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ABSTRACT

INTRODUCTION. The first part of this article discussed antipsychotic-induced metabolic syndrome (AIMetS) as
a common adverse reaction to pharmacotherapy of psychiatric and addiction disorders. The authors presented
a review of basic and additional clinical and biochemical biomarkers of metabolic syndrome (MetS) in general and
AlMetS in particular in patients with schizophrenia spectrum disorders (SSDs) and outlined approaches to measu-
ring these biomarkers. Detecting changes in the expression of circulating microRNAs can be considered a promi-
sing method for predicting and diagnosing AlMetS.

AIM. This study aimed to evaluate the role of circulating microRNAs as epigenetic biomarkers of the key compo-
nents of AIMetS pathogenesis.

DISCUSSION. The authors reviewed and collated the results of academic and clinical research (2012-2024) with
a focus on the role of circulating microRNAs involved in the key AlMetS pathogenesis and progression pathways.
The authors analysed the results of studies on the role of circulating microRNAs as regulators of the key compo-
nents of MetS and AlMetS pathogenesis. The studied pathogenesis components included oxidative stress, systemic
inflammation, adipogenesis regulation (and abdominal adiposity development), lipid metabolism, high- and low-
density lipoprotein cholesterol homeostasis, atherogenesis, and hepatic steatosis, as well as the regulation of in-
sulin and leptin sensitivity, glucose metabolism and appetite, and insulin, neuropeptide Y, orexin, thyroid and para-
thyroid hormone expression. Personalised assessment of the pharmacotherapeutic safety may depend on the pat-
tern of circulating microRNAs that induce or inhibit the main components of AlIMetS pathogenesis. The differences
in the results of the reviewed microRNA studies may be due to the design differences of these academic (mainly)
and clinical studies and their lack of attention for modifiable and unmodifiable risk factors for AIMetS. The authors
proposed a microRNA classification according to the risk level of AIMetS.

CONCLUSIONS. The findings demonstrate that the sensitivity and specificity of epigenetic AIMetS biomarkers can
vary widely, depending on their influence (predictive or protective) on one or several pathogenetic components
of this widespread adverse reaction to psychopharmacotherapy. The most studied microRNAs are predictive bio-
markers of oxidative stress (miR-1, miR-21, miR-23b, miR-273, etc.) and systemic inflammation (miR-21, miR-23a,
miR-27a, etc.) in patients at high risk of developing MetS and AlMetS. Promising AlMetS epigenetic biomarkers in-
clude microRNAs that affect the expression of and sensitivity to neuropeptides, including NPY (miR-let7b, miR-29b,
miR-33, etc.), leptin (miR-let7a, miR-9, miR-30e, etc.), and orexin (MiR-137, miR-637, miR-654, etc.).
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PE3IOME

BBEOEHME. B nepBoii yactu ctatbk 6bl1 pacCMOTPEH aHTUNCUXOTUK-UHAYLUMPOBAHHBIM MeTabonmMyeckuit CMHAPOM
(AMMeTC) Kak pacrnpoCTpaHeHHas HexenatenbHas peakuus npu dapmakoTepanuu NCUXMYECKMX PacCTPOMCTB U 6o-
nesHel 3aBMCMMOCTK. MoKasaHbl NOAXOAbI K CMEKTPY M OLEHKE OCHOBHBIX WM LOMOMHUTENbHbBIX KIMHUYECKUX U nabo-
paTopHbIX MapkepoB MeTabonuyeckoro cuHapoma (MetC) y naumeHToOB C pacCTpOMCTBaMM WM30(hPEHNUYECKOTO CreK-
Tpa B uenom u AMetC B 4acTHOCTU. M3MeHeHMe YpOBHS 3KCMpeccuun LMpkynmpyowmx MukpoPHK B kpoBu MoxeT
paccMaTpuBaTbCs Kak OfHA M3 NepCrneKkTUBHbIX METOLOOMMI NMPOrHO3MpoBaHus U auarHoctukn AMetC.

LLEENb. PaccmotpeTb ponb unpkynunpytowmx MukpoPHK kak anureHeTnyeckmx 6MoMapkepoB pa3BUTUS OCHOBHbIX 3Be-
HbeB natoreHe3za AMetC.

OBCYXXAEHUE. MNpoBeneH aHanu3 u cucteMaTmsaums pesynbtatoB QyHAAMEHTANbHbIX U KIMHUYECKUX UCCNenoBa-
HWIA ponu LMpKynupyowmx MUKpoPHK, BAuaoWwmMX Ha OCHOBHbIe 3BEHbS NaToreHesa M nporpeccupoBaHus AMetC,
ony6ankoBaHHbIx B nepuon 2012-2024 rr. MpoaHanu3nMpoBaHbl pe3ynbTaTbhl UCCAEA0BAHUI, OTPAXKAIOLWMX POSb
MUKPOPHK B kntoueBbix 3BeHbsx natoreHe3a MetC n AUMetC: okMcnMTenbHOM cTpecce, CUCTEMHOM BOCMANEHMU, pe-
rynsuuy agunoreHesa v pasBUTUM LEHTPANbHOMO OXWUPEHUS, IMNUAHOTO MeTabonnM3Ma, roMeocTasa XonecTepuHa nu-
NMonpoTEMHOB BbICOKOM/HU3KOWM NNOTHOCTW, aTePOreHe3a, XXMPOBOM renaTtose, a TakxKe perynsiuum YyBCTBUTENIbHOCTU
K MHCYNIWHY, €ro 3KCnpeccun, MeTabonunsma rokosbl, anneTuTa, SKCnpeccun HeriponenTtuaa Y, OpeKCMHa TMPEOUIHbIX
rOpMOHOB, MAPaTUPEONHOrO0 rOPMOHA, YyBCTBUTENBHOCTU K NeNnTuHY. [10Ka3aHo, YTO NepCcoHanM3nMpoBaHHas OLEHKa
6e3onacHocTM dapmakoTepanuMm MOXeT 3aBUCETb OT NaTTepHa LMPKynupyowmx MukpoPHK, koTopble nHayumpytot
WK MHIMBUPYIOT OCHOBHbIE 3BeHbs naTtoreHesa AMMeTC. Pasnnumns B pesynbratax NpoaHanM3npoBaHHbIX MCCNenoBa-
Huit MUKpoPHK MoryT 6biTb 06yCnoBneHbl TeM, YTO PyHAAMEHTaNbHbIE (MPEUMYLLECTBEHHO) U KNUHUYECKUE UCCNeso-
BaHMA MMenu BapuabenbHbli AM3aliH, @ TakKKe TeM, YTO B HUX HE YUYWUTbIBANUCh Apyrue Moaudbuumupyemole U HEMOAM-
duumpyembie pakTopbl pucka AMetC. MpepnoxeHa rpagaumns MukpoPHK no crenenun pucka passutus AUMetC.
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BbIBOAbI. 310T 0630p LEMOHCTPUPYET, YTO YYBCTBUTENbHOCTb U CNELUBUYHOCTb INUTrEeHeTUYECKUX BuoMapkepoB
AMMetC MoryT BapbMpoBaThb B LUIMPOKOM AMANa3oHe B 3aBMCMMOCTM OT XapakTepa UX BAUSAHUS (MPELUKTUBHOIMO UK
NPOTEKTUBHOr0) Ha OAWMH MAW HECKONbKO OCHOBHbIX 3BEHbeB MaToreHesa paccMaTpuMBaeMOM pacnpoCTpaHEHHOM
HexxenaTenbHOW peakuuu ncuxodapmakorepanuu. Hambonee usyyeHHbiMm aenstotcs MukpoPHK — npeankTusHble
6romapkepbl okucnuTenbHoro crpecca (miR-1, miR-21, miR-23b, miR-27a) u cucremHoro Bocnanenus (miR-21, miR-23a,
miR-27a) y nauMeHTOB C BbICOKMM puckom pa3sutnsa MetC u AMetC. MNepcnekTUBHbIMK 3NUreHeTUYecKnuMmn 6uo-
mapkepamu AMetC aenstotcs MukpoPHK, Bnusiowme Ha ypoBeHb 3KCNpeccun HeilponenTUAOB U YyBCTBUTENbHOCTb
K HUM, BKNtoyas Heiponentug Y (miR-let7b, miR-29b, miR-33 u ap.), nentuH (miR-let7a, miR-9, miR-30e v ap.)

