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One of the key pathogenetic mechanisms of COVID- 19 is endothelial dysfunction, which enhances prothrombotic phenomena, endotheliitis, and
multiorgan immunothrombosis. The mechanisms of endothelial damage in children remain insufficiently studied.

Aim: to determine the levels of endothelial dysfunction in children with SARS-CoV-2-associated pneumonia and to analyze its relationships with
clinical and laboratory indicators of the activity of the infectious and inflammatory process.

Materials and methods. The Main group consisted of 160 children with SARS-CoV-2-associated pneumonia and 40 healthy children (Control group).
The Main group was divided depending on gender, age, disease severity, levels of C-reactive protein (CRP), and procalcitonin. To assess endothe-
lial dysfunction, the level of endothelin-1and vascular endothelial growth factor (VEGF) in blood serum was determined.

Results. The values of VEGF and endothelin-1were the highest in patients with severe pneumonia. The values of laboratory markers of endothelial
dysfunction were significantly higher with higher levels of CRP in children of the Main group by 31.95% and 33.14% for endothelin-1and VEGF, respec-
tively. A positive medium-strength relationship was established between the values of fibrinogen and CRP with VEGF levels; a weak positive relation-
ship between the levels of VEGF and procalcitonin; fibrinogen and endothelin-1levels. A probable medium-strength positive relationship was estab-
lished between the values of endothelin-1and VEGF, with the levels of interleukins (IL) 1, 6.

Conclusions Children of the Main group have endothelial dysfunction, as evidenced by increased levels of endothelin-1 and VEGF. These values
were associated with disease severity, CRP levels, and gender. VEGF levels were highest in patients with severe pneumonia. There was a moderate
positive association between laboratory markers of endothelial dysfunction, such as endothelin-1and VEGF, and IL-1and IL-6 levels.

Keywords: endothelial dysfunction, SARS-CoV-2, pneumonia, children, endothelin-1, VEGF, C-reactive protein.

Ocob6nuBocTi eHaoTenianbHOI gucthyHKLii B giten i3 SARS-CoV-2 acouiioBaHOIO NHEBMOHi€IO

Ta ii 3B’A30K i3 aKTUBHICTIO iH(heKUiiHO-3ananbHOro npouecy
B.M. AyaHuk, FO.M. Mukutiok
BIHHULBKNT HaUIOHANBHWIA MeanyHuii yHiBepcuTeT iMeHi M.I. Mnporosa, YkpaiHa

OOHUM 13 KMIOYOBKMX NaTOreHeTUYHNX MexaHi3mis nia yac COVID-19 € enaoTenianbHa ANCHYHKLIA, Ska NOCUIE NPOTPOMOOTUYHI ABKLLE, EHAOTENIIT
Ta NONIOPraHHWi iIMyHOTPOMG03. MexaHi3Mu ypaxXeHHA eHaoTenito B AiTel 3anMwanTbCs HeAOCTaTHBO BUBYEHNMN.

MerTa: B/3HauUNTV PIBHI eHAoTENaNbHOT AMChYHKUIT B AiTelt i3 SARS-CoV-2, acouiioBaHOIO 3 MHEBMOHIEID, Ta NpoaHanilyBaTu il B3aEMO3B'A3KM 3
K/IHIKO-1a00paTOPHUMM NMOKA3HMKaMM aKTUBHOCTI IHPEKLIMHO-3anaibHOro Npouecy.

