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Abstract

Pulmonary arterial hypertension is a multifactorial disease characterized by vasoconstriction and pulmonary vascular
remodeling, inflammation and thrombosis. Remodeling of the pulmonary vascular wall leads to an increase in pressure in the
pulmonary artery, which increases the load on the right heart and ultimately leads to right ventricular failure [7, 10].

Despite significant progress in treatment, the prognosis of the disease remains unfavorable - in pediatric practice
mortality within five years after diagnosis ranges from 25 to 60% [63]. Due to the frequent late diagnosis of pulmonary arterial
hypertension and the severe consequences of this condition, the issue of identifying and studying biological markers of
pulmonary arterial hypertension is actual problem.

Although a growing body of research confirms that pulmonary artery smooth muscle endothelial cells, as well as
platelets, play a role in the pathogenesis of pulmonary arterial hypertension, it is still unclear what these factors have in
common. Platelets, releasing a wide variety of chemokines, can actively influence the pathogenesis and development of
pulmonary arterial hypertension. The effect of platelet serotonin on the endothelium is mediated through vascular constriction
and an increase in vascular resistance [9]. Currently, the role of serotonin and its metabolism in the pathogenesis of
pulmonary arterial hypertension is widely discussed.

This article presents a literature review, the purpose of which is to demonstrate the role of the serotonin system in the
development of pulmonary arterial hypertension. The review includes data from articles (original clinical trials and literature
reviews) found in the Scopus, Web of Science, Pubmed databases according to keywords. Sources published from 2012 to
2023 were used.

Keywords: pulmonary arterial hypertension, congenital heart disease, platelets, hemostasis, serotonin, serotonin
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YYACTUE CEPOTOHUHOBOM CUCTEMbI B PA3BUTUM
JIEFOYHOU APTEPUANBHOU NMNEPTEH3UM

Mapusa . OcnaHoBal, ®apupa A. MuHay6aesal, AnHapa U. CagbikoBaZ?

1 «<HAO «MeauumnHckun yHusepcuteT KaparaHgbi», KaparaHaa, KazaxcraH;
2 KazaHckwit rocyaapcTBeHHbIN MeAULMHCKUI YHUBepcuTeT, KazaHb, Poccuiickaa ®degepauums.

NeroyHas  apTepuarnbHas — rMNEpPTeH3Ms —  MHOrohakTopHoe — 3aboneBaHWe,  KOTOPOE — XapaKTepuayetcs
Ba30KOHCTPUKLMEN M PEMOAENMPOBAHWEM NMETOYHBIX COCYOOB, BOCManeHnem n Tpombo3om. PemogenvpoBaHue NeroYHomn
COCYOMCTON CTEHKW NPUBOAMT K MOBBLILIEHWIO [ABMEHUS B NETOYHOM apTepuu, YTO YBENWYMBAET Harpysky Ha npasble
OTOenbl cepaua M B KOHEYHOM WTOre MPUMBOAWMT K MpPaBOXenygoykoBoW HepoctatouHoctw [7, 10]. Hecmotps Ha
3HaUMTENbHBIA NPOrPecc B NEYeHWM, NporHo3 3aboneBaHust OCTaeTcs HebnaronpusTHbIM, B MEAMATPUYECKON MpaKTuKe
CMEpPTHOCTb B TEYEHWE NATY NET Nocre NOCTaHOBKM AuarHo3a coctaensiet ot 25 [0 60% [23]. B cBsisu ¢ yacToit no3gHen
ANarHoCTMKOM NEroYHon apTepuanbHOi MMNEepTEeH3MM W TSKENbIMU MOCNEACTBMSMU AAHHOMO COCTOSHWS, OCTPO CTOWT
BOMPOC O BbISIBNIEHWM U U3Y4YEHUM OUONOrNYECKMX MAPKEPOB NIETOYHOI apTePUanbHON TMNepTEH3NN.

