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Abstract—The review summarizes the results of our own studies and published data on the biological markers of psychiatric
disorders, with special emphasis on the activity of platelet monoamine oxidase. Pharmacotherapy studies in patients with
the mixed anxiety-depressive disorder and first episode of schizophrenia have shown that the activity of platelet monoamine
oxidase could serve as a potential biomarker of the efficacy of therapeutic interventions in these diseases.
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INTRODUCTION

Biological markers are biochemical, physiological,
or anatomical indicators specific for a certain state or a
disease. The most important criterion for the use of bio-
markers as diagnostic tools in medicine is their correla-
tion with particular diseases.

Understanding molecular processes of psychiatric
pathologies is a fundamental requirement for the devel-
opment of diagnostic, differential diagnostic, and prog-
nostic tools, as well as for the efficient therapy.
Biomarkers isolated from easily available body fluids
(cerebrospinal fluid, blood serum or plasma, urine, sali-
va) can help in the identification of disease subtypes,
prognosis and monitoring of the patient’s response to
therapy, and evaluation of the degree of treatment com-
pliance. Moreover, biomarkers provide an opportunity to
identify the targets of pharmaceutical preparations,
which is important for the development of not only new
drugs with desired properties, but of new therapeutic
approaches as well. Identification of biological markers
can promote detailed understanding of disease pathogen-
esis and pathophysiological mechanisms [1, 2].

Abbreviations: FES, first-episode of schizophrenia; MAO,
monoamine oxidase; R1, factor inhibiting MAOB gene tran-
scription; Spl, transcription factor Spl (simian virus 40 pro-
moter factor 1).

There are several classifications of biomarkers. One
of them, which is the most practical in our opinion, was
developed by Lopresti et al. [3]. The authors classified
biomarkers in the following groups:

— diagnostic biomarkers used to confirm the pres-
ence or absence of the disease;

— therapeutic biomarkers that can be used for selec-
tion of the optimal treatment for a particular patient;

— biomarkers for the evaluation of therapeutic inter-
vention efficacy;

— prognostic biomarkers to estimate the likely dis-
ease outcomes.

Understanding neurochemical process involved in
the emergence of mental disorders is crucial for elucida-
tion of the underlying pathophysiological mechanisms,
identification of disrupted metabolic processes, and
development of pharmaceuticals with new properties and
targets. Such information is obtained in biochemical (in
broad terms) studies. In recent years, genetic studies have
significantly contributed to the understanding of patho-
genetic mechanisms of mental diseases, as these studies
can reveal particular disruptions at the genomic, chromo-
somal, and gene levels.

Hence, pathogenetic and pathophysiological mech-
anisms of mental disorders could be investigated by com-
bining genetic and biochemical studies. Biomarkers are
used in multiple areas of clinical practice, e.g., in the
diagnostics and treatment of cardiovascular diseases, kid-
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ney damage, and others. However, no biomarkers for the
application in psychiatry have been found so far [4, 5].

In this regard, biological psychiatry can significantly
benefit from the systemic approach [2, 6, 7]. The data
obtained with the use of this approach (unlike the reduc-
tionist one) indicate a very complex nature of mental dis-
orders. These multifactorial diseases are characterized by
the interaction of genetic and environmental factors
cause both functional and structural changes at the neu-
ronal level. Hence, the diagnostics of mental disorders
should be conducted based on the assessment of all com-
ponents of these pathological states [2]. Clinical manifes-
tations of mental disorders are usually a result of the com-
bined effects of different genes and numerous epigenetic
mechanisms [8].

Presently, scientists are gaining more insight into the
complexity of mental disorders and inadequacy of exist-
ing diagnostic, prognostic, and therapeutic approaches
(e.g., the absence of biomarkers for particular diseases)
The complex nature of mental disorders is associated with
a high etiological heterogeneity that involves numerous
multifactorial (environmental and genetic) effects [9, 10].

Studying mental disorders has numerous limitations
related, in particular, to the unavailability of brain tissues
for testing. The symptoms of mental disorders often over-
lap, which hinders disease diagnostics and prevents iden-
tification of specific diagnostic biomarkers by modern
imaging techniques, such as functional magnetic reso-
nance imaging (fMRI), positron-emission tomography
(PET), single photon emission computed tomography
(SPECT), and others [9].