Martepianu Ta MeTogu. OCHOBHY rpyny ctaHoBNATL 160 aiteit i3 SARS-CoV-2, acouiiioBaHOto 3 NMHEBMOHIEIO, Ta 40 310POBUX AiTel (KOHTPONbHA
rpyna). OCHoBHa rpyna Gyna nofineHa 3anexHo Bia cTaTi, Biky, TAXKOCTI nepebiry xBopoou, piBHiB C-peakTnBHOro 6i1ka 1a NpoKanbUMTOHIHY. 14
OUIHKKM eHaoTenianbHOl ANCDYHKUIT BU3Ha4anu piseHb eHaoTeniny-1Ta eHgoteniansHoro axktopa pocty cyanH (VEGF) y crpoBartui KpoBi.
Pesynbratn. 3HaueHHa VEGF 1a engoteniny-1 6ynm HanBuLLMMUK B NALLIEHTIB i3 TAXKUM Nepebirom NHEBMOHIT. BIporiaHO BULLMMUK € 3HAYEHHS
NabopaTopHNX MapkepiB eHaoTenianbHoT ANChYHKUIT Npy BULLIMX piBHsx CPB y aitelt ocHoBHOI rpynn Ha 31,95% Ta 33,14% ans eHpotenity-11a VEGF
BIiANOBIAHO. BCTAHOBNEHO HasBHICTb MO3UTMBHOIO CepeaHbOl CUN B3BEMO3B'A3KY MiXK 3HaueHHAM ibpuHoreHy 1a CPb i3 pisHammn VEGF; cnabkoro
NO3UTUBHOIO 3B’A3KY MiX piBHeM VEGF Ta npokanbUMTOHIHY, piBHEM QIOpUHOreHy 1a eHaoTeniny-1. BuasneHo BiporigHuii NO3UTUBHNIA
B38EMO3B’A30K CepeHbOl CUIN MK 3HaUEeHHAMU eHaoTeniny-1T1a VEGF, i3 pisHAMU iHTepneikiHiB 1, 6.

BUCHOBKMW. Y iiTell OCHOBHOI rpyni NPOCTEXYETLCA eHAOTENIaNbHA ANCDYHKLUIA, FKa NPOABNAETLCS NIABULLEHHAM PiBHIB eHpoTeniHy-11a VEGF
3ahikCcoBaHO 3aNEXHICTb LIMX MOKa3HWKIB BiA TAXKOCTI 3aXBOpoBaHH4, pisHa CPB T1a cTaTi nauieHTiB. 3HaueHHs VEGF 6ynun HaliBuLIMMYM B NaLIIEHTIB
i3 TAXKNM nepebiroM NHEBMOHIT. ICHY€E BIpOriAHUA NO3NTUBHNIA 3B'A30K CEPEeAHbOl CUIM MIXX 3HAUYEHHAMK Takrx NabopaTopHUX MapKepis
eHaoTenianbHol AnChyHKUIN, sk eHpoTteniH-1Ta VEGF, i3 piBHamu IJ1-17a 1/1-6.

KntouoBi cnoBa: eHioteniansHa AncdyHkuis, SARS-CoV-2, nHeBMOHIs, Aitn, eHaotenin-1, VEGF, C-peakTnsHuii 6inok.

Introduction a predominantly mild course of coronavirus infec-

tion in children and a high percentage of asympto-

he SARS-CoV-2 pandemic remains a
pressing issue for humanity due to its hu-
man-to-human transmission and the po-
tential for infection across all age groups. The majo-
rity of patients are older adults; however, recent
trends indicate a rise in the incidence of this condi-
tion among children [7]. Numerous reports describe
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matic cases [2], which does not exclude the possibi-
lity of long-term consequences, not to mention
severe disease progression requiring hospitalization
and the development of complications [1].

The influence of various factors on the severity of
the disease is being studied [ 5], including the deve-
lopment of endothelial dysfunction, which exacer-
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Table 1
Characteristics of the examined children of the Main group by age and gender (n=160)
Main group (n=160) Control group (n=40)
age of the respondents | boys (n=89) girls (n=71) age of respondents | boys (n=20) girls (n=20)
abs. % abs. % abs. % abs. %
0—1years (n=41) 22 13.75 19 11.87 | O-1years (n=5H) 2 50 3 75
-4 years (n=37) 20 125 17 1063 |14 years (n=12) 9 225 3 75
5-14 years (n=40) 23 14.37 17 1063 | 5-14 years (n=21) 3 20.0 3 325
1517 years (n=42) 24 15.00 18 11.25 | 1517 years (n=2) 1 2.5 1 2.5
Bcwboro (n=160) 89 5563 71 44.37 | Bceoro (n=40) 20 50.0 20 500

Note: no statistically significant difference was found.