n opekcuH (miR-137, miR-637, miR-654 v ap.).

KntoueBble cnoBa: aHTUNCUXOTUK-UHAYLMPOBAHHbIN MeTaboMYeCcKnii CUHAPOM; aHTUMNCUXOTUKU; LMPKYAUpYLoLLMe
MUKPOPHK; HexxenatenbHas peakuus; snMreHeTM4eckuin buoMapkep; NepcoHaIn3MpoBaHHasa OLEHKA pUCKa

Ana untupoBanus: LHanoep H.A., HacbipoBa P.®., MNekapew, H.A., TpeuknHa B.B., MeTposa M.M. Llnpkynupytowme
MUKkpoPHK - nepcnekTuBHble 6MOMapKepbl AN OLEHKU PUCKA PAa3BUTUS aHTUNCUXOTUK-UHAYLUPOBAHHOIO
MeTabonuyeckoro cuHapoma (0630p): yactb 2. bezonacHocme u puck gapmakomepanuu. 2025;13(4):394-410.
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(duHaHcupoBaHue. PaboTa BbinosiHEHa 6€3 CNOHCOPCKOM NOAAEPXKKM.

MoTeHUManbHbIi KOHPAUKT UHTEPECOB. ABTOPbI 3aSIBNSIKOT 06 OTCYTCTBUM KOHGBIMKTA UHTEPECOB.

INTRODUCTION

Schizophrenia spectrum disorders (SSDs) are
common socially significant mental disorders
associated with a reduced life expectancy [1, 2].
Over the recent years, the role of antipsychotic-
induced metabolic syndrome (AlMetS) in SSD
patients has proven to be one of the main death
causes in these patients [3]. Improving the phar-
macotherapeutic safety of antipsychotics (APs)
and assessing the risk of AIMetS and associated
cardiovascular diseases is one of priorities for
managing SSD patients [4]; this also implies
finding and implementing new AlMetS labora-
tory biomarkers in real clinical practice [5].

Small non-coding ribonucleic acids (mi-
croRNAs) play an essential role in the regula-
tion of various pathophysiological processes
underlying AlMetS progression in SSD patients.
The key links of these AlMetS pathogenic path-
ways include oxidative stress [6, 7]; systemic
inflammation [8, 9]; adipocyte differentiation
and abdominal obesity [8, 10, 11]; lipid and glu-
cose metabolism [8, 11-23]; appetite control
[24-28]; neuropeptide Y (NPY) level [24, 29, 30];
leptin sensitivity [9, 28, 30]; levels of orexin [31,
32], testosterone [33], thyroid [34] and parathy-
roid [35] hormones.

In the first part of this review [36], it was
shown that detected changes of circulating
microRNA expression levels in the available
samples (blood, saliva, urine, etc.) as epigenetic
AlMetS biomarkers is a promising alternative

method for prediction and diagnosis of the dis-
cussed adverse reaction in SSD patients as com-
pared to genetic biomarkers (DNA samples).
Circulating microRNAs demonstrate stability
at sample storage (including multiple freezing
and thawing cycles), reproducibility, and consis-
tent signatures in individual patients [36].

Predictive microRNAs associated with an in-
creased risk of the main AIMetS pathogenic
components in SSD patients deserve a more de-
tailed consideration in order to understand the
mechanism of metabolic changes.

The aim of the study was to evaluate the role
of circulating microRNAs as epigenetic biomar-
kers of the key components of AlMetS pathoge-
nesis.

The literature search methods were described
in the first part of the review [36].

MAIN PART

MicroRNAs as epigenetic biomarkers
of the main AlMetS pathogenic
components

Oxidative stress

Numerous clinical and experimental reports
demonstrate changes in the oxidant/antioxi-
dant balance of SSD patients induced by APs
[37-40]. First-generation APs (haloperidol) and
second-generation APs (clozapine, olanzapine,
risperidone) significantly reduce superoxide
dismutase and catalase activity, activate lipid
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peroxidation and buildup of reactive oxygen
species (ROS) [38]. The signaling pathway of en-
dogenous nuclear factor erythroid 2-related
factor 2 (Nrf2) is a part of protection mechanism
against oxidative stress that plays an essential
role in both SSDs and AlIMetS; however, com-
plex balance of Nrf2 with NF-kB (nuclear factor
kappa-light-chain-enhancer of activated B cells)
and its crosstalk with the Nrf2 transcription fac-
tor is crucial for severe oxidative stress in SSD
patients [39].

The microRNAs inducing oxidative stress in-
clude miR-1, miR-21, miR-23b, miR-27a, miR-28,
miR-29, miR-34a, miR-92a, miR-93, miR-101,
miR-106b, miR-128, miR-129-3p, miR-140,
miR-142, miR-144, miR-146, miR-148, miR-153,
miR-155, miR-181c, miR-193b, miR-320, miR-365,
miR-375, miR-383, miR-495, miR-503, and
miR-802. The mechanisms causing oxidative
stress are related to the Nrf2 signaling pathway
and maintain a high control over this pathway
at its different stages. NFE2L2/Nrf2 is a critical
biomarker associated with cytoprotective reac-
tions in response to oxidative and electrophilic
stresses. The kelch-like ECH-associated protein 1
(Keapl) ubiquitinates Nrf2 and directs it to deg-
radation, while the Keapl/Nrf2 pathway is the
most important cytoprotective pathway respond-
ing to increased ROS levels [41]. MicroRNAs are
involved in the control of Nrf2 signaling path-
way through several mechanisms: altering Nrf2
nuclear translocation; effecting Nrf2 expression;
controlling mediators located upstream of Nrf2;
and modulating Keap1.

