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ABSTRACT

Background. Schizophrenia is a socially significant mental illness with insufficiently studied etiology and
pathogenesis. A number of hypotheses of schizophrenia pathogenesis (dopamine, glutamate, kinurenin and
serotonin hypotheses) bring together the fact that amino acids are precursors or intermediate metabolic
products of these metabolites. Amino acids and their metabolites play an important role as significant
substrates and regulators in many metabolic pathways.

The aim of this review is to analyze the literature data on the studies of amino acids and acylcarnitines in
patients with schizophrenia.

Methods. A literature search was conducted using PubMed databases for articles published in English
and covering the period from the first articles on this topic, dated 1977 to April 2019. Combinations

” o«

of the following keywords were used to search for “schizophrenia”, “antipsychotics” and “amino acids”,

” o«

“acylcarnitines”, “metabolomics”.

Results. The review summarizes the data on the content of amino acids and acylcarnitines in the peripheral
blood of schizophrenia patients and their dynamics in the course of pharmacotherapy with antipsychotic
drugs. The potential of determining amino acids as biomarkers of therapeutic response and side effects, as
well as their use in the treatment of patients with schizophrenia, are considered.

Conclusion. Further investigation of the spectrum of amino acids and their metabolites with the using of
mass spectrometric methods of metabolic analysis can lead to the discovery of new therapeutic targets and
strategies, assess their role in the pathophysiology of schizophrenia, identify mechanisms that ensure the
development of antipsychotic antipsychotics, and drug-induced side effects antipsychotics, in particular,
metabolic syndrome.
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PE3IOME

Bsepenne. Ilnzodpennst OTHOCHTCA K COLMAABHO 3HAYMMBIM IICUXNYECKUM 3a60AEBAHNAM C HEAOCTATOYHO
M3y4eHHOI ITroAorMeit u matorenesom. Lleasnit psAa runore3 martoreHesa mmsodpernu (AodaMuHOBYIO,
TAYTaMaTHYIO, KMHYPEHOBYIO U CEPOTOHMHOBYIO) OOBEAMHAET TO, YTO NPEALIECTBEHHUKAMY MAM IIPOMeE-
SKYTOYHBIMYM IPOAYKTaMM OOMEHa ITUX MeTAaGOAMTOB SBASIOTCSH AMMHOKMCAOTBL. AMMHOKMCAOTBHI M X
MeTaGOAUTHI UIPAIOT BAJKHYIO POAb B Ka4eCTBe OCHOBHBIX CYOCTPATOB ¥ PETYASTOPOB BO MHOIMX MeTa6o-
AMYECKUX TYTAX.

IJeAp — aHAaAM3 AMTEPATYPHBIX AAHHBIX 00 MCCAEAOBAHMAX aMMHOKMCAOT ¥ AMAKAPHUTHHOB y GOABHBIX
mu3odpeHneit.

Meroabl. AureparypHbiii HOMCK GbIA IPOBEAEH C MCIOAb30BaHmeM 6a3bl AanHbIx PubMed ans crareii,
ONyOAMKOBAHHBIX Ha aHIAMIICKOM fA3bIKe IO AAHHON TeMaTuke B mepnoA ¢ 1977 mo anpeas 2019 r. Boian
IPUMEHEHB! KOMOMHALMY CAEAYIOWUX KAIOYEBBIX CAOB AAS MOMCKA: «MIM30(DPEHUS», «AHTUICUXOTUKU» U
«aMUHOKMCAOTBI», «AIUAKaPHUTHUHBI», «METa60AOMMUKA Y.

Pezyapratol. B 0630pe 060061eHbl AaHHBIE O COAEPSKAHUM AMUHOKUCAOT M AlMAKAPHUTUHOB B nepudepu-
9eCKOI KPOBU GOABHBIX WN30QpeHneN 1 uX AMHAMUKA B Tponecce ¢papMakoTepanuy aHTUICUXOTUYECKN-
My mpenapatamyu. PacCMOTpeHb! MOTEHIMAABHBIE BO3MOSKHOCTY ONPEAEAEHMS aMMHOKMCAOT B KA4ECTBE
61OMapKepOB TEPANEBTUIECKOTO OTBeTa U MOGOYHBIX 3(PPEKTOB, @ TAKIKE UX NPUMEHEHNE B KOMIAEKCHOM
Tepanuyu GOABHBIX N30 PeHNneit.

