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Abstract

Introduction: The impact of SARS-CoV-2 infection on the human organism has proven to be more diverse than that of
previously known viral infections. However, the full spectrum of the long-term consequences of the disease, especially in
children, has not been thoroughly studied. One key area of concern is the development of broncho-obstructive syndrome
(BOS) as a post-COVID-19 complication, which involves airway inflammation and hyperreactivity. This study investigates the
relationship between endothelial dysfunction and BOS in pediatric patients following SARS-CoV-2 infection.

Objective: To explore the endothelial status in children with SARS-CoV-2 infection and its association with the
development of BOS, and to assess the role of endothelial dysfunction markers—circulating endothelial cells (CECs),
endothelin-1, and nitric oxide metabolites—in this context.

Methods: A retrospective study was conducted between 2020 and 2022, involving 486 children. The study included two
primary groups: (1) Control: Healthy children with no history of SARS-CoV-2 infection or BOS; children with SARS-CoV-2
infection but no BOS, and (2) Main: Children with BOS but no SARS-CoV-2 infection; children with SARS-CoV-2 infection
followed by the development of BOS. Endothelial function was assessed by measuring levels of CECs, endothelin-1, and
nitric oxide metabolites.

Results: The study found significantly elevated CECs and endothelin-1 levels, along with decreased nitric oxide
metabolites, in children who developed BOS following SARS-CoV-2 infection. The highest levels of endothelial dysfunction
markers were observed in this group, suggesting a synergistic effect of SARS-CoV-2 infection and BOS on endothelial
damage. Notably, 64.3% of children in this group exhibited elevated CEC levels, reflecting severe endothelial dysfunction.
Endothelin-1 levels were also significantly higher in children with BOS after SARS-CoV-2 infection (0.46 + 0.02 fmol/mL)
compared to healthy controls and children with BOS without a history of SARS-CoV-2 infection. These findings highlight the
critical role of endothelial dysfunction in the pathogenesis of post-COVID-19 respiratory complications.

Conclusion: SARS-CoV-2 infection contributes to significant endothelial dysfunction in children, particularly in those who
develop BOS. The combination of SARS-CoV-2 infection and BOS exacerbates endothelial damage, which likely plays a
critical role in the pathogenesis of post-COVID-19 respiratory complications. These findings suggest the need for further
research into therapeutic strategies aimed at correcting endothelial dysfunction, potentially improving outcomes for pediatric
patients suffering from long-term respiratory sequelae following COVID-19.

Keywords: SARS-CoV-2, Endothelial Dysfunction, Circulating Endothelial Cells (CECs), Broncho-Obstructive Syndrome
(BOS), Pediatric COVID-19, Endothelin-1, Nitric Oxide Metabolites, Post-COVID-19 Complications, Vascular Endothelium,
Respiratory Complications.
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BBepeHue: Bosgeiicteue nHdekumn SARS-CoV-2 Ha 4enoBeyeckuin OpraHuam okasanoch bonee pasHoobpasHbIM, YeM
Yy paHee U3BECTHbIX BUPYCHbIX MH(eKUMiA. OJHAKO NOSHBIA CMEKTP AONTOCPOYHbIX NOCNeACTBuiA 3aboneBaHs, 0COBEHHO
peTen, ele He 6bin TwartensHo u3yveH. OgHOM M3 KnOYeBbIx Npobnem sBnsetcs passutue GPOHXO006CTPYKTUBHOMO
cuHgpoma (BOC) kak MOCTKOBMOHOTO OCMOXHEHWS, KOTOPOE BKMIOYAET BOCMAneHWe [bIxaTenbHbIX MyTeil K
rMneppeakTUBHOCTb. OTO UCCNELOBaHME HANPaBEHO Ha U3yYeHne CBA3M MeXZy SHAoTenmansHon auctyHkumen n 6OC y
peTeir nocne uHdpekumn SARS-CoV-2, 1 Ha onpefeneHne pon MapkepoB SHAOTENMANBLHON ANCHYHKUMN - LIMPKYTIUPYIOLLMX
sHpoTenmanbHbix knetok (L3K), sHpoTenuHa-1 n meTabonuToB okcuga asoTa - B 3TOM KOHTEKCTe.