Sirtuin 1 (Sirt1) is a NAD"-dependent deacet-
ylase, an important antioxidant enzyme associ-
ated with diabetes mellitus. Sirtl uses the first
pathway, PGC1a/ERRa, to induce Nrf2, although it
can also directly activate Nrf2 using other mech-
anisms. For example, patients with olanzapine-
induced MetS had markedly lower Sirtl plasma
levels than schizophrenia patients without MetS
and healthy controls [40]. Much less studied
is sirtuin 3 (Sirt3) [42] that positively regulates
the expression of O1 and O3 transcription fac-
tors (forkhead box protein, FOX01/3), causing
an antioxidant response [7]. Sirt3 is expressed
in tissues and organs with a high metabolic rate,
including liver, brain, heart, and brown adipose
tissue, and plays an important role in the regu-
lation of oxidative stress and mitochondrial me-
tabolism [43]; therefore, the effect of microRNAs

on Sirt3 expression is of certain scientific and
clinical interest.

Thus, miR-23b induces oxidative stress
through decreased Sirtl and Nrf2 expression
[7, 44]. MiR-34a overexpression downregulates
the gene encoding Nrf2, with a marked decrease
in mRNA and Nrf2 protein. At the same time,
when miR-34a expression is inhibited, the Nrf2-
dependent antioxidant pathway is restored [6,
45]. MiR-92a inhibits Sirtl and endothelial nitric
oxide synthase (eNOS) [46] while activating
inflammasomes, which aggravates endothelial
dysfunction under oxidative stress [7]. MiR-128
reduces Sirtl expression level and the expres-
sion levels of the Nrf2 protein, thus contributing
to oxidative stress [6, 7]. MiR-140 directly affects
Nrf2 and Sirt2 levels, changing expression levels
of HO-1,NQO1, Gst, GCLM, Keap1, and FOXO3a [6].

MiR-27a, miR-142, miR-144, and miR-153 are
regulatory microRNAs for Nrf2 that reduce its
transcription [6]. Activation and expression of the
Nrf2 signaling pathway and its downstream me-
diator HO-1 are visibly accelerated when miR-320
expression is inhibited [6]. MiR-383 mediates oxi-
dative stress and apoptosis by suppressing type 3
peroxiredoxin (PRDX3) [7].

Systemic inflammation

Typical and atypical APs are known to affect
the production of proinflammatory cytokines
[47]. For example, haloperidol can alter the
levels of interferon gamma (IF-y), tumor necro-
sis factor alpha (TNF-a), interleukin (IL-2, IL-10,
IL-237), etc., while clozapine, risperidone, and
quetiapine (in addition to the above cytokines)
also alter the production of IL-4, IL-104, and
IL-646 [48]. Studies evaluating the correlation
between AP intake and changes in systemic in-
flammatory biomarkers plausibly demonstrate
the change in these blood biomarkers; however,
their level and impact on the course of psychiat-
ric disorders and the AlMetS risk are still a sub-
ject of discussion [49, 50].

Systemic inflammation is marked by in-
creased serum levels of acute-phase proteins
and proinflammatory cytokines, including C-
reactive protein, TNF-a, IL-1b, IL-6, and IL-17,
as well as infiltration of macrophages and
T-lymphocytes in insulin-dependent tissues [8].
In general, microRNAs regulate various inflam-
mation stages, starting with initiation, alteration,
exudation, proliferation, and resolution, through
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both positive and negative feedback. In case of
a positive feedback, a series of events limits not
only the pathogen invasion, but also the suc-
cessful restoration of damaged tissues. On the
contrary, negative feedback activated by severe
inflammation helps maintain tissue homeostasis.

Over the recent years, microRNAs (miR-21,
miR-23a, miR-27a, miR-29a, miR-34a, miR-34c,
miR-92a, miR-132, miR-138, miR-155, miR-200,
and miR-let7a) have been identified that are
capable of mediating systemic inflammation
through their altered expression in certain im-
mune cells. As part of the inflammatory response,
microRNA expression is often requlated at vari-
ous stages, including synthesis, processing, and
stabilisation of pre- or mature microRNAs [8, 9].

Elevated miR-let7a levels were found to ac-
tivate the NF-kB proinflammatory pathway
by targeting the nuclear factor inhibitor kB (IkB)
kinase. Elevated miR-21 levels in adipose tissues
are typical for people with obesity and type 2 di-
abetes mellitus; in fact, this is the leading clini-
cal MetS manifestation associated with sluggish
systemic inflammation and increased adipogenic
differentiation through modulated signaling
of transforming growth factor beta-1 (TGF-B1).
MiR-21 also plays a crucial role in angiogenesis
through VEGFA regulation [9, 51, 52].

The pro-inflammatory miR-23a mechanism
is associated with the activated pro-inflammato-
ry NF-kB pathway in M1 macrophages and par-
allel inhibition of the anti-inflammatory JAK1/
STAT6 pathway [9, 53]. Deficiency of Sirtl antiox-
idant induces miR-132 overexpression in human
primary preadipocytes, thus inducing the release
of pro-inflammatory cytokines. The miR-34 fa-
mily (miR-34a and miR-34c) induces the release
of proinflammatory cytokines and chemokines
by targeting G protein (LGR4); it delays the local
inflammatory response [9, 54].

Overexpression of proinflammatory miR-92a
leads to increased regulation of several genes
encoding proinflammatory cytokines in the
recipient macrophages [9]; overexpression of
miR-138 and miR-155 promotes systemic in-
flammation by activating NF-kB proinflammatory
signaling pathway, as well as MyD88 and TRIF
pathways that contribute to increased levels
of proinflammatory cytokines and suppression
of Sirtl cytoprotective protein [9, 55].

MiR-200 demonstrates a pro-inflammatory re-
sponse by effecting the synthesis of Zeb-1 protein

involved in increasing the activity of cyclooxy-
genase-2 (COX-2) enzyme and monocytic che-
motactic protein-1 (MCP-1) in vascular smooth
muscle cells with type 2 diabetes mellitus [9].
This pathway is also significant for MetS mecha-
nism in patients with psychiatric disorders re-
ceiving APs [56].