Xots Bce Oonblue WccnefoBaHWA NOATBEPXKAAIOT, YTO SHAOTENMarnbHble KNETKW TMafkod MYCKynaTypbl NEroYHbIX
apTepui, a Takke TPOMOOLMTLI MrPaloT ONpeaeneHHyo porb B MaToreHe3e NeroyHon apTepuanbHON MnepTeHsum, 4o Cux
nop HEACHO, YTo 0ObeAMHsIeT aTh hakTopbl. TpombouWTbI, BbICBOBOXAAs Gonblioe pasHOOBpasve XeMOKWHOB, MOTYT
aKTWBHO BO3[ENCTBOBATb Ha MATOreHe3 W pasBUTHE NErOYHON apTepuanbHON rMnepTeH3un. BnusHue TpombouMTapHOro
CEPOTOHWHA Ha SHAOTENNI OCYLLECTBNSETCA Yepe3 COCYAUCTYIO KOHCTPUKLIMIO U YBENUYEHWE COCYAUCTOrO COMPOTUBIEHUS
[9]. B HacTosiLLee Bpemst LIMPOKO 0BCyKaaeTcs porb CEPOTOHMHA W ero MeTabonnam B NaToreHe3e Nero4Hon apTepuanbHoi
TUNEepPTEH3NN.

B paHHoM cTaThe NpeacTaBneH nuTepatypHbIiii 0630p, Lenbio KOTOPOro SBNSETCS 4EMOHCTPALMS POnM CEPOTOHNHOBOW
CUCTEMbl B Pa3BUTUW TETOYHON apTepuanbHOM rmMnepTeHaun. B 0630p BKMIOYEHbl AaHHble CTaTel (OpUruHanbHble
KNWHUYECKEe UCCNENOBaHNS 1 NuTepaTypHble 0630pkl), HalgeHHble B 6asax aaHHbIx Scopus, Web of Science, Pubmed
COTMACHO KIOYeBbIM CroBaM. Mcnonb3oBaHbl UCTOYHKKM, onybnukoBaHHble ¢ 2012 no 2023 rog,.

Knroyeenie cnoea: ne2oqHasi apmepuasbHas 2UnepmMeH3usi, 8POXOEHHbIE NOPOKU cepdya, MmpoMboyUMsI, 2eMocmas,
CepomoHuH, memabonuam cepomoruHa, 5-MMYK, SERT, peuenmopbi K CEOPOMOHUHY.
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OKMNE APTEPUANDBIK TMNEPTEH3UACBLIHbIH AAMYbIHA
CEPOTOHMH XXYMUECIHIH KATbICYbI

Mapua 1. OcnanoBal, ®apupa A. MuHpay6aesal, AuHapa U. CapbikoBaZ?

1 «KaparaHabl MeauumnHa yHuBepcuteTi» KeAK, KaparaHabl, KasakcTaH;
KasaH memnekeTTik MmeguuunHa yHnBepcuteTi, KasaH, Pecen ®egepaumscol.

Okne apTepusAnbIK MNePTEH3NsCHI — TaMblpnapablH, TapbiNybIMEH X8HEe ©Kne TambpapblHbiH, KaiTa KypblnybIMeH,
KabblHybIMEH XoHe TPOMOO3bIMEH cunaTTanatbliH ken (akTopnbl aypy. ©kne TamblpnapbiHbiH KabblpFackiHbIH KailTa
KYpbIybl ©KNe apTepusiCbiHAarbl KbICbIMHbIH, XOFapbinaybiHa aKenemi, Oyn OH Xypekke XyKTeMeHi apTTbipadbl XoHe
COHbIHAA OH, XaK KapblHLWaHbIH XeTKinikciagirive akenegi [7, 10]. Emgeygeri eneyni nporpecke KapamacTtaH, aypyablH
Bomkambl Konaiickls bonbin Kana Oepegi, negnaTpusnbik Toxipnbene AMarHo3 KOoMbIFaHHaH KeliiH Bec Xbin iWwinae enim
25-teH 60% -Fa peniH xeteqdi [63]. ©Okne apTepusAnblK rMNEPTEH3NACHIHBIH, XMi KEW AnarHoCcTUKanaHyblHa XoHe OChbl
XaFfanaplH ayblp 3apgantapbiHa 6annaHbICTbl OKNnenik apTepusinbliK rMNepTeH3usHbIH, GUONOrusAnbIK  MapkeprepiH
aHbIKTay XeHe 3epTTey MaCceneci oTkip Typ.