3akArouenne. AaabHelllee MCCAEAOBaHNE CIEKTPA AMUHOKICAOT 1 MX METAGOAUTOB C IOMOL[BIO COBPEMEH-
HBIX MaCC-CIEeKTPOMETPMIECKMX METOAOB METaGOAOMHOIO aHAAM3a MOJKET IPUBECTH K OTKPHITMIO HOBBIX
TepameBTUYECKUX MMUIIEHEN ¥ CTPATeIwif; IO3BOAUT OLEHUTh MX POAb B HaTO(MU3MOAOTHM MM30QpeHNu,
BBLIBUTH MEXaHM3MBI, O0eCIIeunBaloNe KaK pa3BUTIe aHTUICHXOTHIECKOTO 3¢ deKTa HEMPOAENTHKOB, TAK
¥ A€KapPCTBEHHO-MHAYIMPOBAHHBIX TOGOYHBIX 9(D(HEKTOB AHTUIICHXOTUKOB, B Y4aCTHOCTY MeTa60AMIECKOTO
CHHApOMa.

KaroueBsie cAOBa: aMMHOKMCAOTbI, alMAKAPHUTHHBI, W30 peHns, MeTaGOAOMIKA, TOTEHMAABHBIA Map-
Kep, aHTUIICUXOTHIECKas Tepanms.

Kondanxkr wunTepecoB. ABTOPH AEKAAPUPYIOT OTCYTCTBME fABHBIX ¥ NOTEHIMAABHBIX KOH(AUKTOB
MHTEPECOB, CBA3aHHBIX C MyOAMKALyeN HACTOSMEN CTAThH.

Ucrounuk ¢uHancuposaumsa. VccaepoBaHue BBIIOAHEHO npu moapepskke rpanta PHO Ne 18-15-00011
«IInzodpenns, coyetanHas ¢ METAGOANIECKUM CUHAPOMOM: KAMHUKO-KOHCTUTYLMOHAABHBIE (PAKTOPBI U
MOAEKYASAPHbIE MapKePHI».

Ars uurupoBanus: Meanosa VI.A., Cepe6pos B.YO., Baitkos A.H., Boxan H.A., Visanosa C.A. Amuso-
KMCAOTHI M aljAKaPHUTHMHBI KaK MIOTEHIMaAbHbIe MeTaG0AOMHbBIE MapKeph! MM30(PEHNN: HOBbIE TTOAXOABI
K AMAaTHOCTHMKe ¥ Tepamuu. broanremens cubupckoti meduyunor. 2019; 18 (4): 197-208. https;//doi.org:
10.20538/1682-0363-2019-4-197-208.
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INTRODUCTION

According to modern foreign lines of research,
the use of omic’s technologies in psychiatry and neu-
rology will allow a breakthrough in understanding
the neurobiology of mental and neurodegenerative
disorders. These technologies have great potential
for promoting an understanding of the biochemical
and molecular foundations of these disorders and
can, in turn, develop and improve diagnostic and
therapeutic technologies [1-4].

Schizophrenia is considered a socially significant
mental illness with insufficiently studied etiology
and pathogenesis [5]. A number of hypotheses of
the pathogenesis of schizophrenia (dopamine, glu-
tamate, kynurenic and serotonin) are united by the
fact that amino acids are the precursors or inter-
mediate products of metabolism of these metabo-
lites. Amino acids and their metabolites play an im-
portant role as the main substrates and regulators
in many metabolic pathways [6]. The first studies
of the level of individual amino acids in peripheral
blood and cerebrospinal fluid in schizophrenia date
back to the 1980s, are intensively ongoing at pres-
ent and have received new development with the
widespread introduction of modern mass spectro-
metric metabolic methods [7-10].

The purpose of this review is to analyze the lit-
erature on studies of amino acids and acylcarnitines
in patients with schizophrenia.

A literature search was conducted using the
PubMed database for articles published in English
or other languages, but with an abstract in English.
The depth of the search covers the period from the
first articles on this topic dated 1977 to April 2019.
Such a search allows us to evaluate the interest
in the role of amino acids in the pathogenesis of
schizophrenia as in historical aspect, and relevance,
and scientific novelty at the present stage of de-
velopment of medical science. The following key-
words and their combinations were used to search:
“schizophrenia”, “antipsychotics” and “amino ac-

” K«

ids”, “acylcarnitines”, “metabolomics”.