Modern methods of molecular biology can facilitate
accurate diagnostics of mental diseases, which, in turn,
can promote the development of targeted personalized
therapy. Studying the effects of a single gene or a single
protein is insufficient for understanding mental disorders
[2, 7]. Such reductionist approaches fail to provide a
comprehensive picture of the structure and dynamics of
such complex biological system as mammalian (includ-
ing, human) organism.

The reductionist approach limits our understanding
of the compensatory and adaptive responses of biological
system to diverse external and, possibly, internal factors.
The systemic approach is more instrumental in evaluating
the multifactorial aspects of mental disorders and eluci-
dating pathogenetic and pathophysiological mechanisms
of these diseases.

According to the published data, depression mostly
affects five biological systems (neurotransmitter, neu-
roendocrine, neurotrophic, metabolic, and cytokine). At
the same time, these systems are the main sources of
potential biomarkers [11]. The studies on the activity of
enzymes of neurotransmitter metabolism in patients with
mental disorders are scarce.

The objective of this review was to discuss the role of
monoamine oxidase (MAQO), one of main enzymes of

UZBEKOV

monoamine metabolism, as a potential biomarker of
mental disorders.

MONOAMINE OXIDASE

MAO is one of the enzymes that are of great interest
to psychiatrists. This enzyme is a key component in the
inactivation of biologically active monoamines — neuro-
transmitters and neuromodulators.

The major pathways of the synthesis and degradation
(metabolism) of important Dbiologically active
monoamines (shown in bold and italic) are presented
below:

Tyrosine — L-DOPA (L-dihydroxyphenylalanine) —
— dopamine — homovanillic acid
Tyrosine — L-DOPA — dopamine — norepinephrine —
— vanillylmandelic acid
Tryptophan — 5-hydroxytriptophan — serotonin
(5-hydroxytryptamine) — 5-hydroxyindolylacetic acid

MAO catalyzes oxidative deamination of aromatic
amines in the mitochondria. MAO substrates include bio-
genic monoamines, e.g., indolealkylamines (serotonin
and tryptamine) and catecholamines (dopamine and
noradrenaline), trace amines (beta-phenylethylamine,
tyramine, and octopamine), dietary monoamines, and a
number of other compounds. MAQO-catalyzed reactions
can also yield highly reactive and toxic compounds, such
as aldehydes, ammonia, and hydrogen peroxide:

Monoamine (M—NH,) — aldehyde +
+ hydrogen peroxide + ammonia

The two types of MAO that have been characterized
are MAO-A and MAO-B. Even before their molecular
characterization, it had been found that these two iso-
forms differ in the substrate specificity and sensitivity to
inhibitors. Thus, MAO-A exhibits a higher affinity to
serotonin and noradrenaline and is irreversibly inhibited
by clorgyline, whereas MAO-B has a higher affinity to
phenylethylamine and benzylamine and is selectively
inhibited by deprenyl. Both MAO isoforms deaminate
dopamine with equal efficiency and have similar molecu-
lar weights: 59.7 and 58.0 kDa for MAO-A and MAO-B,
respectively [12].

The identity of the primary structures of MAO-A
and MAO-B is 70%, both enzymes contain the Ser-Gly-
Gly-Cys-Tyr fragment that binds the flavin cofactor via a
thioester covalent bond with the cysteine residue [13].

The existence of two isoforms with different molec-
ular structure was confirmed by cloning the correspon-
ding genes. Both MAOA and MAOB genes are located on
the X chromosome (locus Xp11.23) and have the same
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exon-intron organization that includes 15 exons. Taken
together, these data suggest that these two genes have
originated from a common ancestral gene via duplication
[14]. The detailed consideration of the problems of enzy-
matic catalysis and analysis of results of genetic studies
were beyond the scope of our review; these issues have
been discussed in detail in a number of public-
ations [12, 15-18].

The differences between the MAO isoforms have
been confirmed by the observations that MAO-A and
MAO-B are activated and repressed by different tran-
scription factors [18]. Furthermore, both isoforms are
expressed in almost all peripheral organs and tissues;
however, MAO-A has been detected predominantly in the
fibroblasts and placenta, while MAO-B is the only iso-
form found in the thrombocytes and lymphocytes [12]. It
is also known that the serotoninergic neurons of the raphe
nuclei contain mostly MAO-B, while the noradrenergic
neurons of the locus coeruleus predominately express
MAO-A [12].