Adipogenesis regulation and mechanism

of abdominal obesity

Adipogenesis is the process that allows
adipocytes to develop from adipose-derived
stem cells and form fat tissue [57]. Impaired
adipogenesis and regulation of adipose tissue
metabolism are associated with various AlMetS
manifestations (obesity, type 2 diabetes mellitus,
and cardiovascular diseases). Understanding the
mechanism, functions, and composition of the
adipocyte secretome is critical for develop-
ing targeted MetS and AlMetS therapy in SSD
patients [58]. First-line APs (haloperidol, etc.)
and newer generations (olanzapine, clozapine,
risperidone, etc.) can induce adipogenesis ac-
companied by underexpression of proteins bind-
ing sterol regulatory element-binding protein 1
(SREBP1) and 2 (SREBP2), fatty acid synthases
(FAS), low-density lipoprotein (LDL) receptors,
3-hydroxy-3-methylglutaryl-coenzyme A reduc-
tase (HMGR), and PPARG gene encoding the per-
oxisome proliferator-activated receptor gamma
[59]. In addition, clozapine and olanzapine en-
hances differentiation of 3T3-L1 preadipocytes
into mature adipocytes via activated SREBP1
pathway [60].

MicroRNAs can directly regulate adipogen-
esis. Studies have established an inducing effect
on adipogenesis and the development of abdomi-
nal obesity for a number of microRNAs (miR-17,
miR-20a, miR-21, miR-103, miR-128-1, miR-143,
miR-144, miR-146b, miR-148a, miR-194, miR-210,
miR-322, miR-375, and intronic miR-378). One of
the regulation mechanisms of microRNA-mediat-
ed adipogenesis is regulating the expression of
transforming growth factor-p (TGF—B), a protein
that regulates adipocyte proliferation, differentia-
tion, and growth and modulates the expression
and activation of other growth factors, including
IF-y and TNF-a [58].

Thus, miR-21 stimulates adipogenesis by
modulating the signal transduction of TGF-B1
preadipocytes. Increased adipogenic differentia-
tion in 3T3-L1 preadipocytes is associated with
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increased expression of miR-17, miR-21a, miR-21,
and miR-143, which stimulate the expression
of adipogenic transcription factor C/EBPa and
enhance TGF-B signaling [8, 10].

MiR-103 doubles the expression of adipo-
genic transcription factor PPARy alongside with
increasing the expression of fatty acid binding
protein 4 (FABP4) and adiponectin by about 9
and 4 times, respectively [10]. MiR-128-1 also
regulates the homeostasis of circulating lipo-
proteins, as well as the expression of genes en-
coding PPAR and other regulators of fatty acid
oxidation and systemic inflammation, leading
to abdominal obesity [11].

MiR-144 downregulates the expression
of FOXO01 transcription factor by suppressing ad-
iponectin stimulation, and therefore reduces the
inhibiting effect of adiponectin on adipogenesis
in 3T3-L1 preadipocytes; miR-146b promotes
adipogenesis in 3T3-L1 preadipocytes by sup-
pressing Sirtl expression [10].

A group of microRNAs, such as miR-148a,
miR-194, miR-210, and miR-322, induces adi-
pogenesis by suppressing signaling of the Wnt/
B-catenin pathway, a key inhibitor of adipogen-
esis [10, 61].

MiR-375 overexpression initiates adipocyte
differentiation by increasing C/EBPa and PPARYy,
simultaneously inducing FABP4 adipocytes and
accumulating triglycerides. MiR-375 overexpres-
sion promotes adipogenesis through differentia-
tion of 3T3-L1 preadipocytes and suppression
of signal-requlated extracellular protein kinase
(ERK1/2) phosphorylation [10].

Regulation of lipid metabolism

Various mechanisms underlying lipid me-
tabolism dysregulation caused by taking APs
of different generations continue to be actively
studied (including AP-induced hypercholesterol-
emia and increased atherosclerosis risk in SSD
patients, among them adults and adolescents)
[62, 63]. Thus, Delacrétaz et al. [64] demonstrat-
ed that 49% of SSD adolescents experienced
an early increase in total cholesterol levels by
5% or more during the first month of taking APs,
while 33% developed hypercholesterolemia
during the first year of treatment. In patients
with high-density lipoproteins (HDL) decreased
by 25% from baseline during the first month
of AP intake; this biomarker decreased more sig-

nificantly after 3 months of treatment compared
to patients whose level dropped by less than 5%.

MicroRNAs are known to have a direct effect
on lipid metabolism by inhibiting lipid metabo-
lism of miR-30c, miR-33a, miR-33b, miR-34a,
miR-128-1, miR-144, miR-148a, miR-223, and
miR-246b.

MiR-34a mediates hepatic response to meta-
bolic stress associated with lipid overload
by downregulating the expression of hepato-
cyte nuclear transcription factor 4A (HNF4A),
which is a critical transcription factor in lipid
metabolism. Another regulatory centre that sup-
presses genes involved in cholesterol synthesis
is miR-223. In addition, miR-223 inhibits the ex-
pression of the SR-BI scavenger receptor by he-
patocytes that transports cholesterol from HDL
to the liver. The final result of miR-223 effect
is a decreased cholesterol level in the liver [11].

MiR-246b affects the mRNA of the thyroid
hormone beta-receptor (Trp) in the liver, causing
changes in the expression of genes responsible
for lipid metabolism and a decrease in intracel-
lular lipids [34].

The mechanisms of miR-30c, miR-33a,
miR-33b, miR-128-1, miR-144, and miR-148a
will be described below, since their pivotal point
is the regulation of LDL and HDL cholesterol ho-
meostasis [11-15].

Regulation of HDL cholesterol homeostasis

The intake of first- and new-generation APs
disrupts HDL homeostasis and leads to their
decrease in serum [65]. In a population-based
study with the participation of 3,255 patients,
Richards-Belle et al. (2023) showed that the use
of APs was strongly associated with lower serum
HDL levels and higher triglyceride levels [66].

Over the recent years, it was established that
miR-33a and miR-33b co-ordinate inhibition
of the reverse cholesterol transport from the
periphery back to the liver by suppressing ATP-
binding cassette transporters A1 (ABCA1), and
inhibit cholesterol excretion from the body by
suppressing ABCB11 protein transporter and lip-
id-transporting ATPase 8B1 (ATP8B1) that pro-
vide cholesterol elimination from the liver into
the bile. They also inhibit fatty acid oxidation
enzymes, which leads to a decrease in lipid me-
tabolism in cells [11]. The effects of miR-128-1,
miR-144, and miR-148a are associated with sup-
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pression of ABCA1 expression. The combined ef-
fect of these microRNAs is to reduce cholesterol
outflow into HDL [13, 14], which makes them
promising epigenetic biomarkers of AP-induced
dyslipidemia.

Regulation of LDL cholesterol homeostasis

MicroRNAs associated with decreased
HDL levels (miR-128-1, miR-148a) contribute
to an increase in LDL levels by inhibiting the
expression of their receptors that allow periph-
eral cells to absorb lipids from circulating LDL.
Thus, inhibition of miR-128-1 and miR-148a in
mice led to increased expression of LDL recep-
tors and increased the clearance of circulating
LDL, which subsequently led to their decreased
plasma levels [13].