STUDY OF THE ROLE OF AMINO ACIDS
AND ACYLCARNITINES IN THE
PATHOGENESIS OF SCHIZOPHRENIA

The most studied amino acid and its role in the
pathogenesis of schizophrenia is glutamate, which
is associated with the development of the gluta-
matergic hypothesis of schizophrenia. Glutamate is
the predominant excitatory neurotransmitter of the
central nervous system, acting on different types
of receptors, among which N-methyl-D-aspartate

(NMDA) glutamate receptors, kainate-glutamate
receptors and metabotropic glutamate receptors
are distinguished. Glutamate plays a critical role
in synaptic maintenance and plasticity, and is also
involved in learning and memory formation [11].
A number of independent studies have shown an
increase in the level of serum glutamate in patients
with schizophrenia [8, 9, 12-16] and its correla-
tion with the duration of the disease [17, 18]. One
recent study showed that glutamate levels were el-
evated both in patients with the first episode of
schizophrenia and in healthy individuals at high risk
for schizophrenia [9]. In a study by M. Oresi¢ et
al. (2011) it was shown that the content of gluta-
mate in serum in various psychoses (schizophrenia,
bipolar affective disorder and non-affective psycho-
sis) is increased in all cases of psychoses compared
with healthy volunteers, which allowed the authors
to suggest a common metabolic abnormality asso-
ciated with glutamate in psychotic disorders [13].
In connection with the latest trends in foreign lit-
erature, the search for peripheral disease mark-
ers raises the question of a possible correlation of
the concentration of metabolites in the brain and
on the periphery. According to some researchers,
the dependence of glutamate concentrations be-
tween the brain and blood is weak due to the lim-
ited and strictly controlled passage of glutamate
through the blood-brain barrier [19]; the level of
serum glutamate does not correlate with the level
of glutamate in the brain, measured using nuclear
magnetic resonance spectroscopy [20]. At the same
time, a change in serum glutamate level may have
neurological significance, since it is closely related
to the metabolism of y-aminobutyric acid, the main
inhibitory neurotransmitter, in addition, it may in-
dicate an insufficient energy supply to the brain
during schizophrenia, since glutamate is mobilized
as an alternative fuel glucose with insufficient in-
take of the latter in the brain [14]. Earlier studies
demonstrated a correlation between the following
amino acids in the plasma and cerebrospinal fluid
of healthy volunteers: glutamate, glutamine, thre-
onine, serine, glycine, methionine, leucine, tyrosine,
phenylalanine, ornithine, lysine, histidine, arginine
[21]. Studies by G. Alfredsson confirm a positive
correlation between glutamate levels in cerebrospi-
nal fluid and serum [22]. Data on the content of
other amino acids in the blood serum of patients
with schizophrenia are contradictory. In the work
of L. Bjerkenstedt et al. (1985) noted significant-
ly higher plasma concentrations of taurine, methi-
onine, valine, isoleucine, leucine, phenylalanine and
lysine in patients with schizophrenia compared with
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the control group of the subjects. The resulting
data was interpreted as a change in the affinity of
the L-transport system for neutral amino acids or
a decrease in its overall transport ability in schizo-
phrenia. Elevated plasma levels of competing amino
acids can limit brain absorption by tyrosine, which
leads to a compensatory increase in the sensitivity
of dopamine receptors [23]. T. Fukushima et al.
(2014) explain the change in the metabolic com-
position of the serum of patients with schizophre-
nia with oxidative stress, which may be involved in
the pathogenesis of this disease. The authors found
that the levels of y-glutamylcysteine, linoleic acid,
arachidonic acid, D-serine, 3-hydroxybutyrate, glu-
tathione, 5-hydroxytryptamine, threonine and ty-
rosine were significantly lower, while the levels of
D-lactate, tryptophan, kynurenine and glutamate
were significantly higher in patients with schizo-
phrenia compared with healthy individuals [17].
When studying the level of L-arginine in patients
with the first episode of schizophrenia, there were
no statistically significant differences in this metab-
olite between the group of patients and healthy
people [24]. A study of glycine, serine, and glycine/
serine ratios in patients with schizophrenia who did
not receive antipsychotic therapy revealed that gly-
cine and glycine/serine ratios were reduced in pa-
tients with schizophrenia compared with the con-
trol group. Serine levels were increased in patients
with schizophrenia, while no differences were found
with antipsychotics [25]. Plasma levels of D-serine
and the ratio of D-serine to total serine were sig-
nificantly lower in individuals with schizophrenia
compared with healthy donors, with D-serine levels
negatively correlating with negative symptoms of
schizophrenia [26]. In earlier studies, it was shown
that in addition to lowering the level of D-serine
and the ratio of D-serine to total serine, there is an
increase in total (D- and L-) serine and L-serine in
patients with schizophrenia [27]. When analyzing
correlations with positive and negative symptoms of
schizophrenia, negative correlations of serine levels
and negative schizophrenia symptoms were con-
firmed, and correlations were also found between
glycine levels and negative and positive symptoms
on the PANSS scale [28]. Based on the reduction
of schizophrenia symptoms after administration of
D-serine, I. Bendikov et al. (2007) suggested a de-
crease in the level of endogenous D-serine due to
a decrease in its synthesis or an increase in deg-
radation in the brain. They showed a decrease in
the level of D-serine and the ratio of D-serine to
L-serine in the cerebrospinal fluid of patients with
schizophrenia [29]. Other studies have confirmed