In the human brain, MAO-B is more abundant than
MAO-A starting from adolescence till old age; however,
fetal brain expresses more MAO-A than MAO-B [19].
The total distribution volume of MAO-A (MAO-A Vt)
can be examined in the human brain in vivo by the
positron  emission tomography (PET) using
[''C]-harmine [20-22]. The content of MAO-A has been
assessed in different brain areas, such as the prefrontal
cortex, anterior and posterior cingulate cortex, caudate
nucleus, basal ganglia, thalamus, frontotemporal lobe,
midbrain, hippocampus, and structures adjacent to the
hippocampus. Based on the obtained results, it was sug-
gested that the density (content) of MAO-A in the brain
tissues positively correlates with the MAO-A
activity [19, 21].

The levels of MAO-B were found to be significantly
higher than of MAO-A in all investigated brain areas,
with the MAO-B to MAO-A ratio varying from 2.6
(occipital lobe) to 17.8 (corpus callosum) [19].

Tong et al. [19] suggested that the enzymatic activity
and concentration positively correlate with each other for
both enzymes [19]. However, this statement has caused
some doubts, because the activity of MAO cannot be
directly measured in the human brain in vivo, and protein
content does not always correspond the activity of the
enzyme. Although this correlation seems reasonable
under normal conditions (in a healthy individual), the
direct dependence of the MAO activity on the enzyme
content under pathological conditions is arguable, as
mentioned above. To support our point of view, we can
refer to our own studies of albumin conformation which
demonstrated that although the content of albumin in
healthy individuals and patients with the first-episode of
schizophrenia (FES) was the same, the antioxidant activ-
ity of this protein in the patients with schizophrenia was
significantly lower [23].
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Although direct evaluation of the MAO activity in
human brain is impossible, this issue can be addressed
using the peripheral model of the central nervous system
suggested in biological psychiatry [24]. This model is
based on the assumption that the functioning of enzymes,
receptors, and other biochemical components of blood
cells to a large degree reflects the state of biochemical sys-
tems in the brain. In particular, platelets with detected
MAO activity were found to be similar to brain synapto-
somes in the active transport of biogenic amines, forma-
tion of amine reserve forms, functions of reserve granules,
and activity of monoamine receptors [25].

MAO was first detected in platelets in 1964 [26].

Platelets and neurons have different embryonic ori-
gins. Platelets are formed from megakaryocytes originat-
ing in the mesoderm, while neurons form from the ecto-
derm [27]. Despite different embryonic origin, both
platelets and neurons exhibit the same responses in many
neurological and mental disorders, such as Alzheimer’s
diseases, Parkinson’s diseases, various forms of schizo-
phrenia, and depression [25]. For example, platelets
express large amounts of APP (amyloid precursor pro-
tein); the highest concentration of this protein was found
in the brain and in platelets [28]. It was suggested that
changes observed in the brain in Alzheimer’s diseases are
reflected in platelets [29].

According to Pearse [30], both platelets and neurons
are components of the APUD (amine precursor uptake
and decarboxylation) system. Platelets, as fragments of
megakaryocytes, lack the nuclei; however, they contain a
large number of mitochondria, dense granules (organelles
containing small molecules, such as ADP and others), and
a-granules (reservoirs of serotonin and secretory proteins).
Moreover, both platelets and neurons have a system for the
active serotonin transport, binding sites for the neurotrans-
mitters and drugs, dense bodies (serotonin-storing gran-
ules), and mitochondria containing MAO-B [25, 29].
Platelets express exclusively MAO-B, which has the same
amino acid sequence as the brain enzyme [31, 32].

MENTAL DISORDERS

Depression is one of the most common mental dis-
eases and causes of disability [33, 34]. It places the most
severe clinical, emotional, socioeconomic burden on a
person and society as a whole. Approximately 300 million
people suffer from depression, with 5 to 17% of the
human population experiencing depression at least once
in a lifetime. In 1999, the World Bank predicted that by
2020, the number of people suffering for depression
would increase, and depression would become the second
major cause of disability after cardiovascular diseases
[35]. According to the analysis conducted by the World
Health Organization in 2012, depression will be the lead-
ing cause of disability by 2030 [36]. In reality, depression
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has become the leading cause of disability in Europe
already by the end of the 2020s [37].