Metogbl: PeTpocnektusHoe uccnegosaHne Geino npoeeseHo B nepuog ¢ 2020 no 2022 rog v oxsatuno 486 peten.
Wccnegosanue BKkNKOYano fBe OCHOBHble rpynnbl: (1) KoHTponbHas rpynna: 340poBble OETU, HEe WMEKLME MCTOpUK
nHdpekumn SARS-CoV-2 unu BOC; getu ¢ unbekumen SARS-CoV-2, Ho 6e3 BOC, u (2) OcHosHas rpynna: getu ¢ 6OC, Ho
6e3 uHdekumn SARS-CoV-2; petn ¢ wnHopekumeir SARS-CoV-2, 3a koTopoi nocnegosano passutue BOC. ®yHkums
SHOOTENMs oLeHMBanack nyTem uameperus yposHeit LIOK, sHooTennHa-1 u meTabonuTos okcuga asota.

PesynbTatbl: MccnegoBaHue nokasano 3HaunTenbHOe NoBbilleHne ypoBHen LIOK 1 aHhoTenuHa-1, a Takke CHKeHue
meTabonuToB okcuga asoTa y geten, passuswnx BOC nocne uHdekumn SARS-CoV-2. Hambonblume ypoBHW Mapkepos
9HOOTEeNnManbHoN AMCYHKUMM Bbinv 0BHapyXeHbl B 3TOW rpynne, YTO CBWUAETENbCTBYET O CUHEPreTUYEecKoM addekTte
nHekumm SARS-CoV-2 n BOC Ha nospexgeHue aHgoTenus. OcobeHHo BaxHo, uYto 64,3% peten B aToil rpynne
MPOLEMOHCTPMUPOBANM MOBbLILWEHHbIE yPoBHW LIAK, 4TO OTpaxaeTr Tsxenyw SHOOTENManbHyl AWUCKHYHKUMIO. YPOBHM
sHpoTenuHa-1 Takke 6birv 3HaunTensHo Boiwe y aeteit ¢ BOC nocne uHdekumn SARS-CoV-2 (0,46 + 0,02 domons/mn) no
CpaBHEHMIO € 300poBbiMu AeTbMu U AeTbMu ¢ BOC 6e3 uctopun uHdekumn SARS-CoV-2. 3Tn pesynbTaThl NOAYEPKUBAIOT
BEKHENLLYI0 POMb SHAOTENWANbHON ANCHYHKLWM B NaTOreHe3e pecnmpaTopHbix 0cnoxHeHuit nocne COVID-19.

BoiBogbI: MHpekumns SARS-CoV-2 cnocobeTByeT 3HAUNTENBHON SHAOTENUANBHON AMCHYHKLUMM Y AeTEN, 0CODEHHO Y
Tex, k1o passuBaeT OC. Couetanune nHdekumn SARS-CoV-2 n BOC ycyrybnsiet noBpexaeHue 3HAOTENNS, YTO, BEPOSTHO,
WrpaeT KIYEBYK pOMb B MATOrEHE3e PEecnMpaTopHbiX OCnoxHeHwir nocre COVID-19. Otu [aHHble nopvepkuBaioT
HeoBXo4MMOCTb AarnbHENWNX MCCNeaoBaHmMin TepaneBTUYEeCKMX CTpaTeriin, HanpaBneHHbIX Ha KOPPEKLMIO SHAOTENNAMNbHON
BUCYHKLUMW, YTO MOXET YNyYlWWTb MCXOAbl NEYEHWs NeamaTpuyeckux MaUMeHTOB, CTpaZalolmx OT [ONTOCPOYHBIX
pecnupaTopHbIx nocneactauin nocne COVID-19.