Atherogenesis regulation

Atherogenesis is an important link in MetS
and AlMetS pathogenesis. It was shown that
long-term use of some atypical APs may increase
the risk of atherosclerosis and associated cardio-
vascular diseases in SSD patients [67]. In recent
years, it has been demonstrated that, in addition
to the previously described influence on lipid
metabolism and adipogenesis, microRNAs regu-
late atherogenic processes. Thus, miR-33 inhibi-
tion increases cholesterol transport from macro-
phages to plasma, liver, and faeces by more than
80%, which can prevent atherosclerosis and for-
mation of foam cells by increasing ABCA1 activ-
ity and, as a result, increasing HDL levels. MiR-33
overexpression is also related with other athero-
protective effects, including regulated functional
polarisation of macrophages [11].

MiR-144 is another strong inhibitor of cho-
lesterol outflow from various tissues, including
macrophages. It has been shown that miR-144
overexpression in animal models slowed down
atherosclerosis progression [14].

Hepatic steatosis

Non-alcoholic fatty liver disease (NAFLD)
is the most common cause of chronic liver dis-
ease globally and one of the many manifesta-
tions of insulin resistance and MetS [68]. It is
a progressive disease described as insulin re-
sistance and inflammation associated with the
fat accumulation in the liver. Regardless of the
clinical diagnosis, NAFLD incidence is higher
in patients taking APs than in the general popu-

lation [68]. Overexpression of miR-34a (in both
humans and mice) induces NAFLD. Inhibition
of this microRNA in a murine model had a thera-
peutic effect in NAFLD associated with miR-34a-
mediated repression of PPARa and subsequent sup-
pression of fatty acid metabolism in the liver [11].

Regulation of insulin sensitivity

Long-term use of APs exerts a well-known
negative effect on insulin receptors and various
insulin signaling pathways. Consequently, the
risk of insulin resistance as one of the leading
links in AlMetS pathogenesis increases in SSD
patients [69-71]. A number of microRNAs such
as miR-let7, miR-15b, miR-19, miR-29, miR-33a/b,
miR-103, miR-107, miR-143, miR-155, miR-223,
miR-378, miR-451-1, and miR-802 reduce insulin
sensitivity in various organs and tissues.

Highly conservative miR-let7 is expressed
in the skeletal muscles, where it inhibits insu-
lin receptor substrate 2 (IRS2) and insulin-Llike
growth factor receptor 1 (IGF1), thereby reducing
muscle tissue sensitivity to insulin [11].

MiR-15b overexpression blocks IRS1 insulin
receptors in hepatocytes, thus causing hepatic
insulin resistance [11]. MiR-19 inhibits phos-
phatase and tensin homologue (PTEN) involved
in insulin signaling in the liver [11, 72]. MiR-33
family blocks the IRS2 substrate, a key com-
ponent of the insulin signaling pathway [11].
In adipocytes, miR-103 and miR-107 suppresses
caveolin expression; this weakens the signals
transmitted to insulin receptors [16].

Overexpression of miR-143 causes insulin
resistance due to inhibited ORP8 (OSBP-related
protein 8), a member of oxysterol-binding pro-
tein (OSBP) family, and blocked PI3K/AKT path-
way activation by insulin [11, 73]. Circulating
miR-155 secreted by macrophages inhibits insu-
lin signaling by suppressing PPARy expression
in myocytes (skeletal and heart muscles) and
hepatocytes [11, 74].

IRS1 (insulin receptor substrate 1) and SL-
C2A4 genes (solute carrier family 2, member 4;
also known as GLUT4 — glucose transporter
gene type 4) involved in the regulation of glu-
cose metabolism are targeted by miR-223. This
microRNA also modulates the expression of
insulin-regulated transporter protein GLUT4.
Dysregulated expression of this microRNA can
downregulate the insulin signaling cascade, po-
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tentially causing insulin resistance and type 2
diabetes mellitus [8].

MiR-378 inhibits the expression of the cata-
lytic subunit of phosphoinositide 3-kinase (P13K)
pl10a. Since PI3K is a key transducer of insulin
signaling, sustained overexpression of miR-378
leads to insulin resistance [17], while miR-802
affects the expression of HNF1B transcription
factor by enhancing the requlation of HNF1B-
associated SOCSI and SOCS3 genes (encoding
type 1 and 3 suppressors of the cytokine signal-
ing pathway), which impairs insulin signaling
by inhibiting phosphorylation IRS proteins [18].

Regulating insulin expression

APs can block muscarinic M3 receptors on
the membrane of beta cells in the pancreatic
islets of Langerhans, leading to suppressed insu-
lin secretion stimulated by cholinergic receptors,
and prevents glucose transport to peripheral
tissues. It is believed that the defective B-cell
function caused by prolonged use of APs results
from a combination of insulin resistance and
decreased insulin secretion stimulated by glu-
cose [75]. Insulin expression, as well as fusion
and release of insulin granules, is regulated by
microRNAs.

The microRNAs that inhibit insulin expres-
sion and secretion are miR-7a, miR-26a, miR-29,
miR-124a, miR-130a, miR-130b, miR-152,
miR-187, miR-200, miR-204, miR-375, and
miR-802.

MiR-7a inhibits transcription of the insu-
lin gene by downregulating the expression
of paired box protein Pax6 (Pax-6 paired box
protein, also known as aniridia type Il protein
(AN2) — type Il aniridia protein or oculorom-
bin); moreover, it inhibits transcription of the
gene encoding insulin-like peptide Ilp2 by an
unknown mechanism. In addition to regulating
insulin expression, miR-7a reduces the amount
of insulin released by beta cells of the pancre-
atic islets of Langerhans by suppressing proteins
involved in cytoskeletal reorganisation. This
microRNA inhibits the expression of CAPZA1
(capping protein (actin filament) muscle Z-line,
alpha 1) gene encoding alpha-1 subunit of the
protein covering F-actin, needed for releasing
insulin-like peptides and increasing their blood
levels. The proteins encoded by these genes
bind to the pointed ends of F-actin and prevent
polymerisation/depolymerisation of actin fila-

ments, thus inhibiting the active growth of actin
filaments and stabilising the cytoskeleton. Over-
expression of this microRNA inhibits produc-
tion of a-synuclein, which acts as a molecular
chaperone during the assembly of protein com-
plexes associated with synaptosomes (SNARE
complexes). In turn, a-synuclein and SNARE fuse
intracellular transport vesicles with the target
membrane, limiting SNARE-dependent assembly
of insulin and fusion of insulin granules [11].

MiR-26a is expressed in beta cells of the pan-
creatic islets of Langerhans and inhibits expres-
sion of the voltage-dependent L-type calcium
channel subunit alpha-1C that mediates calcium
influx and the SNARE-dependent fusion of insu-
lin granules with the plasma membrane of beta
cells, with the subsequent release of insulin into
the bloodstream [19].