Ocin Kkene xaTkaH 3epTTeynep T0bbl ©Kkne apTepusChiHbIH, TErc ByNWbIKETIHIH, SHAOTENWIA XacyLwanaps!, CoHLan-aK
TPOMOOUMTTEP ©KMEe apTepusnblK TMNEepPTEH3WsACHIHbIH, NaToreHesiHAe pen artkapatbiHblH - pacTanabl, Gipak 6yn
hakTopnapablH OPTaKTbIFbl SN 6enricia. OPTypni XMMOKUHAEPAI WhiFapaTbiH TPOMBOLMTTED ©KMe apTepusnbIK NaToreHes
MeH AamyblHa 6encenpi acep eTyi MyMKiH. TpoMOOLMTTIK CEPOTOHUHHIH, SHAOTENMIArE cepi KaH TamblpiapblHbIH, Tapbinybl
XOHe TamblpnapablH KeAepriciHiH, XoFapbinaybl apkbinbl xy3sere acagbl [9]. Kasipri yakbiTta eknenik apTepusnblk
TMNEPTEH3NSHBIH, NaTOreHe3iHAEr CEPOTOHWHHIH, peni XaHe OHbIH, MeTaboNN3Mi KEHHEH TanKblnaHyaa.

Byn makanapa eknenik apTepusAnbIK MMNepTEH3NsHbIH, AaMyblHAAFbl CEPOTOHUH XKYWECIHIH, perniH KepceTy Makcarbl
Bonbin TabbinaThiH ©aebueTTepre wony ycbiHbinaabl. Wony kint cespgepre coikec Scopus, Web of Science, Pubmed
LEepekkopnapbiHaa TabbinFaH MakananapfblH [EpekTepiH  KkamTugbl (TYMHYCKA  KIMHWKANMbIK  ChiHAKTap  XoHe
apebuettepre wonynap). 2012 xbingan 2023 xbinFa geniH xapusnaHFaH nanganaHbinFaH Aepekke3aep.

Tytlindi ce3dep: ekne apmepusnbIK 2uUNepmMeH3UsiChl, mya 6imKeH XypeK akaybl, mpomboyummep, KaH moKkmamy,
CEepPOMOHUH, cepomoHuH anmacysl, 5-TMICK, SERT, cepomoHuH peyenmopnaps.
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Introduction

Pulmonary hypertension (PH) is characterized by an
increase in mean pressure in the pulmonary artery trunk of
more than 20 mmHg during cardiac catheterization at rest.
Precapillary pulmonary hypertension (pulmonary arterial
hypertension, PAH) is a condition in which mean pulmonary
artery pressure is =20 mmHg, pulmonary artery wedge
pressure is <15 mmHg, and pulmonary vascular resistance
is >2 WU. [28] Subsequently, these changes lead to an
increase in the load on the right ventricle of the heart, its
further hypertrophy and decompensation. According to the
latest revision of the classification (recommendations of the
European Society of Cardiology 2022), [81] PAH is divided
into idiopathic, hereditary, induced by drugs and toxins,
PAH with signs of venous/capillary damage, persistent PAH
of the newborn, as well as associated with other diseases
(connective  tissue  diseases, HIV-infection, portal
hypertension,  schistosomiasis), including those with
congenital heart disease (CHD). The prevalence of CHD
according to the latest data is about 30% of all congenital
malformations. The incidence of CHD is from 4 to 50 cases
per 1000 live births. The frequency of moderate and severe

CHD among US children is about 6 cases per 1000 live
births [81, 10].