bates prothrombotic phenomena, endotheliitis, and
multiorgan thrombosis. The inflammatory process in
endothelial cells stimulates procoagulant, prothrom-
botic, and antifibrinolytic factors, adversely affecting
the blood coagulation process. Additionally, exces-
sive synthesis of vasoconstrictive factors, activated
by the endothelium, contributes to hypercoagulable
states in the body. Literature sources point to the
possibility of both direct damage to vascular endo-
thelial cells by coronaviruses and indirect damage
mediated by immune cells, cytokines, and free radi-
cals, leading to the development of endothelial dys-
function. This, in turn, increases the risk of earlier
onset of long-term cardiovascular complications in
convalescent patients [8]. Disruptions in microcir-
culation and vasoconstriction provoke the develop-
ment of organ ischemia, inflammation, tissue edema,
and coagulation abnormalities. Vascular endothelial
damage also contributes to systemic background in-
flammation in the post-COVID period, laying the
foundation for complications, primarily affecting the
cardiovascular, urinary, and endocrine systems,
among others [6]. In adult patients, endothelial da-
mage following COVID-19 infection increases the
risk of thromboembolism, arrhythmias, and myocar-
dial ischemia by 22-25% [4].

The mechanisms of endothelial damage have been
studied primarily in adult patients, while the speci-
fics of this process in children remain insufficiently
explored. This underscores the need for the develop-
ment of highly sensitive methods to ensure timely
diagnosis and treatment of endothelial dysfunction
in patients who have experienced coronavirus infec-
tion.

The aim of the study is to assess the presence of
endothelial dysfunction in children with SARS-
CoV-2-associated pneumonia and its relationship
with clinical and laboratory indicators of infectious-
inflammatory process activity.
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Materials and methods of the study

To achieve the study’s objective, we conducted a
comprehensive examination of 160 children
(71 (44.37%) girls and 89 (55.63%) boys) with
SARS-CoV-2-associated pneumonia (Main group)
aged from 1 month to 18 years (average age
10.50+8.30) during 2022-2023.

For the purpose of conducting a comparative
analysis of the examination results of patients the
Main group, a Control group of 40 practically
healthy children aged 1 month to 18 years was exa-
mined (average age 10.50+8.30). This group in-
cluded 20 (50.0%) boys and 20 (50.0%) girls. All
children in the Control group had normal results in
clinical, laboratory, and instrumental examinations.
The distribution of the examined subjects of the
Main and Control groups by age and gender is gi-
ven in Table 1.

According to the data in Table 1, the patients of
the Main and Control groups included in the study
did not differ significantly in age and gender. It
should be noted that both groups of patients were
comparable in age, the ratio of girls and boys was
approximately 1:1.

To achieve the objective, all children of the Main
group underwent an assessment of C-reactive pro-
tein (CRP), procalcitonin, and fibrinogen levels
upon hospitalization. We evaluated the activity of
the inflammatory process and endothelial function
in children with SARS-CoV-2-associated pneumo-
nia by measuring the levels of interleukins (IL) 1 and
6, endothelin-1, and vascular endothelial growth fac-
tor (VEGF) using enzyme-linked immunosorbent
assay (ELISA).

The results were subjected to statistical analysis
using the SPSS Statistics 12.0 software package, em-
ploying both parametric and non-parametric meth-
ods for evaluating the obtained data. The arithmetic
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Table 2

Levels of laboratory markers of endothelial dysfunction in the blood serum of children the Main group by sex (M+m)

Main grou
Marker group : Contrgl group
boys, n=89 girls, n=71 n=40
Endothelin-1(pg/ml) 9.77+0.68" 12.7240.84% " 2.25+013
VEGF, (pg/ml) 52.99+279* 55.88+2.86" 23.53+1.23

Notes: * — significant difference compared to the healthy children (p<0.05); ** — significant difference compared to children of the opposite sex (p<0.05).