Depression is also a risk factor in many somatic dis-
eases [34]. It aggravates the disease course and aggravates
the risk of complications and premature death [38].
Depression presents a serious socio-medical problem that
will become more urgent in the coming years. Hence,
comprehensive studies of depression and its pathogenetic
mechanisms are currently one of the major tasks of med-
ical science. Special emphasis in these studies is placed on
prognosis and evaluation of the efficacy of therapeutic
interventions, due to their high importance.

Treatment of patients suffering from depression and
anxiety, i.e., diseases with closely related pathogenetic
mechanisms, requires choosing between the thymoleptic
(antidepressant) and anxiolytic (anti-anxiety) prepara-
tions [38].

Introduction of anti-depressants selectively acting
on the serotoninergic system (serotonin reuptake
inhibitors and activators) into clinical practice could sig-
nificantly improve the efficacy of therapy and the
patient’s quality of life. However, this requires further
investigations of the neurochemical mechanisms under-
lying the effects of these preparations, as well as clarifica-
tion of indications for their use and studies of the clinical
and metabolic picture in the process of treatment.

In our studies of the mixed anxiety-depressive disor-
der, the condition of the patients was evaluated according
to the ICD-10 (International Statistical Classification of
Diseases, 10th revision) as a single episode of the major
depressive disorder (F32.1) and in the context of recur-
rent depressive disorder (F33.1). The main criterion for
the patient inclusion in this study was the presence of the
anxiety component in the depressive disorder.

The use of a combination of biochemical and neuro-
chemical parameters developed at the Moscow Research
Institute of Psychiatry [39, 40] allowed us to identify sig-
nificant disruptions in the metabolism of monoaminergic
neurotransmitters in the patients.

According to the Hamilton Depression Rating Scale
(HDRS), the average score of the patients before the
therapy was 21.8, which corresponded to severe depres-
sion. The average anxiety score according to the
Hamilton Anxiety Rating Scale (HARS) was 18.4, which
corresponded to a moderate severity anxiety [41].

The activity of MAO in the platelets of patients before
the therapy was significantly (by 94%) higher than in the
control group (16.91 vs. 8.68 nmol benzaldehyde/mg pro-
tein per hour, respectively). It should be mentioned that
the blood plasma contains semicarbazide-sensitive amine
oxidase (SSAO) that can interfere with the activity of
platelet MAO-B; hence, particular attention was paid to
the process of platelet isolation [39, 40].

The cortisol content in the blood serum of patients
was more than 10 times higher than the upper limit of the
normal cortisol level (306 vs. 30.2 ug/dl, respectively).
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Th antidepressant therapy with tianeptine signifi-
cantly improved the state of the patients: the average
HDRS score after 14-day therapy was 18.0; the average
HARS score was 13.1. The treatment caused statistically
significant 10% decrease in the average MAO activity in
platelets in comparison with the enzyme activity before
the treatment on the background of improved clinical
signs [40]. In 2017, our results were confirmed in the
study by Zeb et al. [42]. The authors established that the
platelet MAO activity in the patients with depression
prior to the treatment was on average 25% higher than in
the control group. The two-week treatment with the anti-
depressant fluoxetine caused a reliable decrease in the
MAO activity (by 20%).

Our data on the increased MAO activity in the
platelets of patients with depression were also confirmed
by the Meyer group [43, 44]. To determine the density
(content) of MAO-B in the brain of patients suffering
from depression, the researchers employed the high-res-
olution PET using radioactively labeled MAO ligand
[''C]SL25.1188 ([(S)-5-methoxymethyl-3-[6-(4,4,4-tri-
fluorobutoxy)-benzo[d]isoxazol-3-yl]-oxazolidin-2-
['!CJone]) [43]. It was found that the MAO-B Vt in
depression was increased by 26% on average in almost all
cerebral cortex regions in comparison with the control
group. The differences between the patients and the con-
trol group were most pronounced in the cortical regions
proximal to the ventrolateral area of the prefrontal cortex
and in the thalamus. The authors suggested that the
longer a patient suffered from depression, the higher was
the density (content) of MAO-B in the brain cortex (ven-
trolateral, dorsolateral, orbitofrontal, temporal, and
occipital areas, inner parietal lobe) and the thala-
mus [44].

Hence, our study [40] and works by the Meyer group
[44] demonstrated a direct association between the MAO
(MAO-B) activity in platelets and density of the MAO-B
protein in the brain of patients with depression.
Summarizing the results of the above-mentioned studies,
it can be stated that the platelets indeed are the “window
into the brain” [24].