PAH is one of the most common complications of many
congenital heart diseases (ventricular septal defect, atrial
septal defect, patent ductus arteriosus), which, if not
diagnosed and treated in time, is a highly lethal disease.
About one third of children with uncorrectable heart disease
die from complications in the pulmonary vessels [91, 8].
Therefore, early diagnosis and treatment is critical in order
to reduce complications, mortality and improve the quality of
life of patients with CHD complicated by PAH. Right heart
catheterization is currently the gold standard for diagnosing
PAH, but being an invasive interventional technique, this
method also has a number of disadvantages, such as high
injury risk, risk of thrombosis, rhythm disturbances,
development of pseudo aneurysms, etc. [25,53].
Echocardiography is a valuable routine tool and a non-
invasive method for diagnosing PAH, which makes it
possible to describe the morphology and hemodynamics of
the heart, but this method also has limitations [55]. MRI of
the heart or CT of the chest may be performed to determine
the volume of the ventricles, valvular regurgitation,
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obstruction in the circulation [20, 59]. Thus, it is important
and promising today to identify biomarkers of PAH, which
plays a critical role in the prevention and control of this
serious disease, since early diagnosis and intervention can
significantly improve the patient's prognosis and increase the
effectiveness of treatment. Biomarkers for the development of
PAH are measurable and objective indicators that can
indicate the presence of an incipient disease process in the
body. They may be molecular, genetic, or functional markers
that change in response to pathological changes associated
with PAH. The development of such biomarkers has several
important advantages. First of all, early identification of PAH
can help clinicians and patients take steps to prevent disease
progression and mitigate its consequences. Early biomarkers
can detect changes in the body long before clinical symptoms
such as shortness of breath, fatigue and chest pain appear.
This makes it possible to start treatment at a very early stage,
when it can be most effective. Secondly, the development of
biomarkers makes it possible to more accurately determine
the prognosis and risk of developing PAH in individual
patients. Biomarkers can help identify such features and
assess the likelihood of developing PAH in a particular case,
which allows more effective efforts to be directed towards
prevention and treatment. The development of biomarkers
based on the pathogenesis of PAH is of great importance for
accurate diagnosis, disease monitoring and development of
new therapeutic approaches. Serotonin, one of the best
known neurotransmitters in the human body, is the object of
increasing interest in the context of its role in the
development of pulmonary arterial hypertension in children.
Serotonin plays a key role in the regulation of vascular tone
and endothelial cell growth. Its effect on the growing
pulmonary arteries has long-term consequences, especially

during the developmental period of children. Studies show
that altered serotonin metabolism can significantly influence
the processes of vascular wall remodeling leading to the
onset of pulmonary hypertension. Expanding knowledge
about serotonin metabolism, as well as its impact on the
development of PAH, will provide an opportunity to develop
new methods of diagnosis and treatment [12, 16, 44, 48, 50].

Aim. To study and systematize the available scientific
evidence on the influence of serotonin metabolism on the
pathogenesis of pulmonary hypertension for a more
complete and in-depth understanding of the molecular and
cellular mechanisms associated with the development of
this disease. As a result of this review, to provide a
synthesized review of current scientific evidence that can
serve as a basis for further research and improvement in
clinical practice in the field of pulmonary arterial
hypertension.

The research method. A search strategy for
conducting a literature review on the involvement of the
serotonergic system in the pathogenesis of pulmonary
arterial hypertension (PAH) was developed. The review
includes data from articles, predominantly original research
and literature reviews, found in the Scopus, Web of
Science, and Pubmed (Medline) databases using relevant
keywords. Sources published within the last decade were
utilized due to the limited research conducted on this topic
and the relatively recent interest among researchers in this
field. Inclusion criteria for the literature review encompassed
reports from randomized and cohort studies conducted on
large populations, meta-analyses, systematic reviews, and
full-length articles. Exclusion criteria involved articles
describing isolated cases, conference abstracts, personal
communications, and newspaper publications.

Scheme 1. Search Algorithm.