Table 3
Levels of laboratory markers of endothelial dysfunction in the blood serum of children the Main group by severity (Mtm)
Main group
i Control group
Marker average score severity ol )
(n=160) non-severe severe n=40
(n=62) (n=98)
Endothelin-1 (pg/ml) 11.08+0.54* 8.58+0.69 12.66+0.72** 2.25+013
VEGF, (pg/ml) 54.27+2.00* 38.5941,99 641942 56* 23.53+1.23

Notes. * — significant difference compared to the Control group (p<0.001), ** — significant difference compared to patients with non-severe disease (p<0.05)

Table 4

Levels of laboratory markers of endothelial dysfunction in children of the Main group by CRP levels (Mtm)

CRP level quartile (mg/l) Endothelin-1level (pg/ml) VEGEF level (pg/ml)
| Quartile (less than 9.3), n=40 9.76+0.99 4366431
Il Quartile (9.3-13.99), n=40 10.86£1.04 50.17+4.01
Il Quartile (14.00—-23.99), n=40 11.37£116 5813+3.83"
[V Quartile (more than 24), n=40 14.33+113* 6513+4.27*

Note: * — significant difference compared to levels in the | and Il quartiles (p<0.05).

mean (M) and standard error (m) of the indicators
were determined. For qualitative variables, the fre-
quency of occurrence (%) and its standard error
(m%) were calculated. The distribution’s confor-
mity to the Gauss’s law was tested using the Sha-
piro—Wilk criterion. The significance of differences
between independent quantitative variables with a
normal distribution was assessed using the Student’s
t-test for independent samples. For percentage data,
Fisher’s exact test was used, and in other cases, the
Mann—Whitney U-test was applied. Values of
P<0.05 were considered statistically significant. To
determine the strength and direction of the relation-
ship between the indicators in the studied groups,
correlation analysis was used (with a parametric
data distribution — Pearson’s pairwise correlation,
and with a nonparametric distribution of features —
Spearman’s rank correlation). The strength of the
relationship was determined by the value of the cor-
relation coefficient: strong, or dense, with a correla-
tion coefficient of r>0.70; medium at 0.50<r<0.69;
moderate at 0.30<r<0.49; weak at 0.20<r<0.29; very
weak at r<0.19.

The study was conducted in accordance with the
ethical principles of scientific research involving hu-
man subjects (Declaration of Helsinki) and the
guidelines of Good Clinical Practice (GCP). The
informed consent was obtained from the parents of
the patients. The informed consent text was deve-
loped by the Local independent Ethics Committee
based on a bioethical review. The study design was
approved by the Ethics Committee of Vinnytsia Na-
tional Pirogov Memorial Medical University (pro-
tocol No. 4, dated May 18, 2023).

Results of the study and discussion

Analyzing the laboratory markers of endothelial
dysfunction in the blood serum of children in the
Main group, depending on sex, revealed a significant
difference compared to children of the Control
group. Notably, girls exhibited a significantly higher
endothelin-1 level by 30.19% (Table 2). There was
no significant difference in endothelin-1 levels by
gender in the Control group.

The analysis of endothelin-1 and VEGF levels de-
pending on the severity of SARS-CoV-2-associated
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Table 5

Levels of laboratory markers of endothelial dysfunction in children of the Main group by procalcitonin levels (Mtm)

Procalcitonin level quartile (ng/ml) Endothelin-1level (pg/ml) VEGEF level (pg/ml)
I Quartile (less than 0.89), n=40 9.92+0.84 481942 .62

Il Quartile (0.90-1.02), n=40 10.3941.25 51134378

Il Quartile (1.03-1.29), n=40 11.41£110 56.90+£3.77

IV Quartile (more than 1.3), n=40 12.61+1.09 60.86+£3.61"

Note: * — significant difference compared to levels in other quartiles (p<0.05).

Table 6
Levels of laboratory markers of endothelial dysfunction in children of the Main group by fibrinogen levels (Mtm)
Fibrinogen levels ( g/1) Endothelin levels -1 (pg/ml) VEGF levels (pg/ml)
I Quatrtile (less than 8.23), n=40 9.09+0.90 38.96+2.49
Il Quartile (8.24—9.82), =40 9.33+1.02 4873+3.85
Il Quartile (9.83—11.25), n=40 1247117 63.84+4.38*
IV Quartile (Ginblwe 1.26), n=40 13.43+1.08" ©65.56+3.56"

Note: * — significant difference compared to levels in the | and Il quartiles (p<0.05).