a decrease in the level of D-serine in cerebrospinal
fluid in men with the first episode of schizophrenia
[30]. In addition, significantly higher levels of ala-
nine, glycine, leucine and phenylalanine are found in
the cerebrospinal fluid of patients with schizophre-
nia compared with healthy people [31]. The posi-
tion that the impaired metabolism of D-serine may
be a predictor of schizophrenia has been confirmed
in recent articles [32, 33]. S. Saleem al. (2017) re-
ports an increased concentration of glycine, serine,
glutamate, homocysteine and arginine in the blood
of patients with schizophrenia [34]. In a study of
the activity of phosphoserine phosphatase (PSP),
an enzyme that limits the rate of L-serine synthesis
in peripheral mononuclear blood cells of patients
with schizophrenia, it was shown that the concen-
tration of L-serine in blood plasma was statistical-
ly significantly higher only in male patients [35].
In a study by Y. He (2012), four amino acids —
arginine, glutamine, histidine, and ornithine —
were proposed as candidates for schizophrenia
biomarkers [36]. In 2013, a large-scale study was
conducted involving more than 100 patients with
schizophrenia and healthy volunteers to search for
potential biological markers of this disease and de-
velop a diagnostic test system [14]. With the help of
metabolic profiling of blood serum, an increase in
the content of glutamate, aspartate, hydroxypro-
line, serine, phenylalanine, glyceric, tetradecanoic,
hexadecanoic, oleic, octadecanoic, B-hydroxybu-
tyric, pyruvic, linolenic, and eicosenoic acids in the
blood was shown to decrease. A metabolic analysis
of urine revealed statistically significant increases
in cystine, valine, isoleucine, glutamate, suberic,
3-hydroxysebaric, 3-hydroxyadipic, 2-ethyl 3-hy-
droxypropionic, 4-pentenoic and threonine, B-hy-
droxybutyric acids, as well as a decrease in 2, 3-hy-
droxybutanoic, glycolic acids. Within the identified
metabolites, a diagnostic panel for the prognosis of
schizophrenia was proposed, including five metab-
olites (glyceric, eicosenoic, B-hydroxybutyric, and
pyruvic acids, and cystine) [14].

B. Cao (2018) showed an increase in the con-
centrations of serum cysteine, y-aminobutyric acid,
glutamine and sarcosine and a decrease in arginine,
L-ornithine, threonine, taurine, tryptophan, meth-
ylcysteine and kynurenine in the group of schizo-
phrenia patients, adjusted for gender, age and in-
dex body weight compared to healthy individuals.
In addition, in patients with the first episode of
schizophrenia, in contrast to patients with recur-
rent schizophrenia, a decrease in the level of aspar-
tate and an increase in the level of glutamine in the
blood serum were recorded [37]. Recent studies on
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the association of increased tryptophan degrada-
tion with changes in the integrity of the white mat-
ter of the brain and the level of glutamate in the
white matter of the brain in patients with schizo-
phrenia are of interest. A decrease in tryptophan
levels and an increase in the ratio of kynurenine /
tryptophan in patients compared with the control
were revealed. In patients with schizophrenia, a de-
crease in plasma tryptophan levels corresponded to
a lower structural integrity of the white matter of
the brain. In both patients and healthy people, the
kynurenine/tryptophan ratio inversely correlated
with the level of glutamate in the white matter of
the brain [38].