Original search in
databases using
keywords published
after 2011, n= 1037

Articles excluded after
abstract analysis, n =

Articles selected after
abstract analysis, n =

787

Articles excluded
inclusion criteria and

250

Articles selected after

duplicates in different
databases, n =116

Articles excluded due to
non-English and non-

Russian languages, n =
43

full text analysis, n =91

Articles included to the
review, n =91
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Biomarkers of PAH

Although pulmonary arterial hypertension (PAH) is
typically not categorized as an inflammatory condition,
emerging evidence suggests that inflammation may play a
pivotal role in the pathogenesis of certain PAH subtypes
[16, 77]. The relationship between platelets and PAH is
intricate, as indicated by several research studies.
Pulmonary hypertension can arise from four major
categories: passive elevation in pulmonary artery pressure
due to increased left atrial pressure and left ventricular
dysfunction, veno-occlusive disorders, conditions leading to
an excessive demand on the pulmonary arterial circulation
beyond its compensatory capacity, and conditions
associated with vasospasm or occlusion. Extensive
research is underway to understand the alterations
occurring in the pulmonary arteries as a consequence of
hypertension, with various pro-inflammatory factors
identified that could influence these changes. Thrombotic

remodeling represent the primary mechanisms of
pulmonary vascular pathology in PAH. Platelets are
implicated in all these mechanisms through diverse
pathways (Table 1). In cases of idiopathic PAH, platelet
functional disturbances, endothelial disintegration or
dysfunction, and impaired fibrinolysis have been observed.
However, it remains uncertain whether these abnormalities
are primary contributors to PAH development or secondary
manifestations of the disease [49, 56, 89].

Platelets are not only actively involved in thrombosis,
but also produce cytokines (TxA2, LIGHT, PDGF), are a
depot of biologically active substances (serotonin, vVWF and
VEGF) and release mediators that can contribute to the
onset or exacerbation of PAH. Platelets are associated with
all three major PAH mechanisms: vasoconstriction
(serotonin and TxA2), thrombotic lesions (aggregation,
serotonin, TxA2, CD40L and vWF) and remodeling
(serotonin, CD40L, proangiogenic and antiangiogenic

injury to pulmonary vessels, vasoconstriction, and  factors) [9, 19, 21, 41, 60].
Table 1.
Main substances in the pathophysiology of pulmonary arterial hypertension released by activated platelets [9, 19,
21, 41, 60].
Group Substance Effect

Vasoactive substances 5-HT, thromboxane A2

Growth factors Platelet growth factor

Insulin-like growth factor 1
TNF-q, IL-1q, IL-1B, IL-6

Pro-inflammatory cytokines

P-selectin

Transforming growth factor beta

Increased vasoconstriction and impaired endothelial-
smooth muscle cell (SMC) interaction

Promotes a higher rate of proliferation of SMCs and
fibroblasts.

Excessive proliferation of pulmonary smooth muscle cells
leads to vascular remodeling.

Enhanced inflammatory response in EC contributing to
endothelial dysfunction

Promotes platelet aggregation and migration of
leukocytes to the damaged area of the endothelium.

Metabolism of serotonin and its involvement in the
development of PAH

A number of biogenic and synthetic amines are capable
of causing endothelial damage and platelet stimulation.
Thrombosis in situ in PAH is the result of damage to the
pulmonary vessels. Procoagulant and antifibrinolytic
changes are manifested in the form of an increase in
substances that cause platelet aggregation in plasma, such
as serotonin [21].

Serotonin acts through serotonin receptors (5-HT1B, 5-
HT2A and 5-HT2B) in pulmonary artery smooth muscle
cells and fibroblasts to stimulate proliferative processes
leading to pulmonary vasoconstriction. The study of the
effect of serotonin on the development of PAH has been
going on for several decades [39, 58].

In the 1960s, there was a notion of a potential
association between the usage of appetite suppressants
and the development of pulmonary arterial hypertension
(PAH). Subsequently, it was revealed that this relationship

was due to an interaction with the serotonin transporter,
where serotonin serves as a substrate. Since then, an
increasing body of research has been dedicated to
investigating serotonin (5-HT) and its metabolic pathways in
the context of PAH pathogenesis. Nevertheless, the
evidence regarding serotonin's role as a biomarker in the
pathophysiology of pulmonary hypertension remains
inconclusive. Herve P. et al. [50 Jdemonstrated that patients
with idiopathic PAH exhibited elevated plasma serotonin
levels (alongside reduced platelet 5-HT levels) that
persisted even after heart and lung transplantation [50].

