org/10.1038/nrdp.2015.67
Lavretsky H (2008) History of schizophrenia as a psychiatric disorder. In: Mueser KT, Jeste
DV (eds) Clinical handbook of schizophrenia. Guilford Publications, New York, pp 3-13.
ISBN:9781609182373

Jentsch JD, Roth RH (1999) The neuropsychopharmacology of phencyclidine:
from NMDA receptor hypofunction to the dopamine hypothesis of schizophrenia.
Neuropsychopharmacology 20:201-225

Oresi¢ M, Tang J, Seppédnen-Laakso T, Mattila I, Saarni SE, Saarni SIet al (2011) Metabolome
in schizophrenia and other psychotic disorders: a general population-based study. Genome
Med 3(3):19. https://doi.org/10.1186/gm233

Yang J, Chen T, Sun L, Zhao Z, Qi X, Zhou K et al (2013) Potential metabolite markers of
schizophrenia. Mol Psychiatry 18(1):67-78

Hashimoto K, Fukushima T, Shimizu E, Komatsu N, Watanabe H, Shinoda N et al (2003)
Decreased serum levels of D-serine in patients with schizophrenia: evidence in support of
the N-methyl-D-aspartate receptor hypofunction hypothesis of schizophrenia. Arch Gen
Psychiatry 60(6):572-576

Palomino A, Gonzalez-Pinto A, Aldama A, Gonzédlez-Gémez C, Mosquera F, Gonzalez-
Garcia G et al (2007) Decreased levels of plasma glutamate in patients with first-episode
schizophrenia and bipolar disorder. Schizophr Res 95(1-3):174-178

Prell GD, Green JP, Kaufmann CA, Khandelwal JK, Morrishow AM, Kirch DG et al (1995)
Histamine metabolites in cerebrospinal fluid of patients with chronic schizophrenia: their
relationships to levels of other aminergic transmitters and ratings of symptoms. Schizophr
Res 14(2):93-104

Xuan J, Pan G, Qiu Y, Yang L, Su M, Liu Y et al (2011) Metabolomic profiling to iden-
tify potential serum biomarkers for schizophrenia and risperidone action. J Proteome Res
10(12):5433-5443

Cai H-L, Zhu R-H, Li H-D (2010) Determination of dansylated monoamine and amino
acid neurotransmitters and their metabolites in human plasma by liquid chromatography-
electrospray ionization tandem mass spectrometry. Anal Biochem 396(1):103-111
Fukushima T, lizuka H, Yokota A, Suzuki T, Ohno C, Kono Y et al (2014) Quantitative analy-
ses of schizophrenia-associated metabolites in serum: serum D-lactate levels are negatively
correlated with gamma-glutamylcysteine in medicated schizophrenia patients. PLoS One
9(7):e101652. https://doi.org/10.1371/journal.pone.0101652

Phillips M, Sabas M, Greenberg J (1993) Increased pentane and carbon disulfide in the breath
of patients with schizophrenia. J Clin Pathol 46(9):861-864

Al Awam K, HauBleiter IS, Dudley E, Donev R, Briine M, Juckel G et al (2015) Multiplatform
metabolome and proteome profiling identifies serum metabolite and protein signatures as
prospective biomarkers for schizophrenia. J Neural Transm 122(Suppl 1):S111-S122


https://doi.org/10.1038/nrdp.2015.67
https://doi.org/10.1186/gm233
https://doi.org/10.1371/journal.pone.0101652

292

81

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

M. Quintero et al.

. Creveling CR, Daly JW (1967) Identification of 3,4-dimethoxyphenethylamine from schizo-
phrenic urine by mass spectrometry. Nature 216(5111):190-191

Ross BM, Shah S, Peet M (2011) Increased breath ethane and pentane concentrations in cur-
rently unmedicated patients with schizophrenia. OJPsych 1(01):1-7

Koike S, Bundo M, Iwamoto K, Suga M, Kuwabara H, Ohashi Y et al (2014) A snapshot of
plasma metabolites in first-episode schizophrenia: a capillary electrophoresis time-of-flight
mass spectrometry study. Transl Psychiatry 4:e379. https://doi.org/10.1038/tp.2014.19
Baruah S, Waziri R, Hegwood TS, Mallis LM (1991) Plasma serine in schizophrenics and
controls measured by gas chromatography-mass spectrometry. Psychiatry Res 37(3):261-270
Petrovchich I, Sosinsky A, Konde A, Archibald A, Henderson D, Maletic-Savatic M et al (2016)
Metabolomics in schizophrenia and major depressive disorder. Front Biol 11(3):222-231