In recent years, few studies have appeared in
which acylcarnitines, intermediate products of
the oxidation of fatty and organic acids, are also
proposed as biomarkers of complex diseases [39].
Acylcarnitine is involved in energy production
through [J-oxidation of fatty acids and detoxifi-
cation of metabolites through the formation and
excretion of acylcarnitine esters. A connection was
found between the increase in the concentration of
branched amino acids and acylcarnitines contain-
ing an odd number of carbon atoms [39]. In the
work of M.L. Liu et al. (2015) it was shown that
in schizophrenia changes in metabolites are mainly
associated with acylcarnitine metabolism, lipid me-
tabolism and tryptophan metabolism, which leads
to a combination of biomarkers, including C10:1
acylcarnitine and tryptophan [40]. Analysis of the
spectrum of 29 acylcarnitines in the blood plasma
of 225 patients with schizophrenia and 175 healthy
people, comparable by age and sex, showed signifi-
cantly higher levels of C4-OH (C3-DC) and Cl6:1,
against the background of low concentrations of
C3, C8, C10, C10:1, C10:2, C12, C14:1-OH, C14: 2,
and C14:2-OH in patients with schizophrenia com-
pared with healthy individuals [41].

An analysis of the literature data allows us to
conclude that in most studies, higher concentra-
tions of glycine, serine, glutamate, homocysteine
and arginine in blood samples of patients with
schizophrenia are detected. Regarding the level of
other amino acids in the literature, conflicting re-
sults are presented.

AMINO ACIDS AS THERAPEUTIC RESPONSE
MARKERS ON ANTIPSYCHOTIC THERAPY
AND DRUG-INDUCED SIDE EFFECTS

The next area of research is the study of the

effect of antipsychotic therapy on the amino acid
spectrum and the possibility of using these indi-

cators to predict the response to therapy. In the
study by T.Y. He et al. (2012), five amino acids
were identified (arginine, glutamine, histidine, or-
nithine and methionine), significantly different in
patients with schizophrenia compared with healthy
individuals, and their content was analyzed depend-
ing on the use of antipsychotic therapy. As a re-
sult, data were obtained on a higher content of
ornithine and a reduced content of arginine, glu-
tamine and histidine in patients with schizophre-
nia who are not receiving antipsychotic therapy
compared with a group of healthy individuals [36].
Asparagine, citrulline, phenylalanine and cysteine
were higher, while tyrosine and tryptophan were
significantly lower in patients not receiving anti-
psychotic therapy than in healthy people. Patients
taking antipsychotics showed an increased level of
asparagine compared with patients without ther-
apy, an increase in phenylalanine and a decrease
in tryptophan, in contrast to the control group of
volunteers [42]. There was a decrease in tyrosine
content in patients with the schizophrenia onset
before age 20 and not receiving therapy, and a
lower tyrosine/phenylalanine ratio compared to
patients with the late onset of schizophrenia (after
20 years) [43]. A study of the effect of the atypi-
cal antipsychotic clozapine on serum amino acids
revealed significantly higher levels of serum aspar-
tate, glutamate, isoleucine, histidine and tyrosine
and significantly lower concentrations of serum as-
paragine, tryptophan and serine in patients with
schizophrenia who are resistant to clozapine treat-
ment compared to control. Clozapine treatment
for 12 weeks significantly reduced serum glutamate
level, but did not approach the level of healthy
volunteers and did not affect the concentration of
other amino acids [44]. However, A.E. Evins et
al. found that treatment with clozapine increases
serum aspartate levels, with clinical improvement
negatively correlating with baseline glycine concen-
trations [45]. A change in the content of peripheral
amino acids during treatment with clozapine in pa-
tients with schizophrenia resistant to therapy has
been shown in other studies. Thus, a decrease in
plasma D-serine and the ratio of D-serine/L-serine
was found, and this ratio, as well as the level of
glycine and the ratio of glycine/L-serine, increased
significantly after clozapine therapy. The results
obtained led to the conclusion that these amino ac-
ids and their ratios can be markers of therapeutic
efficacy in patients with a therapeutically resistant
form of schizophrenia [46]. When examining the
content of glycine, serine, alanine, and homocys-
teine in patients receiving different antipsychotic
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therapy (typical antipsychotics, clozapine, risperi-
done/olanzapine), it was found that patients had a
lower plasma serine level compared to the control,
correlating with the number of negative symptoms
of schizophrenia. The serine/glycine ratio was also
reduced in patients, while plasma homocysteine
level, on the contrary, was significantly increased.
Despite the fact that no differences in the abso-
lute level of amino acids were found depending on
the type of antipsychotic taken by patients, the
serine/glycine ratio was significantly increased in
patients treated with clozapine and was practically
comparable with the level in healthy individuals
[47]. Monotherapy with an atypical antipsychotic
risperidone led to an increase in tryptophan levels
after 8 weeks of treatment and serum phenylal-
anine, but it further reduced the levels of aspar-
tate and glycine lowered before the start of ther-
apy [48]. The content of a number of amino acids
can be used to assess the prognosis of response
to therapy (responders and non-responders). Pa-
tients without response to therapy showed lower
baseline methionine values compared with patients
with good clinical response and healthy volunteers;
the ratio of tryptophan to other large neutral ami-
no acids in patients not responding to antipsychot-
ic therapy decreased during treatment compared
with patients with a good clinical response [15].
Of the wide range of metabolic biomarkers studied
by B. Cao (2018), six — oleoylcarnitine, linolylcar-
nitine, L-acetylcarnitine, LysoPC, D-glutamic acid
and L-arginine — were identified as the most stable
and predictably changed during 8 weeks of treat-
ment with antipsychotic drugs [49].