Table 7
Levels of laboratory markers of endothelial dysfunction in children of the Main group by IL-1 levels (Mtm)
IL-1level quartile (pg/ml) Endothelin-1level (pg/ml) VEGF level (pg/ml)
I Quartile (less than 26.43), n=40 8.96+0.93 3743+2 65
Il Quartile (26.44—3411), n=40 10.37+1.04 51.57+4.32
Il Quartile (34.12—44.57), n=40 10.88+0.92 59.25+3.61
IV Quartile (more than 44.58), n=40 141041.25 68.81+3.60"

Notes: * — significant difference compared to levels in the | quartile (p<0.05); ** — significant difference compared to levels in the I and Il quartiles (p<0.05)

pneumonia showed a significant difference between
patients with severe and non-severe courses by
44.55% and 66.34%, respectively (Table 3).

Significantly higher levels of laboratory markers
of endothelial dysfunction were observed in children
of the Main group who had elevated CRP levels,
showing increases of 31.95% and 33.14% for endo-
thelin-1 and VEGEF, respectively (Table 4).

When comparing the levels of endothelin-1 and
VEGF based on procalcitonin levels, no significant
differences in endothelin-1 levels were observed.
However, VEGF levels were significantly higher, by
26.29%, in patients with serum procalcitonin levels
in the IV quartile (Table 5).

When comparing endothelin-1 levels based on fib-
rinogen levels, significantly higher values (by
47.74%) were observed in patients with fibrinogen
levels in the IV quartile. VEGF levels also signifi-
cantly varied according to fibrinogen levels, particu-
larly in patients with levels in the IIT and IV quar-
tiles, showing increases of 63.86% and 34.49%,
respectively (Table 6).

A moderate positive correlation was established
between fibrinogen and CRP levels with VEGF le-
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vels (rxy=0.400; p=0.0001 and rxy=0.315; p=0.0001,
respectively). Additionally, a weak positive correla-
tion was noted between VEGF and procalcitonin
levels (rxy=0.191; p=0.015) and between fibrinogen
and endothelin-1 levels (rxy=0.277; p=0.0001). De-
pending on IL-1 levels, as one of the pro-inflamma-
tory cytokines, significantly higher VEGF and en-
dothelin-1 levels were observed — by 33.43% and
35.96%, respectively — compared to children of the
Main group who had IL-1 levels in the I and/or
IT quartiles (Table 7).

When comparing the levels of endothelin-1 and
VEGF in the blood serum in children of the Main
group based on IL-6 levels, significantly higher va-
lues of these laboratory markers of endothelial dys-
function were observed in patients with IL-6 levels
in the IIT and TV quartiles, increasing by 2.36 and
2.34 times, respectively (Table 8).

We identified a significant moderate positive cor-
relation between the levels of endothelial dysfunc-
tion markers, such as endothelin-1 and VEGE and
the levels of IL-1 and IL-6. Children of the Main
group had significantly higher levels of endothe-
lin-1 and VEGF compared to children of the Control
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Table 8

Levels of laboratory markers of endothelial dysfunction in children of the Main group by IL-6 levels (Mtm)

IL-6 level quartile (pg/ml) Endothelin-1level (pg/ml) VEGEF level (pg/ml)
| Quartile (less than 14.80), n=40 5.97+0.60 30.58+2.35
Il Quartile (14.81-23.32), n=40 10.66+0.93 52.01+3.43
Il Quartile (23.33-3112), n=40 13.5741.05* 62.91+4.07*
IV Quartile (more than 3113), =40 14.114116* 71.57+2.69*

Note: * — significant difference compared to levels in the | quartile (p<0.05).

group (p<0.05). These markers were found to de-
pend on disease severity, CRP levels, and the sex of
the patients. In girls, endothelin-1 levels were
30.19% higher than in boys (p<0.05). VEGF levels
were highest in patients with severe pneumonia,
showing an increase of 66.34% compared to those
with non-severe disease.