Thus, the authors suggested that higher serotonin
levels are not secondary to PAH. However, plasma
serotonin levels were not always correlated with disease
severity. Later, Zeynaly F. [50 ]Jet al were unable to find
significantly ~different measurements in serum 5-HT
concentration between controls and patients with idiopathic
PAH, nor could they establish an association between these
values and the degree of hypertension [50, 76].
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These disparities could potentially stem from the limited
sample size, with the most extensive study encompassing
only 16 patients and 16 controls, variations in quantification
methods, or the inclusion of different PAH subtypes within
the research cohort. Through the utilization of a rat model of
mitomycin-induced pulmonary veno-occlusive disease,
Mano O.A. et al. [27] illustrated that serotonin levels
exhibited elevation during the advanced phases of
pulmonary hypertension, characterized by established
vascular remodeling. This finding suggests that serotonin
assumes a role in the later stages of pathogenesis and
serves as a marker for disease severity in PAH [27, 28, 50,
25, 76).

Serotonin was originally isolated in 1937 from the
intestinal mucosa. Initially, it was recognized as a
vasoconstrictor released from platelets during blood
clotting, and later identified as a monoamine
neurotransmitter in the brain. Serotonin is predominantly
stored in the gastrointestinal tract, platelets, and the central
nervous system. The human body metabolizes serotonin
through various pathways, including oxidative deamination
(catalyzed by monoamine oxidase, MAQ), conjugation with
sulfuric and glucuronic acids, N-acetylation, 5-O-
methylation, and their combinations. These enzymatic
reactions are distributed across different organs and tissues
in varying concentrations. Monoamine oxidase (MAO)
accounts for the majority of serotonin metabolism. This
enzyme, located on the outer mitochondrial membrane,
facilitates the oxidative deamination of specific monoamines
into corresponding aldehydes, ammonia, and hydrogen
peroxide. The oxidation of serotonin's product, 5-
hydroxyindoacetaldehyde, leads to the formation of 5-
hydroxyindolacetic acid (5-HIAA) or the decomposition to 5-
hydroxytryptophol. Aldehyde dehydrogenase, assisted by
NAD as a coenzyme, catalyzes the generation of 5-HIAA.
Aldehyde dehydrogenase is present in numerous tissues
and organs, including the brain and liver. The formation of
5-hydroxytryptophol represents approximately 1% of the
total serotonin metabolism in normal conditions, while 99%
involves the synthesis of 5-HIAA. Serotonin and 5-HIAA are
primarily excreted in the urine in their free forms [22, 34].

Most of the serotonin in the body (95%) is located in
enterochromaffin cells of the gastrointestinal tract, from which
it can be released into the intestinal cavity and into the blood
as a result of exposure to sympathetic or parasympathetic
nerve stimuli, increased intra-intestinal pressure and pH
changes. Since serotonin is a vasoactive amine that causes
vascular and smooth muscle hypertonicity, elevated plasma
concentrations can be dangerous. In this connection, in the
body there are mechanisms for the rapid clearance of
serotonin from the blood plasma or its deactivation, among
which are: capture of serotonin by platelets, binding to
plasma transport proteins, catabolism of serotonin in the liver
and lungs [58, 9].

Serotonin plays a crucial role in the process of heart
development. Research findings using immunolabeling
antibodies targeting serotonin have revealed that embryonic
mouse hearts, grown in the presence of serotonin, actively
uptake this mediator. Experiments involving the introduction
of thymidine have shown that serotonin, as well as
serotonin reuptake inhibitors such as fluoxetine or
sertraline, suppress the proliferation of cardiac

mesenchyme, endocardium, and myocardium. Studies
demonstrate that preparations from ventricles of patients
with end-stage heart failure exhibit a significant inotropic
effect of 5-HT, particularly in the presence of the
phosphodiesterase 3 inhibitor, isobutylmethylxanthine.