Changes in homocysteine levels were associated
with gender and basic metabolic parameters (body
mass index, glucose, triglycerides and other indica-
tors) in schizophrenia patients with the first episode
receiving monotherapy with atypical antipsychotics
(olanzapine or rispiridone) [50].

A study by L. Leppik (2018) demonstrated
changes in the content of the spectrum of amino
acids and biogenic amines, associated simultane-
ously with the dynamics of some indicators of the
metabolic syndrome, in particular with body mass
index (BMI), after antipsychotic therapy after 7
months in patients with the first episode schizo-
phrenia. A positive association of BMI with changes
in proline, aspartate, histidine, a-aminoadipic acid,
alanine, and kynurenine under the influence of an-
tipsychotic therapy was demonstrated. In contrast,
the content of taurine and spermine was negatively
associated with an increase in BMI during pharma-
cotherapy [51].

Thus, there is practically no study of the role
of amino acids in the development of undesirable
severe side effects of antipsychotic therapy, with
the exception of studies of glutamate, for which
it is proven that it participates in the mechanisms
of development of tardive dyskinesia [52]. At the
same time, in recent years, there has been a need
to search for potential biomarkers for the develop-
ment of undesirable effects for predicting their oc-
currence, especially the metabolic syndrome, which
comes to the fore in the frequency of its occurrence
and the burden of medical, economic and social
consequences against the background of the wide-
spread use of atypical antipsychotics [49, 53].

PROSPECTS FOR APPLICATION OF AMINO
ACIDS, ACYLCARNITINES AND DRUGS
INFLUENCING THEIR EXCHANGE IN
COMPLEX THERAPY OF PATIENTS WITH
SCHIZOPHRENIA

Identified changes in the amino acid spectrum
create the prerequisites for the development of
promising new therapeutic strategies in terms of
the use in the treatment of mental disorders of
amino acids or drugs that affect their metabolism
[54-60].

The first experimental use of glycine in preclini-
cal models of schizophrenia was carried out before
the role of NMDA receptors in mediating the psy-
chomimetic effects of phenylcyclidine and glycine
was demonstrated. In the early to mid-1980s, To-
thand Lajtha, firstly, demonstrated that non-essen-
tial amino acids cross the blood-brain barrier when
administered in high doses, and secondly, of a num-
ber of amino acids, only glycine reduces the behav-
ioral effects caused by phenylcyclidine. The first
randomized, double-blind, clinical trial showing a
significant reduction in the negative symptoms of
schizophrenia in response to glycine was published
in 1994 [55]. This was later confirmed in a number
of independent studies [54, 56, and 57]. When com-
paring the effects of glycine and cycloserine on the
negative symptoms of schizophrenia, it was found
that glycine consumption gives a more pronounced
clinical response. This suggests that complete ag-
onists such as glycine and D-serine may be more
effective than partial agonists such as D-cycloserine
[56], while other placebo-controlled studies have
not shown the benefit of glycine therapy for com-
pared with placebo for the negative symptoms of
schizophrenia [61].