Ito C (2004) The role of the central histaminergic system on schizophrenia. Drug News
Perspect 17(6):383-387

Kaddurah-Daouk R, McEvoy J, Baillie RA, Lee D, Yao JK, Doraiswamy PM et al (2007)
Metabolomic mapping of atypical antipsychotic effects in schizophrenia. Mol Psychiatry
12(10):934-945

Kantrowitz JT, Malhotra AK, Cornblatt B, Silipo G, Balla A, Suckow RF et al (2010) High
dose D-serine in the treatment of schizophrenia. Schizophr Res 121(1-3):125-130

Nunes EA, MacKenzie EM, Rossolatos D, Perez-Parada J, Baker GB, Dursun SM (2012)
D-serine and schizophrenia: an update. Expert Rev Neurother 12(7):801-812

Nunes de Paiva MJ, Menezes HC, de Lourdes CZ (2014) Sampling and analysis of metabo-
lomes in biological fluids. Analyst 139(15):3683-3694

Li N, Song YP, Tang H, Wang Y (2016) Recent developments in sample preparation and data
pre-treatment in metabonomics research. Arch Biochem Biophys 589:4-9

Pontes JGM, Brasil AJM, Cruz GCF, de Souza RN, Tasic L (2017) NMR-based metabolo-
mics strategies: plants, animals and humans. Anal Methods 9:1078-1096

Smolinska A, Blanchet L, Buydens LMC, Wijmenga SS (2012) NMR and pattern recognition
methods in metabolomics: from data acquisition to biomarker discovery: a review. Anal Chim
Acta 750:82-97

Beckonert O, Keun HC, Ebbels TMD, Bundy J, Holmes E, Lindon JC et al (2007) Metabolic
profiling, metabolomic and metabonomic procedures for NMR spectroscopy of urine,
plasma, serum and tissue extracts. Nat Protoc 2(11):2692-2703

Pontes JGM, Brasil AJM, Cruz GCF, de Souza RN, Tasic L (2017) '"H NMR metabolomic
profiling of human and animal blood serum samples. Methods Mol Biol 1546:275-282
Lenz EM, Wilson ID (2007) Analytical strategies in metabonomics. J Proteome Res
6(2):443-458

Barbosa BS, Martins LG, Costa TBBC, Cruz G, Tasic L (2018) Qualitative and quantitative
NMR approaches in blood serum lipidomics. Methods Mol Biol 1735:365-379

Stoop MP, Coulier L, Rosenling T, Shi S, Smolinska AM, Buydens L et al (2010) Quantitative
proteomics and metabolomics analysis of normal human cerebrospinal fluid samples. Mol
Cell Proteomics 9(9):2063-2075

Sakurai T, Yamada Y, Sawada Y, Matsuda F, Akiyama K, Shinozaki K et al (2013) PRIMe
update: innovative content for plant metabolomics and integration of gene expression and
metabolite accumulation. Plant Cell Physiol 54(2):e5—e5. https://doi.org/10.1093/pcp/pcs184
Chong J, Soufan O, Li C, Caraus I, Li S, Bourque G et al (2018) MetaboAnalyst 4.0:
towards more transparent and integrative metabolomics analysis. Nucleic Acids Res
46(W1):W486-W494

Worley B, Powers R (2014) MVAPACK: a complete data handling package for NMR metab-
olomics. ACS Chem Biol 9(5):1138-1144

Wishart DS, Feunang YD, Marcu A, Guo AC, Liang K, Vazquez-Fresno R et al (2018)
HMDB 4.0: the human metabolome database for 2018. Nucleic Acids Res 46:D608-D617
Ulrich EL, Akutsu H, Doreleijers JF, Harano Y, loannidis YE, Lin J, Livhy M, Mading S,
Maziuk D, Miller Z, Nakatani E, Schulte CF, Tolmie DE, Kent Wenger R, Yao H, Markley JL.
(2007) BioMagResBank. Nucleic Acids Res 36(Database issue):D402-D408


https://doi.org/10.1038/tp.2014.19
https://doi.org/10.1093/pcp/pcs184

14 Biomarkers in Psychiatric Disorders 293

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Cui Q, Lewis IA, Hegeman AD, Anderson ME, Li J, Schulte CF et al (2008) Metabolite iden-
tification via the Madison Metabolomics Consortium Database. Nat Biotechnol 26:162—-164
Ellinger JJ, Chylla RA, Ulrich EL, Markley JL (2012) Databases and software for NMR-
based metabolomics. Curr Metabolomics 1:28-40