There are three main subtypes of serotonin receptors:
5-HT1, 5-HT2, and 5-HT3, which exist in flies, shellfish,
worms, rodents, rabbits, cats, dogs, and humans. The
classification of the International Union of Pharmacologists
divides them into 5-HT 1A, 5-HT 1B, etc. The 5-HT1B
receptor commonly mediates pulmonary arterial responses
to serotonin in large animals and humans. The 5-HT2B
receptor has been shown to have therapeutic effects. The
5-HT1B receptor can mediate proliferation,
vasoconstriction, and fibrosis in  human pulmonary
circulation and animal models [6, 11, 13, 30].

The results of experimental studies demonstrate that
the development of hypoxia-induced pulmonary arterial
hypertension is completely prevented in mice by using the
selective antagonist of 5-HT2B receptors, RS-127445. The
increase in the expression of 5-HT2B (and 5-HT1B)
receptors in the pulmonary arteries of rodents and humans
is associated with the development of pulmonary
hypertension [43].

In 2018, Delaney C. et al. [22] proposed that heightened
serotonin signaling contributes to the pathogenesis of
neonatal pulmonary hypertension (PH) complicating
bronchopulmonary dysplasia and neonatal lung injury. To
investigate this hypothesis, neonatal wild-type mice were
subjected to intraperitoneal administration of PBS,
ketanserin (1 mg/kg), bleomycin (3 U/kg), or a combination
of bleomycin (3 U/kg) with ketanserin (1 mg/kg) three times
a week for 3 weeks. Following bleomycin treatment, there
was a significant increase in the pulmonary expression of
tryptophan hydroxylase-1 (Tph1), the rate-limiting enzyme
involved in 5-HT synthesis. However, bleomycin did not
affect the expression of the pulmonary 5-HT 2A receptor,
but it led to an upregulation of the pulmonary 5-HT 2BR
gene and the serotonin transporter (SERT). Subsequently,
the administration of ketanserin mitigated bleomycin-
induced pulmonary hypertension and pulmonary vascular
remodeling. These findings indicate an augmentation of
serotonin signaling in a neonatal pulmonary hypertension
mouse model, and the pharmacological inhibition of 5-HT
2AR demonstrated protection against the development of
pulmonary hypertension in the context of neonatal lung
injury [22].

Plasma circulating serotonin is taken up by platelets by
active transport via the serotonin transporter (SERT) protein
and deposited in platelet granules. In addition to active
transport, there is also a passive mechanism for the
transport of serotonin to platelets at high plasma
concentrations (more than 20 nmol/109 platelets). Serotonin
transport and signaling may be promising therapeutic
targets in PAH [38, 39, 43, 86].

In the examination of children with CHDs complicated
by PAH, a meticulous analysis of SERT concentrations was
performed. The research findings unveiled a compelling
disparity, as the level of SERT in children with PAH
exhibited a substantial and statistically significant elevation
compared to the SERT level observed in children without
PAH. This intriguing observation suggests a potential
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association between SERT and the development of PAH in
children with congenital heart defects, warranting further
investigation into the role of serotonin signaling pathways in
the pathogenesis of this condition [61].

The liver exhibits the capacity to clear and metabolize
serotonin from the bloodstream, leading to its oxidation to 5-
HIAA. Experimental investigations have demonstrated a
significant disparity in serotonin levels between the portal
vein, responsible for transporting blood from the
gastrointestinal tract to the liver, and the hepatic vein,
responsible for carrying blood away from the liver. This
disparity can reach up to 30% and may even rise to 80%.
Additionally, the lungs play a substantial role in serotonin
utilization, with approximately 90% of intravenously
administered or endogenously secreted serotonin being
removed through the lungs via uptake and subsequent
oxidation by endothelial cells, leading to the production of 5-
HIAA [62].