Knroyeenie cnosa: SARS-CoV-2, sndomenuansHas ucghyHKUUS, UupKynupyrowue sHoomenuanbHsle knemku (LIOK),
6ponxoobempykmusHbil - cuHdpom  (BOC), demckuti  COVID-19, sHdomenun-1, memabonumsl okcuda a3oma,
NOCMKOBUAHbIE OCIIOXHEHUS, COCYAUCMbIl 3HOOmesul, pecnupamopHbIle 0COXHEHUS.

Ana yumuposaHus: Llakuposa A.A., Tokmabaesa b.)K., OpasanuHa A.C., AbbineasuHosa AXK., AmpeHosa K.LLI.,
Abaesa K.[., Kareanuesa 'M. CoctosHue cocyguctoro sHgotenus y geteit ¢ COVID-19 u 6poHx006CTpYKTUBHBIM
cuHgpomom // Hayka u 3gpasooxpanenue. 2025. Vol.27 (1), C. 137-145. doi 10.34689/SH.2025.27.1.017
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Kipicne: SARS-CoV-2 nH(eKUMACHIHbIH afiam opraHuaMiHe acepi OypblH Benrini BUpYCTbIk, MHbeKUMsANapra kaparaHaa
apTypnipek Bonbin WhIKTbI. [lereHmeH, aypyabiH, y3ak, MepaiMai canpapbl, acipece bananapaa, Tonblk, 3epTTENreH XKOK.
Heriari macenenepgin, Bipi — 6poHx006CTpykTUBTI CHAPOMHbIH, (BOC) NOCTKOBMATIK aCKbIHY PETiHAE AaMybl, OFaH ThIHbIC
KONZapblHbIH, KabbIHYbI XaHe runeppeakTusTinik kipedi. byn 3eptrey SARS-CoV-2 uHbekumsicbiHaH KeliHri 6ananapaa
sHgoTenuangel auchyHkums meH BOC apacbiHgasbl 6aiinaHbICTbl, COHbIMEH KaTap SHAOTeNWandbl ANCEHYHKUMS
MapKepnepiHiK, — anHanbiMagarbl aHpoTenuangbl knetkanap (ASK), sHBOTENMH-1 XaHe a30T OKCUAiHIH, MeTabonUTTEpiHIH,
peniH aHbikTayfa barbiTTanfaH.
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picrepi: 2020-2022 xbingap apanbiFbiHLa PETPOCNEKTUBTI 3epTTey Xypridinin, 486 6ana kamTbingbl. 3epTTey ek
Heriari TonTbl KamTbidbl: (1) Bakbinay To6bl: SARS-CoV-2 nHpekunscel Hemece BOC aHamHesi xoK AeHi cay 6ananap;
SARS-CoV-2 nHdekumsicel 6ap, Gipak, BOC-bI xok 6ananap, xaHe (2) Heriari Ton: SARS-CoV-2 UHGeKUmsChI KoK, Bipak,
BOC-bl 6ap 6ananap; SARS-CoV-2 uHdekunscoiHaH keiiiH BOC pambiraH Gananap. Sugotenuit dyHkumsicel ASK,
SHAOTENMH-1 KaHe a30T OKCUAiHIH MeTabonuTTepi AeHreiiH aHbIKTay apKbinbl OaranaHmpl.

Hatuxenep: 3eptrey SARS-CoV-2 wHdekumsacbiHaH keitiH BOC pambiraH Gananapga LOK sxaHe aHpoTenuH-1
AEHrewiHiH, aTapnblkTall XKofFapblnaraHblH, an a3oT OKcUAiHiH MeTaboNMTTepiHiH, TeMEeHAEreHiH KepceTTi. dHAOTENManabI
BMCYHKUMS MapKeprepiHi, eH, xorapbl AeHreiii ocel Tonta 6arnkangbl, 6yn SARS-CoV-2 uHdekumscol meH BOC-TbiH,
SHAOTENUIAre 3aKbiM KENTIpyOeri CUHepreTukanbik, acepiH kepcetesi. Epeklwe maHbi3abichl, 0Cbl TonTafbl 6ananapabiH,
64,3%-biHoa ASK aenreiiHin, xorapbinaybl baiikangbl, 6yn sHaoTenuanisl AMCHYHKUMSHbIH, aybIp TypiH kepceTesi. SARS-
CoV-2 nHdekumsicbiHaH keniH BOC pambiran 6ananapga aHooTenuH-1 gewredi ae aeHi cay 6ananapra xsHe SARS-CoV-2
MHekumscbl aHamHesi xok BOC-bl 6ap Oananapra kaparaHga aiTapnbikTai xorapbl 6ongsl (0,46 + 0,02 dmons/mn).
Bbyn Hatwxenep COVID-19-maH KeWiHri pecnupaTtopribik ackbiHynap naToreHesiHge aHOoTenuangbl AMCHYHKUMSHBIH,
MaHpI3abl peniH atan eTeqi.