Based on the positive clinical results with gly-
cine, a series of studies was conducted with an al-
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ternative glycine site agonist, D-serine [62]. The ini-
tial clinical trial included 29 patients treated for 6
weeks with either D-serine or placebo. A significant
reduction in the negative symptoms of schizophre-
nia has been shown in patients receiving D-serine
[63]. These results were subsequently reproduced
in other works [64-66]. However, when studying
the effect of low doses of D-serine, there was no
significant difference between taking the drug and
placebo [67]. Similar results were also obtained in a
study using D-alanine, an agonist with a lower affin-
ity for the glycine site of the NMDA receptor [68].

Nevertheless, large doses of amino acids nec-
essary for clinical improvement make them inap-
propriate for wide therapeutic use, which requires
alternative approaches.

Blockade of the type 1 glycine transporter to
inhibit glycine reuptake and increase synaptic gly-
cine concentration is an effective strategy to in-
crease N-methyl-D-aspartate receptor transmis-
sion. For this purpose, a study was conducted on
the drug bitopertin, a glycine reuptake inhibitor, in
patients with schizophrenia with predominant neg-
ative symptoms who are resistant to antipsychotic
therapy. As a result, treatment with bitopertin for
8 weeks was associated with a significant reduction
in the negative symptoms of schizophrenia. Thus,
bitopertin-mediated inhibition of glycine reuptake
may represent a new treatment option for schizo-
phrenia with the possibility of eliminating negative
symptoms [69].

Inhibition of D-amino acid oxidase, an enzyme
that catabolizes D-amino acids, such as D-serine and
D-alanine, can increase the availability of NMDA
receptor glycine site agonists [70]. Sodium ben-
zoate is a natural D-amino acid oxidase inhibitor
approved by the FDA as a safe food preservative.
In a small, randomized, double-blind, placebo-con-
trolled study, sodium benzoate significantly im-
proved the positive, negative, and cognitive symp-
toms in schizophrenic patients taking additional
antipsychotics. Although larger studies are needed
to confirm these results, it opens up prospects for
the development of new drugs based on inhibition
of D-amino acid oxidase [70].

A 12-week open, uncontrolled study was con-
ducted aimed at studying the effectiveness of ace-
tyl-L-carnitine on clinical symptoms and cognitive
functioning in 15 patients with schizophrenia while
taking clozapine. However, the analysis of the data
of nine patients who completed the study com-
pletely did not show significant differences between
different treatment methods, which can be associat-
ed with an extremely small sample size [71].

A meta-analysis of 10 studies on the effect
of biologically active fatty acid supplements on
standard antipsychotic therapy for patients with
schizophrenia showed positive results in terms of
improving psychotic symptoms and (or) reducing
extrapyramidal side effects from antipsychotic
drugs [72].

CONCLUSION

Thus, we can state the fact that in recent years
the number of works has been steadily growing, in
which modern proteomic and metabolic methods of
analysis attempt to identify biomarkers of mental
and neurodegenerative disorders in the serum or
plasma of patients [73-75]. Most of the literature
data was obtained on small cohorts of patients. The
ambiguity and inconsistency of a number of stud-
ies are due to the varying duration of the disease,
the therapy used, the leading symptoms and other
factors.

As a rule, small molecules and metabolic prod-
ucts are involved in various pathways of molecu-
lar transformations, which makes it difficult to use
individual substances as potential biomarkers. In
this connection, it is promising to solve this prob-
lem by simultaneously determining the metabolic
spectrum of a number of molecules, the combined
changes of which can already serve as potential
biomarkers.

Based on the analysis of the literature, it seems
to us that the most promising potential biomark-
ers are amino acid and acylcarnitine profiles in the
aggregate, further study of which may lead to the
discovery of new therapeutic targets and strategies,
and will also help to better understand the patho-
physiology of schizophrenia along with a deeper
knowledge of the mechanisms that provide for the
development of therapeutic effect, and drug-in-
duced side effects of antipsychotics, in particular
metabolic syndrome.
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