Lommen A (2009) MetAlign: interface-driven, versatile metabolomics tool for hyphenated
full-scan mass spectrometry data preprocessing. Anal Chem 81(8):3079-3086

Pluskal T, Castillo S, Villar-Briones A, Oresi¢ M (2010) MZmine 2: modular framework for
processing, visualizing, and analyzing mass spectrometry-based molecular profile data. BMC
Bioinformatics 11:395. https://doi.org/10.1186/1471-2105-11-395

Smith CA, Want EJ, O'Maille G, Abagyan R, Siuzdak G (2006) XCMS: processing mass
spectrometry data for metabolite profiling using nonlinear peak alignment, matching and
identification. Anal Chem 78(3):779-787

Styczynski MP, Moxley JF, Tong LV, Walther JL, Jensen KL, Stephanopoulos GN (2007)
Systematic identification of conserved metabolites in GC/MS data for metabolomics and
biomarker discovery. Anal Chem 79(3):966-973

Chen W, Ma C, Miao A, Pang S, Qi D, Wang W (2017) Chemometric methods for the analy-
sis of graftage-related black tea aroma variation by solid phase mirco-extraction and gas
chromatography-mass spectrometry. Agilent Technologies. https://www.agilent.com/cs/
library/applications/5991-8330EN.pdf

Piotto M, Saudek V, Sklenai V (1992) Gradient-tailored excitation for single-quantum NMR
spectroscopy of aqueous solutions. J Biomol NMR 2(6):661-665

Liu M, Mao X, Ye C, Huang H, Nicholson JK, Lindon JC (1998) Improved WATERGATE
pulse sequences for solvent suppression in NMR spectroscopy. J Magn Reson 132(1):125-129
Carr HY, Purcell EM (1954) Effects of diffusion on free precession in nuclear magnetic reso-
nance experiments. Phys Rev 94:630-638

Meiboom S, Gill D (1958) Modified spin-echo method for measuring nuclear relaxation
times. Rev Sci Instrum 29:688-691

Sethi S, Hayashi MAF, Barbosa BS, Pontes JGM, Tasic L, Brietzke E (2017) Lipidomics,
biomarkers, and schizophrenia: a current perspective. Adv Exp Med Biol 965:265-290
Nagana Gowda GA, Raftery D (2017) Recent advances in NMR-based metabolomics. Anal
Chem 89(1):490-510

Marshall DD, Lei S, Worley B, Huang Y, Garcia-Garcia A, Franco R et al (2015) Combining
DI-ESI-MS and NMR datasets for metabolic profiling. Metabolomics 11(2):391-402
Lopez-Lépez A, Lépez-Gonzdlvez A, Barker-Tejeda TC, Barbas C (2018) A review of vali-
dated biomarkers obtained through metabolomics. Expert Rev Mol Diagn 18(6):557-575
Matsumoto J, Sugiura Y, Yuki D, Hayasaka T, Goto-Inoue N, Zaima N et al (2011) Abnormal
phospholipids distribution in the prefrontal cortex from a patient with schizophrenia revealed
by matrix-assisted laser desorption/ionization imaging mass spectrometry. Anal Bioanal
Chem 400(7):1933-1943

Amstalden Van Hove ER, Smith DF, Heeren RMA (2010) A concise review of mass spec-
trometry imaging. J Chromatogr A 1217:3946-3954

Bodzon-Kulakowska A, Sude P (2016) Imaging mass spectrometry: instrumentation,
applications, and combination with other visualization techniques. Mass Espectrom Rev
35(1):147-169


https://doi.org/10.1186/1471-2105-11-395
https://www.agilent.com/cs/library/applications/5991-8330EN.pdf
https://www.agilent.com/cs/library/applications/5991-8330EN.pdf

	Chapter 14: Metabolomic Biomarkers in Mental Disorders: Bipolar Disorder and Schizophrenia
	14.1 Introduction
	14.1.1 Metabolomic Biomarkers

	14.2 Biomarkers in Psychiatric Disorders
	14.2.1 Metabolomic Biomarkers in Bipolar Disorder
	14.2.2 Metabolomic Biomarkers in Schizophrenia

	14.3 Samples, Methodology, and Techniques: Concerns
	14.3.1 Softwares and Databases
	14.3.2 NMR × MS

	14.4 Conclusion
	References