Synthesis of monocarboxylate transporter 1
(MCT1) in the beta cells can be inhibited by over-
expression of three miR-29 paralogues that di-
rectly suppress the matrix RNA of MCT1 gene. This
transporter protein transfers lactate and pyruvate
to the mitochondria. When MCT1 production
is inhibited, beta cells stop producing insulin dur-
ing exercise, which leads to a significant increase
in the circulating lactate and pyruvate [11].

MiR-130a, miR-130b, and miR-152 reduce the
levels of glucokinase (GCK) and the E1-al sub-
unit of pyruvate dehydrogenase (PDHA1). GCK
is active at the first stage of glycolysis. PDHA1
converts pyruvate derived from glycolysis into mi-
tochondrial acetyl-CoA. Overexpression of these
microRNAs reduces the intracellular ATP:ADP ra-
tio, insulin synthesis and secretion [20].

Experimental overexpression of miR-187
in an animal model led to inhibited type 1 pro-
tein kinase interacting with the homeodomain
(HIPK1) and weakening glucose-stimulated in-
sulin secretion in vitro [11]. Experimental hyper-
expression of miR-200 (in an animal model) led
to beta cell apoptosis of the islets of Langerhans
by inhibiting the expression of anti-apoptosis
and stress resistance gene DNAJC3 (Dnal ho-
mologue subfamily C member 3), crucial for the
development of diabetes mellitus, and X/AP (X-
linked inhibitor of apoptosis protein) gene, an in-
hibitor of apoptotic caspases [21].

MiR-204 downregulates the expression
of glucagon-Llike peptide type 1 receptor (GLP1)
on the surface of beta cells, thereby blocking
GLP1-induced insulin release from beta cells
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by increasing their sensitivity to glucose [11].
MiR-375 has a mechanism similar to miR-7 that
affects myotrophin expression that binds to free
CAPZA1 and regulates its activity, preventing
CAPZA1 from binding to the pointed end of
F-actin [11].

MiR-802 reduces insulin expression, since
it prevents the insulin-encoding gene promoter
from binding to NEUROD1 transcription fac-
tor (neurogenic differentiation 1). This factor
activates the transcription of genes containing
a specific DNA sequence known as the E-box
and regulates the expression of the insulin gene
by affecting the risk of type 2 diabetes mellitus.
Inhibition of insulin secretion works in a simi-
lar way to miR-26a: it counteracts calcium in-
flux by suppressing WNT5A receptors (protein
Wnt-5a) that act in an autocrine/paracrine form
and transmit signals through Ca”/calmodulin-
dependent type Il protein kinase stimulating the
activity of the high-voltage calcium channel for
calcium influx [22].

Regulation of glucose metabolism

Mir-7a, miR-26a, miR-27, miR-29, miR-33b,
miR-103, miR-107, miR-124, miR-130a, miR-130b,
miR-143, miR-152, miR-155, miR-187, miR-200,
miR-204, miR-336, miR-375, miR-378, miR-451-1,
miR-466b, and miR-802 are known to promote
gluconeogenesis and metabolism.

MiR-27, miR-29, and miR-451-1 inhibit glu-
coneogenesis in the liver by regulating func-
tional activity of the gluconeogenesis pathway
(glycerol kinase, GK) and transcription factor
(FOX01) [11]. MiR-33b directly inhibits the ex-
pression of two key gluconeogenesis genes
encoding phosphoenolpyruvate carboxykinase 1
(PCK1) and glucose-6-phosphatase (G6PC); this
suppresses gluconeogenesis [11]. MiR-466b di-
rectly inhibits the expression of phosphoenolpyr-
uvate carboxykinase (PEPCK), a key gluconeoge-
netic enzyme [11]. The suppression mechanisms
of glucose metabolism in other microRNAs were
discussed previously [11, 16-22].

Appetite regulation

By affecting various brain structures, as well
as multiple signaling pathways described below,
APs of the first and newer generations are able
to affect appetite regulation and cause a binge-
eating disorder associated with AIMetS [76, 77].

The studies revealed that microRNAs are in-
volved in the appetite regulation by targeting
the neurons of proopiomelanocortin (POM()
and neuropeptide Y (NPY) in the arquate nuclei
of the hypothalamus. In particular, orexigenic
microRNAs include miR-let7a, miR-7a, miR-9,
miR-30E, miR-130, miR-141, miR-145, miR-200A,
miR-218, miR-342, miR-383, miR-384-3P,
miR-429, and miR-488.

MiR-7a is highly expressed in NPY/AgRP neu-
rons that exert an orexigenic effect [28]. Overex-
pression of miR-200a in the hypothalamus is as-
sociated with impaired food intake control and
compromised leptin/insulin signaling through
changed IRS2 expression. MiR-141 and miR-429
have a similar orexigenic mechanism [25].
Starving leads to overexpression of miR-let7a,
miR-9, miR-30e, miR-132, miR-145, and miR-218,
which indicates the orexigenic effect of these
microRNAs [27].

With a decreased leptin production, the ex-
pression levels of miR-383, miR-384-3p, and
miR-488 increase, resulting in the inhibited
matrix RNA of the POMC gene that encodes
a key anorexigenic regulator of food intake [25].
MiR-342 is associated with the growing popula-
tion and increased activation of NPY-orexigenic
neurons, which leads to increased food con-
sumption [26] with a risk of abdominal obesity.

Regulation of neuropeptide Y expression

Long-term intake of certain APs (for example,
clozapine and risperidone) can lead to increased
serum NPY and other AIMetS biomarkers [77,78].

MicroRNAs associated with an increased NPY
expression have been identified. Thus, overex-
pression of miR-708 and miR-2137 in hypotha-
lamic cell models increases the level of Npy
mRNA expression through an indirect mecha-
nism that does not involve direct binding to Npy
3’'UTR [29].

Regulation of leptin sensitivity

Recently, active discussions concerned the
influence of new AP generations on changing
serum levels of the peptide hormone leptin (en-
ergy metabolism) and leptin sensitivity of adi-
pocytes. By effecting cellular receptors in the
arcuate and ventromedial nuclei of the hypo-
thalamus, this hormone participates in appetite
regulation, prevents hyperphagia and obesity.
Recent studies have shown that changing leptin
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blood level can be considered as a promising
AlMetS biomarker in SSD patients [77,79].

A negative correlation has been shown
between increased miR-15a, miR-16, miR-33,
miR-223, miR-363, and miR-532 and decreased
plasma leptin [8]. In addition, overexpression
of miR-200a, miR-200b, and miR-429 was de-
tected in orexigenic hypothalamic neurons
in knockout mice with primary leptin deficiency
and primary leptin receptor deficiency (LepR).
MiR-200a directly inhibits IRS2 and LepR, its
primary targets. Inhibition of miR-200a in the
hypothalamus increases the mRNA expression
of LEPR and /RS2 by increasing the sensitivity
of orexigenic hypothalamic neurons to leptin
and insulin [28].