Studies indicate elevated urinary concentrations of the
serotonin metabolite 5-HIAA in patients with secondary
PAH due to congenital heart disease (CHD) with
predominantly left-right shunt (VSD, ASD, PDA). This
picture does not exclude an increased turnover of serotonin
and, as a result, accelerated metabolism. Mustafin A.A. et
al. [5] in their studies of children with congenital heart
defects complicated by PH, identified a significant increase
in the concentration serotonin in patients with PH. The
researchers proposed a hypothesis about the pathogenesis
of PH, which is associated with pulmonary vascular injury
caused by elevated hydrostatic pressure, leading to platelet
aggregation and release of serotonin. This, in turn, results
in an elevated concentration of serotonin and its metabolite,
5-HIAA. However, the concentrations of total and free
serotonin in most studies did not differ significantly between
the main and control groups. After surgical correction of
CHD, the total concentration of serotonin changed
significantly. Some authors point to a decrease of up to
65% due to a postoperative decrease in the level of
platelets [5, 89].

Moreover, in a recent study conducted by a group of
Japanese scientists (Tanaka T.T.) [84] in 2021, involving
157 patients diagnosed with acute respiratory distress
syndrome (ARDS), a condition with pathogenesis akin to
PAH, 5-HIAA emerged as a robust and independent
predictor of mortality. The study suggested 5-HIAA as a
potential early biomarker indicative of the severity of the
inflammatory process within the pulmonary system. [84]

Thus, the study of serotonin is promising as an early
biomarker for the development of pulmonary hypertension.

Discussion

A comprehensive literature review has been undertaken
to investigate the impact of serotonin and its metabolism on
the pathology of pulmonary arterial hypertension (PAH).
Despite the growing interest in this area, it is evident that
there is a scarcity of research on this topic, highlighting the
need for further exploration and in-depth studies involving
larger and more diverse populations.

The strengths of this review lie in its systematic
approach to gathering and analyzing the existing literature
related to serotonin and its role in PAH. The researchers
utilized reputable databases, such as Scopus, Web of
Science, and Pubmed (Medline), to ensure a

comprehensive and up-to-date collection of relevant
studies. By focusing on original research articles and
literature reviews published within the last decade, the
review maximizes its relevance to contemporary research
trends in the field.

However, the review also faces certain limitations,
which should be acknowledged. The scarcity of available
studies on this specific topic may have restricted the scope
of the review and resulted in a limited number of relevant
articles.  Additionally, variations in  methodologies,
quantification methods, and the inclusion of different PAH
subtypes across the selected studies may have introduced
heterogeneity and challenges in drawing definitive
conclusions.

In conclusion, this literature review sheds light on the
potential significance of serotonin and its metabolism in the
pathology of PAH. However, the limited number of available
studies underscores the necessity for more extensive and
well-designed research involving larger and diverse
populations to fully comprehend the complex interactions
and underlying mechanisms of serotonin in the
development and progression of PAH. Addressing these
research gaps will undoubtedly contribute to advancing our
understanding of PAH pathogenesis and pave the way for
more targeted therapeutic approaches in the future.

Conclusions

Various studies confirm the bonding between serotonin
metabolism and PAH, thus being an important step in
understanding the complex dynamics of the serotonin
system and its impact on the cardiovascular system. The
results confirm that serotonin plays a key role in the
development and progression of PAH. However, despite
significant progress in our knowledge, much remains
unknown about the specific mechanisms of interaction of
the serotonin system with the cardiovascular system and
pulmonary hypertension. Further research should be
directed towards a deeper understanding of this system and
its effects in order to unlock its full potential for developing
new approaches to the diagnosis, treatment and prevention
of PAH by developing its early biomarkers.

Understanding the relationship between serotonin
metabolism, the cardiovascular system, and pulmonary
hypertension could lead to new medical breakthroughs that
will enable us to use more effective treatment of this serious
disease.

The prospects for the development of innovative
treatments and strategies for the prevention of PAH are
enormous and require further study of the serotonin system
and its association with the cardiovascular system.

Expanding our knowledge in this area can lead to
personalized approaches to the diagnosis, treatment and
prevention of this disease, improving the quality of life of
patients and reducing its negative consequences.
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