The situation with MAO-A studies is different. The
content of MAO-A was also evaluated based on the pro-
tein density index. Human brains were examined in vivo
by PET using [!'C]-harmine as a MAO-A ligand [20-22].
[''C]-harmine displays both high affinity (K; =2 nM) and
selectivity toward MAO-A. It was established that the
MAO-A Vt in the patients with depression was increased
by 34% on average in all brain areas [19, 21]. The authors
suggested that the density (content) of MAO-A in the
brain tissue positively correlated with the MAO-A activi-
ty [19, 21].

It must be mentioned that the lack of studies and,
correspondingly, the data on the dynamics of MAO-A
density during pharmacotherapy is an essential drawback
of these works.
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What is the mechanism responsible for the increase
in the MAO-A protein content in depression? Under
normal conditions, the CDCAT7L protein (cell division
cycle-associated 7-like protein, also called protein R1)
represses transcription of the MAOA gene by interacting
with the binding site of the transcription factor Spl
(simian virus 40 promoter factor 1) in the gene promot-
er. This process regulates MAO-A biosynthesis and
maintains its balance with other cellular components
[45]. Another situation is observed in depression.
Johnson et al. [46] studied the post-mortem brains of
patients with depression to assess the content of R1 and
MAO-A proteins and the catalytic activity of MAO-A in
patients not subjected to therapy (untreated group) and
patients treated with antidepressants (treated group).
The authors demonstrated that the assessment of the
MAO-A catalytic activity in the post-mortem human
brain was specific and concluded that:

— the content of R1 was significantly lower in both
untreated and treated patients (by 37.5 and 30.3%,
respectively) vs. the control. This suggested that the anti-
depressant therapy did not affect the content of the R1
protein;

— expression of MAO-A in the prefrontal cortex was
significantly higher in the untreated (by 40% on average)
and treated (by 39% on average) patients vs. the control,;

— the catalytic activity of MAO-A in the prefrontal
cortex was higher in both treated (by 19%) and untreated
(by 24.5%) patients in comparison with the control [46].

Interestingly enough, the observed increase in the
MAO-A enzymatic activity (24%), was significantly less
pronounced than the increase in the MAO-A protein
content (40%). This observation is in agreement with our
previous suggestion that the content (density) of the pro-
tein does not directly reflect its enzymatic activity.

Hence, the post-mortem examination of the brains
of patients with depression demonstrated that the level of
the R1 protein in the prefrontal cortex was significantly
lower in comparison with the control, which was likely
the reason for the increase in the MAO-A content and,
respectively, its enzymatic activity [46].

The in vivo studies of MAO-A conducted by the
Meyer group [21, 46] using PET with [''C]-harmine in
patients suffering with depression and in the post-mortem
brain samples are very informative and interesting; how-
ever, they are of fundamental nature and lack clinical rel-
evance, as they cannot be applied in a regular psychiatric
practice. Such clinical applications require the use of
peripheral parameters that would reflect the level and
activity of MAO-A in the brain. Unfortunately, no such
parameters have been identified in the blood so far.
Nevertheless, the studies conducted by the Meyer group
could be of interest to pharmacologists and chemists in
their search for specific MAO-A inhibitors.

Impaired MAO activity can disturb the metabolic
processes in the brain by [47]:
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— disrupting the metabolism of monoamine neuro-
transmitters and neuromodulators;

— shifting the balance between the major mono-
amine neurotransmitters (dopamine, noradrenaline, and
serotonin);

— disrupting the mitochondrial membrane structure;

— activating free-radical reactions (via hydrogen per-
oxide);

— increasing of the level of toxic compounds (alde-
hydes, ammonia).

Excessive expression of MAO-B accompanied by the
activation of free-radical reactions is manifested as the
disruption of mitochondrial functions. The levels of pyru-
vate dehydrogenase, succinate dehydrogenase, and mito-
chondrial aconitase decrease and the activity of the mito-
chondrial complex 1 is inhibited due to the formation of
dopaminochrome from dopamine [48]. It should be men-
tioned that the decreased activity of the mitochondrial
complex 1 in the prefrontal cortex has been observed in
patients with depression [49].

In 2001, Kasper [50] suggested that depression and
anxiety are controlled not by the absolute levels of sero-
tonin and norepinephrine, but by the balance between the
activities of the serotoninergic and noradrenergic sys-
tems. This implies that the regulation of the metabolism
of these monoamines in the patients with depression and
anxiety is disrupted. The ‘balance’ hypothesis is in agree-
ment with the fact that the raphe nuclei (serotoninergic
system center in the brain) and locus coeruleus (nora-
drenergic system center) are interrelated and interdepen-
dent structures [51].