Regulation of orexin expression

AlMetS in SSD patients may be directly
related to the effect of APs on molecules in-
volved in the regulation of systemic metabolism,
in particular orexin, a neuropeptide synthesised
by hypothalamic neurons [80]. Some microRNAs
inhibit orexin expression, which is of clinical
interest, since not only is this neuropeptide in-
volved in the regulation of the sleep-wake cycle
and autonomic functions, but it also regulates
eating behavior.

Notably, miR-137, miR-637, miR-654, and miR-
665 inhibit HCRT mRNAs in the hypothalamic
neurons [19]. Moreover, researchers note that
miR-137 is genetically associated both with
an increased AlMetS risk in patients with mental
disorders and directly with the risk of developing
mental disorders (particularly schizophrenia) [32].

Regulating thyroid hormone expression

It is known that long-term use of APs is as-
sociated with changed expression of thyroid
hormones and impaired thyroid function. At the
same time, most of the previous studies demon-
strated an AP-induced increase in thyroid-stimu-
lating hormone expression [81]. A reduced level
of these hormones correlates with increased
blood concentrations of total cholesterol, LDL
and triglycerides. In this case, pathogenetic
progression of dyslipidemia associated with
secondary hypothyroidism may be associated
with decreased serum concentrations of thyroid
hormones and increased serum concentrations
of thyroid-stimulating hormone (TSH). Thus,

AP-induced hypothyroidism can cause dyslipid-
emia and related metabolic disorders, including
AlMetS [82].

Several microRNAs (miR-21, miR-146,
miR-214) that induce the expression of thyroid
hormones have been identified. MicroRNAs con-
trol the expression of thyroid hormones by regu-
lating enzymes of the deiodinase family. Type 1
(D101) and type 2 (DIO2) deiodinases catalyze
T4 to T3 conversion in target tissues, thus in-
creasing the intracellular level of the active hor-
mone. Type 3 deiodinase (DIO3) causes hormone
inactivation, since it converts T4 (thyroxine)
and T3 (triiodothyronine) into inactive metabo-
lites (rT3 is a biologically inactive isomer of the
thyroid hormone T3; and T2, known as 3,5-T2 —
Janus-faced thyroid hormone metabolite) by
deiodation along the inner ring [34]. In addition,
some microRNAs (miR-27, miR-155, miR-181,
miR-200a, miR-221, miR-224, miR-246, miR-383,
miR-425) reduce the expression of thyroid
hormones [34]. At the same time, miR-27, miR-
155, miR-181, miR-200a, miR-221, miR-246, and
miR-425 reduce TRR expression, which, together
with regulation of DIO1, leads to local hypothy-
roidism and decreased thyroid hormone signa-
ling. Overexpression of miR-224 and miR-383
represses DIO1 mRNA, which leads to decreased
thyroid hormone production [34].

Regulating parathyroid hormone expression

Metabolic disorders associated with vita-
min D deficiency are synergistic with other path-
ways, contributing to weight gain induced by
APs. Although the direct catabolic effect of APs
on vitamin D molecule has not been demon-
strated, APs can reduce blood parathyroid hor-
mone (PTH) due to the buildup of adipose tissue
and follicular structures, decreased functional
activity of the dark chief cells and enhance the
function of oxyphil cells in the parathyroid
gland, hinder vitamin D metabolism and reduce
its level [83]. Overexpression of miR-24 inhibits
PTH production by binding CDKN1B/p27, CDK-
N2A/p16, TGFB1, and CASP8 transcripts involved
in the development of hyperparathyroidism [35].

In turn, miR-27b inhibits the expression
of VDR (vitamin D receptor) gene encoding the
nuclear vitamin D receptor, thereby reducing
cell sensitivity to vitamin D, causing secondary
hyperparathyroidism [35].
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Prospects of using microRNAs
as AlMetS biomarkers

Proceeding to personalised psychiatry re-
flects modern approaches to the individual
safety assessment and risk of AP adverse reac-
tions associated with psychopharmacotherapy
[84, 85]. The study of AP-induced changes in
microRNA expression is possible in various tis-
sues (brain, peripheral tissues). However, microR-
NAs circulating in the peripheral blood (plasma,
exosomes, and mononuclear cells) are of great-
est clinical interest due to highly available bio-
logical samples. For example, risperidone and
aripiprazole are known to inhibit the expression
of circulating miR-130b and miR-193a-3p [86]
in blood plasma, while olanzapine, quetiapine,
ziprasidone, and risperidone inhibit the expres-
sion of miR-30e, miR-132, miR-195, and miR-432
[87]; risperidone, olanzapine, quetiapine, aripip-
razole, and ziprasidone increase the expression
of miR-30a-5p in peripheral blood mononucle-
ars [88]; olanzapine, quetiapine, ziprasidone, and
risperidone decrease the expression of miR-21
[89], while risperidone increases the expression
of miR-132, miR-664, and miR-1271 [90].

The analysed results of 34 studies (9 clinical
and 25 preclinical) over 2014-2024 reflected
the role of microRNAs in the key links of MetS

The figure was prepared by the authors

and AlMetS pathogenesis. Studies in psychia-
try patients (with mental disorders) with MetS
in general and AlMetS in particular are still iso-
lated and performed on small samples, which
does not allow us to summarize the results and
translate them into clinical practice. However,
this review demonstrates the potential role of
circulating microRNAs as prognostic or predic-
tive epigenetic AIMetS biomarkers, especially
microRNAs involved in several links of AlMetS
pathogenesis. This made it possible to gra-
date microRNAs by risk of AlMetS: low risk for
microRNAs with purely protective properties
towards two or more links in the AlMetS patho-
genesis; average risk for microRNAs with predic-
tive properties towards one link of pathogenesis,
but protective properties towards another link;
high risk for microRNA predictors towards two or
more links in AIMetS pathogenesis (Figure 1).

A continued study of these microRNAs
would be essential for the subsequent plan-
ning of translational clinical trials that ensure
adaptation and application of the results in real
clinical practice of a psychiatrist. Given that cir-
culating microRNAs are stable molecules during
sample preparation and repeated freeze-thaw
cycles, the study of their blood levels is promi-

Fig. 1. Circulating microRNA classification based on the risk of antipsychotic-induced metabolic syndrome (AlMetS)
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sing due to the expected highly repeatable re-
sults obtained in different AIMetS patients.