KopbiTbiHAbl: SARS-CoV-2 nHdekumsacel 6ananapaa, scipece bOC gamblraHgapaa, sHaoTenuanabl AMCHYHKLUNSHBIH,
anTapnbiktain gamybiHa biknan etedi. SARS-CoV-2 uHgekumsicel meH BOC-TbiH, 6Gipiryi aHgoTenuit 3akbiMAaHybIH
wweneHictipeai, oyn COVID-19-aaH KetiHri pecnupaTopiblK ackblHynap naToreHesiHae Mapl3abl pen atkapagbl. byn
LEepeKTep SHAoTENManabl AUCHYHKUMSHBI Ty3eTyre OarbiTTanfaH Tepanusanblk CTpaTerusnapabl OfaH api 3epTTey
KaxeTTiniriH  kepceteni, 6yn COVID-19-gaH KeliHri y3ak MepsiMai pecnupaToprblk, Ccanjapnapra LWangblkkaH
GananappblH, emaey HaTWKenepiH kaxkcapTybl MyMKiH.

Tylin ce3dep: SARS-CoV-2, aHdomenuanObi AuceyHkyus, aliHanbimOarbi 3HOomenuandbi knemkanap (ASK),
6ponxoobempykmusmi cuHOpom (BOC), 6ananapdarbi COVID-19, aHdomenuH-1, asom okcudiHiv mMemabonummepi,
nocmkosudmik ackbIHynap, KkaH mambipaapsi 3H0omenulli, pecnupamopribIk ackbIHynap.

[oaliekces ywin: Llakuposa A.A., Tokmabaesa b.)K., OpazanuHa A.C., AbbineasuHoga A.XK., Amperosa K.LLI., Abaesa
K.4., Xaneanuesa .M. COVID-19 xaHe 6poHX00BCTPYKTUBTI CHAPOMbI Bap 6ananapaa Tamblp SHAOTENMIHIH XaFaanbl //
Foinbim xaHe JeHcaynbik cakray. 2025. Vol.27 (1), b. 137-145. doi 10.34689/SH.2025.27.1.017

Introduction the development of BOS in children who have recovered
The impact of SARS-CoV-2 infection on the human  from COVID-19.
organism has proven to be more diverse than that of The aim of this study is to determine the characteristics

previously known viral infections [1-3]. However, the full  of vascular endothelial conditions in children with SARS-
spectrum of the long-term consequences of the disease,  CoV-2 infection, particularly focusing on the relationship
especially in children, has not been thoroughly studied. The ~ between SARS-CoV-2 infection and the development of
delayed development (or detection) of widespread morbidity ~ broncho-obstructive syndrome. By assessing key markers
has resulted in a shorter observation period, a limited  of endothelial dysfunction—circulating endothelial cells,
number of patients, and a restricted range of clinical  endothelin-1, and nitric oxide metabolites—the study seeks
examinations [4]. Although the study of COVID-19  to identify how endothelial injury contributes to the
incidence in children and its consequences began in mid-  pathogenesis of broncho-obstructive syndrome in children