We believe that the ‘balance’ hypothesis suggested
by Kasper is based on the concepts proposed and exper-
imentally proven by Gromova in the middle of 1970s.
According to Gromova [51], the serotoninergic and
noradrenergic systems interact reciprocally, i.e., activa-
tion of one system leads to the inhibition of the other and
vice versa. The balance between the activities of these
systems to a large extent defines the emotional reactivity.
Serotonin and norepinephrine play specific roles in the
pathogenetic mechanisms of anxiety and depression due
to their modulating functions. The activity of these
monoaminergic systems is controlled by other neuro-
transmitter systems, such as the GABAergic system [52].
Moreover, any of these neurotransmitters can initiate a
cascade of processes that cause anxiety in patients and
gradually form the depressive state [53]. Disruptions in
the regulation of the serotoninergic system (its inhibi-
tion) facilitate the hyperactivation of the noradrenergic
system, which might exacerbate the depressive symp-
toms [50].

Studying biochemical mechanisms involved in the
disruption of the balance between the serotoninergic and
noradrenergic systems is of both theoretical and practical
interest. Analysis of data of clinical/biochemical studies
and experimental works conducted with the models of
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depression [54], together with our own data, allowed us to
suggest a plausible neurochemical mechanism underlying
these disruptions in the mixed anxiety-depressive disorder
[55, 56] (figure).

As mentioned above, mixed anxiety-depressive dis-
order is accompanied by the increase in the MAO activi-
ty in the platelets and upregulation of the cortisol secre-
tion. We have proposed a hypothesis on the possible
mechanism of glucocorticoid involvement in the MAO
activation and suppression of the functional activity of
serotoninergic and noradrenergic systems in the brain
[40, 55]. The decrease of the functional activity of the
serotoninergic and noradrenergic systems in the mixed
anxiety-depressive disorder eliminates the control of the
monoaminergic system over glucocorticoid secretion, as
manifested by the activation of cortisol synthesis (figure).
Increased cortisol levels associated with depression
[40, 55] activate tryptophan pyrrolase, thus redirecting
the metabolism of tryptophan (serotonin precursor) to
other metabolic pathways (e.g., kynurenine pathway)
[57], which, in turn, causes reduction in the serotonin
biosynthesis [58]. On the other hand, upregulated cortisol
secretion promotes the activity of tyrosine transaminase,
which could decrease the fraction of tyrosine used for the
biosynthesis of catecholamines and reduce the level of
these compounds, in particular, norepinephrine [59].

MAO contributes significantly to the serotonin and
norepinephrine content in the brain. As mentioned
above, the activity of platelet MAO reflects the activity of
the brain enzyme [32]. It is possible that high cortisol lev-
els can promote MAO activity. As we showed earlier, the
deaminating activity of MAO in patients with the mixed
anxiety-depressive disorder was on average 2 times higher
than in the control. It must be mentioned that MAO
deaminates serotonin and noradrenaline at different rates
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[16], which could disrupt the balance between these com-
pounds in the mixed anxiety-depressive disorder.

What are the mechanisms associated with the MAO
activity increase in depression?

It has been established that disturbances of metabo-
lism observed in different forms of depression are associ-
ated with the increased secretion of glucocorticoids
[11, 40, 44, 45, 55, 57]. In turn, upregulated expression of
MAO in depression is accompanied by the increased
secretion of glucocorticoids [44, 45, 55], which activate
MAOB transcription via the following mechanisms:

— glucocorticoids bind to the glucocorticoid response
element 4 (GRE4) in the MAOB promoter and activate
gene transcription [44];

— increased MAO activity could be associated with
the decrease in the activity of the transcription factors
EAPP (E2F-associated phosphoprotein) and R1 (also
designated as RAM2/CDCA7L/JPO2). Under normal
conditions, EAPP and R1 inhibit MAOB transcription by
interacting with the Sp1-binding sites in the center of the
MAOB promoter. The binding of glucocorticoids to
GRE4 with simultaneous decrease in the binding activity
of EAPP and R1 allows endogenous Spl to promote
MAOB transcription [45, 60];

— glucocorticoids stimulate expression of TIEG2
(transforming growth factor-B-inducible early gene 2)
that interacts with the proximal region of the Sp1-binding
site, thus upregulating MAOB transcription [61].