Discussion of the results obtained

Coronavirus disease remains one of the most se-
vere in the world. The percentage of severe and fa-
tal cases among children is lower than in adults.
The search for biomarkers that indicate the severi-
ty of the disease is ongoing. Endothelial dysfunc-
tion is a systemic condition in which the endothe-
lium loses its physiological properties. The
mechanism of endothelium’s participation in the
occurrence and development of various pathologi-
cal conditions is multifaceted and is associated not
only with the regulation of vascular tone but also
with participation in the process of thrombus for-
mation, and protection of the integrity of the vas-
cular wall. The endothelium plays a key role in
maintaining normal vascular tone and structure,
local homeostasis, and proliferation processes of
vascular wall cells. The function of the endothelium
and its role in the normal functioning of the cardio-
vascular system in children has been known for a
long time. The regulatory functions of the endothe-
lium are numerous, including maintaining the tone
and structure of the vascular walls, vascular remo-
deling, regulation of thrombus formation and fibri-
nolytic functions, participation in inflammatory
and immune reactions, regulation of leukocyte and
platelet adhesion to its surface, regulation of vascu-
lar wall permeability. Endothelial dysfunction is
believed to be one of the elements of the pathoge-
nesis of SARS-CoV-2 infection and leads to the ac-
tivation of thrombus formation processes and im-
paired vascular tone. Moreover, endothelial
dysfunction is exacerbated by excessive synthesis
of pro-inflammatory cytokines.
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Endothelial cell dysfunction is accompanied by an
increase in D-dimer levels, which are a breakdown
product of fibrin and fibrinogen. This suggests that
the essence of coagulopathies in COVID infection is
increased fibrin formation, and not prolonged pro-
thrombin and activated partial thromboplastin time,
decreased antithrombin and platelets, which are ob-
served in sepsis and disseminated intravascular co-
agulation syndrome [3].

Activation of endothelin-1 synthesis is probably a
response to damage to endothelial cells by toxins
during the onset of the inflammatory process in the
lungs. An increase in this indicator can also be asso-
ciated with a compensatory response to the hyper-
production of nitric oxide. As a result of a decrease
in the elimination of endothelin during damage to
lung tissue and inactivation of nitric oxide during its
interaction with free radicals (formation of per-
oxynitrite, etc.), an imbalance occurs between vaso-
constrictors and vasodilators in the direction of va-
soconstriction. A high content of endothelin-1 in the
blood can lead to a predominance of the vasocon-
strictor effect, impaired microcirculation, and the
development of hypoxia of peripheral tissues, which
can cause a more severe course of community-ac-
quired pneumonia and the development of compli-
cations. It is natural that in children in the group
with a mild course of pneumonia, in whom inflamma-
tory phenomena are less pronounced, the level of
endothelin-1 in the blood is minimal. Elevated levels
of endothelin-1 and VEGF, which are associated
with disease severity and systemic inflammation, in-
dicate the need to consider these markers in predict-
ing the course of the disease. High levels of VEGF in
severe disease indicate activation of vascular inflam-
mation, which requires further study.

SARS-CoV-2 infection promotes the develop-
ment of endotheliitis in various organs as a conse-
quence of viral damage. It is the presence of COVID-
19-induced endotheliitis that can explain the
systemic microcirculatory impairment in various
vascular beds and their clinical consequences.

33



Yntante Hac Ha canTi: https://med-expert.com.ua

ORIGINAL ARTICLES

Conclusions

Endothelial dysfunction plays a significant role in
the pathogenesis of SARS-CoV-2-associated pneu-
monia in children, as evidenced by an increase in
endothelin-1 and VEGF levels by 4.92 and
2.31 times, respectively, compared to the Control
group (p<0.001). Additionally, the levels of endothe-
lin-1 and VEGF in the blood serum of children with
severe SARS-CoV-2-associated pneumonia were
1.47 and 1.62 times higher, respectively, than in pa-
tients with non-severe disease.

The levels of laboratory markers of endothelial
dysfunction were also influenced by indicators of the
inflammatory process. Specifically, at CRP, procalci-
tonin, and fibrinogen levels within the IV quartile,
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