2020, many aspects remain unexplored. post-SARS-CoV-2 infection.
One of the key areas in studying the pathophysiology of Materials and Methods
COVID-19 is the identification of its impact on the vascular Study Design
endothelium [5]. The endothelium, which is widely This retrospective study was conducted at the Private

distributed throughout the body and performs a variety of ~ Multidisciplinary Clinic Institution "Venera" in Semey,
functions, has been shown to be significantly affected by ~ Republic of Kazakhstan, from 2020 to 2022. The study was
SARS-CoV-2. Endothelial dysfunction has been implicated  approved by the local ethics committee on October 22,
in the outcomes of various diseases, leading some authors 2022 (Protocol No. 1).
to conclude that COVID-19 often manifests due to severe Inclusion Criteria
endothelial  dysfunction [6]. Specifically, endothelial Children aged 2-18 years were eligible for inclusion if
dysfunction is thought to play a crucial role in post-viral ~ they had a history of recurrent broncho-obstructive
complications such as broncho-obstructive syndrome, a  syndrome (BOS) or if BOS was identified during the study.
condition involving airway inflammation and hyperreactivity =~ The study population included children with a history of
that can result from viral infections. SARS-CoV-2 infection or asymptomatic SARS-CoV-2
However, the specific effects of endothelial dysfunction infection, confirmed by either a positive PCR test or the
on the development of organ pathology in children,  detection of diagnostic IgG antibodies to SARS-CoV-2.
particularly those unrelated to the cardiovascular system,  Written informed consent from parents or legal guardians
remain poorly understood. Additionally, there is a lack of ~ was obtained for participation and the anonymous use of
information regarding the role of endothelial dysfunction in  study data.
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Exclusion Criteria

Children were excluded if they were younger than 2
years or older than 18 years, had severe congenital
bronchopulmonary or cardiovascular diseases, or had
immunodeficiencies. Additionally, children under 5 years
with clinically verified bronchial asthma were excluded from
the study. Children whose legal guardians did not provide
written consent or who withdrew consent at any stage of the
study were also excluded.

Study Population

A total of 486 children were enrolled in the study, and
categorized into main group (259 children) and control
group (227 children), based on the presence of bronchial
obstruction syndrome (BOS) and the history of SARS-CoV-
2 infection:

e Main Groups:

oBOS without SARS-CoV-2 infection: 198 children
diagnosed with BOS but with no history of SARS-CoV-2
infection.

oBOS after SARS-CoV-2 infection: 61 children who
developed BOS following SARS-CoV-2 infection.

e Control Groups:

oHealthy Control: 120 children without BOS and
without a history of SARS-CoV-2 infection, confirmed by
detailed anamnesis and repeated analysis for the presence
of antibodies.

o SARS-CoV-2 Control: 107 children who had SARS-
CoV-2 infection but did not develop BOS. This group
included children who had clinically symptomatic COVID-19
(confirmed by PCR or clinical symptoms) as well as those

& 35

B L)

s 3

= 25

o 2 1,8
S 15 1,2

j=1

> 1

205

=2

o 0

) Healthy Control SARS-CoV-2 Control

who tested positive for SARS-CoV-2 antibodies (diagnostic
IgG titers) without exhibiting clinical symptoms.

Methods for Studying Vascular Endothelial State

Vascular endothelial function was assessed using blood
test results, which included the following parameters;
Circulating Endothelial Cells, Endothelin-1, Nitric Oxide
Metabolites.

Statistical Analysis

Data were analyzed using nonparametric tests due to
the nature of the distributions. Comparisons between
independent groups were performed using the Mann-
Whitney U test. A p-value of less than 0.05 was considered
statistically significant.

Results

The analysis of vascular endothelial markers revealed
significant differences in endothelial dysfunction across the
study groups, with particular emphasis on circulating
endothelial cells (CECs), endothelin-1, and nitric oxide (NO)
metabolites.

Circulating Endothelial Cells (CECs)

The levels of CECs varied significantly across the study
groups (Figure 1). In the healthy control group, the average
CECs count was 1.2 £ 0.1 per 103 platelets. In children with
a history of SARS-CoV-2 infection but no BOS, the CECs
count increased to 1.8 + 0.1 per 10° platelets. The main
group with persistent BOS without prior SARS-CoV-2
infection had a lower CECs level of 1.4 + 0.1 per 103
platelets. The highest CECs level was observed in children
who developed BOS following SARS-CoV-2 infection (3.3 £
0.2 per 108 platelets).