It was shown that the activity of R1 (inhibitor of
MAOB transcription in the cell culture) in the prefrontal
cortex of patients with depression is decreased, while the
activity of TIEG2 (activator of MAOB transcription
in vitro) is increased [45, 60]. We believe that the increase
in the MAO activity could be associated with changes in
the protein conformation. This hypothesis is based on the
results of our studies demonstrating that the conforma-
tion of the blood serum albumin in patients suffering from
the mixed anxiety-depressive disorder [62] and melan-
cholic depression [63] was significantly disturbed.

Therefore, activation of the hypothalamic-pituitary-
adrenal axis and excessive secretion of cortisol are some
of the most significant impairments occurring in depres-
sion. Analysis of the published data had brought our
attention to the necessity of the introduction of drugs
decreasing glucocorticoid secretion to the complex anti-
depressant therapy [56, 64].

According to the results of presented studies, MAO
activity in platelets could serve as a potential biomarker of
the efficacy of antidepressant pharmacotherapy.

First episode of schizophrenia. Schizophrenia is a
severe mental disorder manifested by the pathological
brain functioning and changes in behavior. Approximate-
ly 1% of the human population suffers from this disease.
The cardinal signs of schizophrenia include positive (hal-
lucinations, delusions) and negative (apathy, abulia, emo-
tional and social withdrawal) symptoms, as well as cogni-
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tive impairments and disrupted social functioning [65].
The disease is characterized by impaired development
and structure of the nervous system and abnormal behav-
ior. It is assumed that such pathological changes are asso-
ciated with disruptions in the functioning of the genetic
apparatus and pathological effects of different environ-
mental factors that facilitate the oxidative stress develop-
ment and cause damage of the structural elements in the
brain [66].

At present, the etiology of mental disorders (schizo-
phrenia, depression) remains unknown. Numerous stud-
ies have been focused on the identification of genes and
polymorphisms associated with the development of men-
tal disorders. However, single-gene mutations cannot
explain the mental disease phenotype and no monogenic
forms of schizophrenia or depression have been described
so far. It is believed that these diseases result from com-
plex interactions between genetic, epigenetic, and envi-
ronmental factors [8].

Special attention is paid to early diagnostics and
timely help to patients with FES. Early interventions can
accelerate disease remission and lessen social inadequacy,
as well as mitigate neurocognitive deficit and improve the
quality of such patients [65]. Hence, comprehensive
investigation of pathophysiological mechanisms of FES is
a priority. The pathogenetic mechanisms of FES are still
poorly understood despite intensive research in this
area [67, 68].

An alternative to genetic studies is the search for dis-
ease biomarkers. However, only few studies of biochemi-
cal processes in the patients with FES have been con-
ducted, and their results are often contradictory.

Based on the known fact that the monoamine
metabolism is disrupted in patients with schizophrenia,
we decided to investigate the activity of MAOQO, as the key
enzyme of monoamine metabolism, in patients with FES.
We were able to find only one relevant study [69], which
showed that the MAO activity in platelets of patients with
FES was the same as in the healthy volunteers. According
to another study, MAO activity in the platelets decreased
in the patients with chronic schizophrenia [70]. On the
contrary, our study of FES patients revealed almost a 2-
fold increase in the activity of this enzyme [71]. Analysis
of the data on the monoamine metabolism allows to pro-
pose the reason for such increase in the platelet MAO
activity in the FES patients prior to the treatment. Based
on the data of PET and SPECT studies, Laruelle and Abi-
Dargham [72] suggested hyperactivation of dopaminergic
neurotransmission in patients with FES, resulting in the
increased release of dopamine into the synaptic cleft.
Moreover, the binding activity of the dopamine trans-
porter responsible for the dopamine reuptake from the
synaptic cleft to the presynaptic endings was decreased in
the patients with FES [73], which also promoted exces-
sive dopamine accumulation in the synaptic cleft. It can
be presumed that the observed increase in the MAO activ-
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ity in FES patients is a compensatory mechanism aimed
to decrease the concentration of dopamine in the synap-
tic cleft. This concept is in agreement with the data in the
study [74], that reported significantly increased levels of
homovanillic acid (product of MAO-catalyzed dopamine
deamination) in patients with FES in comparison with
the control.