At the same time, data of certain analysed
studies are contradictory. Overexpression of pro-
inflammatory [9] microRNA (miR-let7a) was asso-
ciated with insulin resistance [11]. Moreover, this
microRNA had orexigenic properties associated
with increased sensitivity to leptin [27]. However,
its paralogue miR-let7b inhibited NPY expres-
sion, which led to appetite suppression and a re-
duced risk of abdominal obesity [29]. MiR-7 in-
duced lipid metabolism [11] and prevented sys-
temic inflammation [9]; however, it suppressed
carbohydrate metabolism by reducing insulin
expression [11] and had orexigenic effect [28].
The anti-inflammatory miR-9 [9] also showed
orexigenic properties through increased sen-
sitivity to leptin [27]. A systemic inflammation
inhibitor, miR-20a [9] can be an adipogenesis
inducer [10], while its two paralogues (miR-26
and miR-26a) exert an essentially different ef-
fect on glucose metabolism. MiR-26 activates
insulin expression and, as a result, enhances
carbohydrate metabolism by inhibiting insulin
transcription repressors [23]; still, its paralogue
(miR-26a) inhibits the SNARE-dependent release
of insulin into the systemic circulation [19].

Studies on the role of miR-27 and its para-
logues in MetS and AlMetS pathogenesis are
ambivalent. For example, miR-27a inhibited the
Nrf2 antioxidant pathway [6] and induced sys-
temic inflammation [9], as well as glycogen ac-
cumulation in skeletal muscles and myocardium
[11]. However, miR-27a suppressed adipocyte
differentiation [10] and regulated lipid metabo-
lism in the liver, preventing NAFLD together with
miR-27b [11]. MiR-27 inhibited adipogenesis
by activating Wnt pathway in 3T3-L1 preadipo-
cytes [10]; at the same time, it reduced glucose
production by the liver affecting enzymes of the
gluconeogenic pathway [11] and promoted hy-
pothyroidism [34].

Some researchers did not study paralogues;
instead, they assessed the role of individual
links in MetS and AlMetS pathogenesis as a
whole. In our opinion, this causes confusion
and impairs the understanding of the obtained
results. For example, miR-33 microRNAs had an
impact on MetS pathogenesis [8, 11, 28]. In gen-
eral, the overexpression of this microRNA family
caused abdominal obesity and insulin resistance.
MiR-33a and miR-33b paralogues co-ordina-

tively inhibited reverse cholesterol transport
from the periphery back to the liver, fatty acid
oxidation enzymes, and inhibit cholesterol ex-
cretion from the body [11]. The underexpression
of miR-33a/b had atheroprotective effects, such
as regulating functional polarisation of mac-
rophages and increased cholesterol transport
from macrophages to plasma, liver and faeces,
thus preventing the formation of foam cells and
atherosclerosis [8]. The miR-33 family reduced
insulin sensitivity, resulting in insulin resistance.
MiR-33 regulated glucose metabolism by sup-
pressing glycogenolytic enzymes, which caused
glycogen accumulation in the liver. Studies also
demonstrated that the miR-33 and miR-33b
in particular directly interfered with the expres-
sion of gluconeogenesis enzymes [11]. Addition-
ally, it was found that miR-33 overexpression
(without specifying the paralogues) suppressed
appetite, reducing the activity of AgRP neurons
in the hypothalamus [24]; however, it also re-
duced sensitivity to leptin [28].

MiR-142 ambiguously affected the risk of MetS
and AlMetS. Its anti-inflammatory effect was asso-
ciated with the inhibited synthesis of pro-inflam-
matory molecules [9], and its pro-oxidant effect
was caused by a decreased transcription of the
Nrf2 pathway [6]. Anti-inflammatory miR-143 [9]
reduced NPY expression [29]; however, it was
associated with increased adipogenic differentia-
tion in 3T3-L1 preadipocytes, abdominal obesity
[10], and insulin resistance [11].

The prooxidant miR-146 [7] exerted an anti-
inflammatory effect [9]. Its paralogues, miR-146a
and miR-146b, exerted fundamentally different
effects on adipogenesis. MiR-146a inhibited
adipogenesis, while miR-146b promoted adipo-
genesis in 3T3-L1 preadipocytes [10]. MiR-146
increased thyroid hormones [34], while its para-
logue miR-146b induced PTH expression [35].

MiR-152 protected cells from oxidative stress
[6]; however, it also reduced insulin synthesis and
secretion [20]. Antioxidant [6] and anti-inflamma-
tory [9] miR-210 induced adipogenesis and thus
is a biomarker of abdominal obesity [10].

The differences in the presented results
are possibly due to the fact that the analysed
fundamental (mainly) and clinical studies had
a variable design, as well as the fact that they
did not consider modifiable and unmodifiable
MetS and AlMetS risk factors, such as low phy-
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sical inactivity, alcohol consumption, and ge-
netic predisposition.

CONCLUSION

This review demonstrates that the sensitiv-
ity and specificity of AIMetS epigenetic biomar-
kers can vary widely depending on their effect
(predictive or protective) on one or more main
pathogenic components of a common psycho-
pharmacotherapeutic ADR. This may include
oxidative stress; systemic inflammation; adipo-
genesis control and abdominal obesity onset;
lipid metabolism; HDL and LDL cholesterol ho-
meostasis; atherogenesis; liver steatosis, as well
as insulin sensitivity control and its expression;
glucose metabolism; appetite control; expres-
sion of neuropeptide Y, orexin, thyroid hormones,
parathyroid hormone, and sensitivity to leptin.
The most well-studied microRNAs are predic-
tive biomarkers of oxidative stress (miR-1, miR-
21, miR-23b, miR-27a, miR-28, miR-29, miR-34a,
miR-92a, miR-93, miR-101, miR-106b, miR-128,
miR-129, miR-140, miR-142, miR-144, miR-146,
miR-148, miR-153, miR-155, miR-181c, miR-193b,
miR-320, miR-365, miR-375, miR-383, miR-495,
miR-503, miR-802) and systemic inflammation
(miR-21, miR-23a, miR-27a, miR-29a, miR-34a,

miR-34c, miR-92a, miR-132, miR-138, miR-155,
miR-200, and miR-let7a) in patients with the
high MetS and AlMetS risk. Promising predictive
epigenetic AlMetS biomarkers that arouse great
scientific and clinical interest are microRNAs
that influence the expression of neuropeptides
and sensitivity to these neuropeptides, inclu-
ding NPY (miR-let7b, miR-29b, miR-33, miR-140,
miR-143, miR-503), leptin (miR-let7a, miR-9,
miR-30e, miR-132, miR-145, miR-218, miR-342),
and orexin (miR-137, miR-637, miR-654, miR-665).

Future research may include not solely
microRNA predictive role in the pathogenesis
of the main AIMetS components, but also inte-
grated development of circulating microRNA
signatures that are most sensitive and specific
in patients with high AlMetS risk.

Developing new epigenetic biomarker pa-
nels of this common ADR caused by the first
and newer AP generations will contribute to im-
proved pharmacotherapeutic safety in psychiat-
ric disorders. However, in order to implement the
results of global preclinical and clinical studies
into clinical practice, further Russian studies are
warranted to clarify sensitivity and specificity
data of circulating microRNAs as AIMetS bio-
markers.
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