3.3

1,4

BOS without SARS-CoV-2 BOS post-SARS-CoV-2

Study Groups
Figure 1. Levels of Circulating Endothelial Cells in Children Across Study Groups.

The graph shows the mean CECs levels (per 103 platelets) across two study groups: Control (healthy control
and SARS-CoV-2 control) and Main Group (BOS without SARS-CoV-2 and BOS after SARS-CoV-2).

Figure 2 presents the distribution of CECs levels across
the study groups. The proportion of children with higher
CECs levels increased in groups with a history of SARS-
CoV-2 infection and BOS development. In the healthy
control group, most children had CEC levels below 1.5 per
103 platelets, with only a small fraction exceeding this
threshold. In contrast, BOS post-SARS-CoV-2 group had
the highest percentage of children with CECs levels
exceeding 2.5 per 103 platelets, indicating significant
endothelial dysfunction.

Endothelin-1 Levels

Endothelin-1 concentrations were assessed across both
control and main study groups (Figure 3). The healthy
control group had an average endothelin-1 level of 0.32 +
0.02 fmol/mL. In the SARS-CoV-2 control group, the
endothelin-1 level was slightly higher at 0.35 fmol/mL. In the

main groups, children with BOS without a history of SARS-
CoV-2 infection had endothelin-1 levels of 0.39 + 0.01
fmol/mL, while the highest levels were observed in the
group of children who developed BOS following SARS-
CoV-2 infection, with an average of 0.46 + 0.02 fmol/mL.

Figure 4 illustrates the gradation of endothelin-1
concentrations among the groups. The distribution of
endothelin-1 levels shifted towards higher values in children
with BOS, particularly in those with a prior SARS-CoV-2
infection. The healthy control group primarily had
endothelin-1 concentrations below 0.40 fmol/mL, whereas
in the BOS post-SARS-CoV-2 group, more than half of the
children had endothelin-1 levels exceeding 0.50 fmol/mL.
This trend highlights the potential role of endothelial
dysfunction in the pathogenesis of BOS following SARS-
CoV-2 infection.
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Figure 2. Distribution of Circulating Endothelial Cells Levels Across Study Groups.

Figure illustrates the distribution of CECs levels among the study groups: Control (healthy control and SARS-
CoV-2 control) and Main Group (BOS without SARS-CoV-2 and BOS after SARS-CoV-2). The color gradient
correspond to specific concentration ranges: <0,8-0,9 per109 platelets,1-1,2 per103 platelets, 1,3-1,5 per103
platelets, 1,6-2,0 per103 platelets, 2,1-2,5 per103 platelets, >2,5 per103 platelets.
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Figure 3. Levels of Endothelin-1 in Children Across Study Groups.

The graph illustrates the mean endothelin-1 concentrations (fmol/mL) in children from the study groups: Control
(healthy control and SARS-CoV-2 control), BOS without SARS-CoV-2 infection, and BOS post-SARS-CoV-2 infection.
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Figure 4. Distribution of Endothelin-1 Concentrations Across Study Groups.

Figure shows the gradation of endothelin-1 concentrations among the study groups: Control (healthy control and
SARS-CoV-2 control) and Main Group (BOS without SARS-CoV-2 and BOS after SARS-CoV-2). The color gradient
corresponds to specific concentration ranges: < 0.30 fmol/mL, 0.31-0.40 fmol/mL, 0.41-0.50 fmol/mL, > 0.50 fmol/mL.

Nitric Oxide (NO) Metabolites

The levels of NO metabolites varied across the different
study groups (Figure 5). The healthy control group had an
average NO metabolite level of 3.3 + 0.2 yM/L. The SARS-
CoV-2 control group, which included children with a history
of SARS-CoV-2 infection but no BOS, showed a slightly
lower average of 3.2 + 0.2 uMIL.