Monoamine neurotransmitters secreted into the
synaptic cleft are captured by the MAO-containing astro-
cytes following their interaction with the respective
receptors [6]. Chemical inactivation of monoamines
(deamination) occurs in the astrocytes. The increase in
the MAO activity aimed to reduce the elevated dopamine
levels has both positive and negative consequences. In
particular, platelets of patients with FES exhibit signifi-
cantly lower serotonin content [75] resulting from either
decrease in the synthesis of this neurotransmitter or acti-
vation of serotonin deamination by MAO. Hence, an
increase in the MAO activity can disrupt the balance
between monoamine neurotransmitters. On the other
hand, the shift of this balance caused by changes in the
glutamatergic system activity cannot be entirely ruled
out [76].

The consequences of the increased MAO activity
could be evaluated from several points of view. Firstly,
such increase indicates disruptions in the monoamine
metabolism. Considering that MAO displays different
affinity to dopamine and serotonin [16], deamination of
these compounds occurs at different rates. It can be
assumed that not only the absolute concentrations of
these neurotransmitters change in the patients with FES,
but the balance between them is disturbed as well.
Secondly, MAO is an integral component of the outer
mitochondrial membrane. Disruption of the activity of
this enzyme in FES patients could be accompanied by the
damage to the membrane structures and emergence of
toxic products in the blood. Thirdly, the increase in the
MAQO activity results in the elevated production of hydro-
gen peroxide. Hydrogen peroxide formed in the MAO-
catalyzed deamination reaction is the main source of free
radicals in the brain [77, 78]. Hence, the increase in the
MAO activity in patients with FES might activate free-
radical reactions and lipid peroxidation. Fourthly, the
products of the monoamine deamination reaction cat-
alyzed by MAO include aldehyde and ammonia. The
increase in the MAO activity leads to the increased pro-
duction of these toxic compounds, contributing to the
endotoxicosis [47].

As mentioned above, we investigated MAO activity
in patients with FES [71]. Regression and factorial analy-
sis of the obtained data revealed a positive correlation
between the MAO activity and disease severity according
to the positive and negative syndrome scale (PANSS).
Hence, it is expected that the activity of MAO increases
with the increase in the disease severity. Based on these
data, we can state with sufficient certainty that MAO is a
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specific component of the pathogenetic mechanisms of
the first episode of schizophrenia.

The average PANSS score was 81.4 before the
antipsychotic therapy with risperidone (3-6 mg per day
for 45 days) and decreased to 58 after the treatment. This
was accompanied by a significant decrease in the platelet
MAO activity (p = 0.04) in comparison with the levels
detected prior to the treatment. Nevertheless, even after
the treatment, the activity of MAO was significantly high-
er than in the control group, indicating that the therapy
failed to normalize the MAO activity and metabolism as a
whole [79]. In line with these observations, Ivanova et al.
[80] reported that the antipsychotic treatment of patients
with chronic schizophrenia noticeably improved the clin-
ical signs, but the metabolic processes, e.g., those involv-
ing glucose-6-phosphate dehydrogenase (one of most
important enzymes), remained significantly disrupted.

Statistical analysis revealed a positive correlation
between the MAO activity in platelets and PANSS score
both before and after the antipsychotic therapy [79]. Our
results suggest that the platelet MAO activity could serve
as a potential biomarker of the pharmacotherapy efficacy
in FES patients. Based on the results, the following con-
clusions can be made:

1. The fact that changes in the MAO activity in FES
and mixed anxiety-depressive disorder are very similar is
of particular interest. Although the reason for this simi-
larity is currently unknow, it can be presumed that it
involves genetic factors, most likely, complex interactions
of numerous genes. As a result, similar metabolic disrup-
tions in an organism can cause different sets of symptoms.
Systemic approach could help in understanding these
processes [2]. Changes in the neurotransmission and
monoaminergic system in schizophrenia and depression
are mostly associated with dopamine and serotonin,
respectively. One can presume that MAO predominately
deaminates dopamine in schizophrenia and serotonin
and, partially, norepinephrine — in depression.

2. Although pharmacotherapy significantly improves
the clinical signs in patients with the first episode of
schizophrenia, the metabolic processes remain disrupted.

CONCLUSIONS

It can be concluded based on the results of our stud-
ies that the platelet MAO could serve as a potential bio-
marker of the efficacy of pharmacotherapy of mental dis-
orders such as first episode psychosis and depression.
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