35 33 32
30

25
2,0

1.5

NO Metabolites (ML)

1,0
0.5

0,0
Healthy Control SARS-CoV-2 Control

In the main groups, the children with BOS but no history
of SARS-CoV-2 infection had a NO metabolite level of 3.1 £
0.3 uM/L, while the lowest level was observed in the group
with BOS post-SARS-CoV-2 infection, which had an
average of 2.2 £ 0.1 pM/L.

BOS without SARS-CoV-2 BOS post-SARS-CoV-2

Study Groups
Figure 5. Levels of Nitric Oxide Metabolites in Children Across Study Groups.

The graph illustrates the mean NO metabolite levels (uM/L) in children from the control (healthy control and
SARS-CoV-2 control) and main groups (BOS without SARS-CoV-2 and BOS after SARS-CoV-2).
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Figure 6 shows the distribution of NO metabolite
levels among the study groups. The majority of children
in the healthy control and SARS-CoV-2 control groups
had NO metabolite levels between 3.0-3.5 pMIL.
However, in children with BOS, particularly those with a

Healthy control

3,3%
_15,8%

11,7%

20,8%

BOS without SARS-CoV-2

13,1% 7,5%

30,8%

history of SARS-CoV-2 infection, NO levels shifted
downward, with a higher proportion of individuals having
concentrations below 2.5 uMJ/L. This reduction suggests
impaired  endothelial function and nitric  oxide
bioavailability in these patients.

SARS-CoV-2 control

1,1%5,3%
17,9%
L 16,8%
32,6% '263%
BOS post-SARS-CoV-2

7,1%

35,7% '
27,1%

32,1%
O xeminge 1,5 01,6-2,0
m2,1-25 W26-3,0
[43,0-3,5 Nacram 3,5

Figure 6. Distribution of Nitric Oxide Metabolite Levels Across Study Groups.

Figure illustrates the distribution of NO metabolite levels among the study groups: Control (healthy control and SARS-CoV-
2 control) and Main Group (BOS without SARS-CoV-2 and BOS after SARS-CoV-2). The color gradient corresponds to
specific concentration ranges: < 1,5 uM/L, 1,6-2,0 uM/L, 2,1-2,5 uM/L, 2,6-3,0 uM/L, 3,0-3,5 uM/L, > 3,5 uM/L.

Thus, the data demonstrate that SARS-CoV-2 infection
(especially when followed by the development of BOS) leads to
significant endothelial dysfunction, as reflected by increased
levels of CECs and endothelin-1, alongside decreased levels of
NO metabolites. These changes are most pronounced in
children who developed BOS post-SARS-CoV-2 infection,
suggesting a synergistic effect of the infection and the
development of BOS on endothelial damage.

Discussion. The SARS-CoV-2 pandemic has been
associated with a variety of negative health outcomes,
some of which persist long after recovery. One of the most
significant findings in adults is the development of
endothelial dysfunction, which plays a central role in the
pathogenesis of cardiovascular and systemic complications
[8-11]. The endothelium is particularly vulnerable to SARS-
CoV-2 due to the virus's binding to the angiotensin-
converting enzyme 2 (ACE2) receptor, which is widely
expressed on endothelial cells [12]. However, much less is
known about the impact of COVID-19 on endothelial
function in children, particularly with respect to post-

infection syndromes like broncho-obstructive syndrome
(BOS).

Endothelial dysfunction is recognized for its involvement in
regulating vascular tone, hemostasis, and the repair of
damaged blood vessels, all of which are crucial for maintaining
cardiovascular health [13,14]. This dysfunction, when it occurs,
disrupts normal vascular homeostasis, potentially leading to a
cascade of pathophysiological consequences. In adults,
endothelial dysfunction has been implicated in various organ
systems, including the kidneys, lungs, and gastrointestinal tract
[16-20]. However, research on how endothelial dysfunction
affects children after SARS-CoV-2 infection, especially in the
context of BOS, remains limited.

Our study highlights the significant role that endothelial
dysfunction plays in pediatric patients post-COVID-19,
particularly in those who develop BOS. The findings show
that children with COVID-19 who subsequently developed
BOS had markedly higher levels of circulating endothelial
cells (CECs) and endothelin-1, alongside reduced nitric
oxide (NO) metabolites. Specifically, CECs were elevated to
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3.3 = 0.2 per 103 platelets, endothelin-1 levels were
increased to 0.46 £ 0.02 fmol/mL, and NO metabolites were
reduced to 2.2 £ 0.1 yM/L. These changes in endothelial
markers point to a disruption in endothelial function, which
may contribute to the development of post-COVID-19
complications, including BOS.

Interestingly, children who had SARS-CoV-2 infection but
did not develop BOS exhibited moderate endothelial
dysfunction, with elevated CECs (1.8 + 0.1 per 103 platelets).
However, the combination of SARS-CoV-2 infection and BOS
led to a much more pronounced effect on endothelial health.
This group showed the highest levels of CECs and endothelin-
1, paired with the lowest levels of NO metabolites. This finding
suggests that SARS-CoV-2 infection and BOS may act
synergistically, amplifying endothelial damage and worsening
post-viral complications. This aligns with previous findings in
adults, where endothelial dysfunction has been linked to the
severity of COVID-19 outcomes [8-11]. Notably, this study is
one of the first to demonstrate these effects in children,
specifically in relation to BOS.

The elevated CEC levels observed in children with BOS
post-SARS-CoV-2 infection (64.3% prevalence) further
support the notion of significant endothelial dysfunction in
this group. These findings are consistent with the
endothelial damage observed in adults with COVID-19,
reinforcing the idea that endothelial injury is central to the
clinical severity of post-viral complications. Additionally, the
reduction in NO metabolites in children with BOS suggests
that impaired nitric oxide production is contributing to
vasoconstriction, inflammation, and thrombosis. This could
help explain the increased risk of severe respiratory
complications in these children, as impaired NO synthesis
compromises vascular tone and immune function.

Moreover, the elevated endothelin-1 levels in children with
BOS post-SARS-CoV-2 infection suggest a link between
endothelial dysfunction and bronchial hyperreactivity and
airway obstruction. Endothelin-1 is a potent vasoconstrictor and
is known to play a role in airway remodeling and inflammation.
Our data support the hypothesis that endothelial dysfunction
exacerbates these processes, contributing to the development
and worsening of BOS.

These findings underscore the potential for targeting
endothelial dysfunction as a therapeutic strategy in children
who develop BOS following SARS-CoV-2 infection. Future
research should focus on exploring interventions aimed at
restoring endothelial function to mitigate long-term health
consequences and improve clinical outcomes in this
vulnerable population.

Limitations of the study

This study has several limitations that should be
considered when interpreting the findings.

One notable limitation is the absence of longitudinal
follow-up data. Without tracking the children over an
extended period, it is challenging to assess the long-term
effects of endothelial dysfunction. It remains uncertain
whether the observed endothelial changes persist or
resolve with time.

Additionally, while the study carefully categorized
participants based on SARS-CoV-2 infection status and the
presence of BOS, there may be unmeasured confounding
factors that could influence the results. Factors such as pre-
existing respiratory conditions, genetic predispositions, or

environmental exposures could contribute to endothelial
dysfunction and the development of BOS.

Conclusion

SARS-CoV-2 infection results in significant endothelial
dysfunction in children, particularly in those who develop
BOS. The presence of BOS post-SARS-CoV-2 infection
leads to exacerbated endothelial damage, as evidenced by
elevated levels of circulating endothelial cells and
endothelin-1, alongside reduced nitric oxide metabolites.
These alterations in endothelial function suggest that the
combination of BOS and SARS-CoV-2 infection may
synergistically worsen endothelial injury.

The observed endothelial dysfunction is likely to
contribute to bronchial hyperreactivity, inflammation, and
airway obstruction, emphasizing its role in the
pathophysiology of BOS. This dysfunction could be an
important factor in the long-term respiratory complications
experienced by children who have had COVID-19.

Given these findings, further studies are needed to explore
the underlying mechanisms of endothelial dysfunction in
pediatric COVID-19 and develop potential therapeutic
strategies to mitigate the long-term effects of endothelial injury
and improve clinical outcomes for affected children.
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