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Abstract.

The influence of growth hormone (GH) and insulin-like growth factor-1 (IGF-1) on endothelial nitric oxide synthase (eNOS)
represents a key mechanism in maintaining vascular homeostasis and cardiovascular functional status. Endothelial dysfunction
may coincide with somatotropic axis disturbances in children with COVID-19, particularly those with multisystem inflammatory
syndrome (MIS-C), yet these interactions remain poorly characterized.

The aim of this study is to determine the association between GH and IGF-1 levels and eNOS concentrations in children
with COVID-19 and MIS-C.

Materials and methods. Ninety children aged 1 month to 17 years were enrolled: 63 with COVID-19, 15 with MIS-C, and
12 controls without evidence of SARS-CoV-2 infection. GH, IGF-1, and eNOS concentrations were quantified using enzyme-
linked immunosorbent assay kits: hGH AccuBind ELISA Kit (Cat. No. 1725-300; Monobind Inc., USA), Human IGF-1 (Insulin-
like Growth Factor 1) ELISA Kit (Cat. No. E-EL-H0086, Elabscience, USA), and Human NOS3/eNOS (Nitric Oxide Synthase
3, Endothelial) ELISA Kit (Cat. No. E-EL-HO0755E-EL-H0755; Elabscience, USA). Approved by the Bioethics Committee of
1. Horbachevsky Ternopil National Medical University, Ministry of Health of Ukraine (Protocol No. 71, October 25, 2022), the
study was conducted following ethical standards. Statistical analysis, performed using IBM SPSS Statistics and GraphPad Prism
software, considered differences statistically significant at p < 0.05. This research formed part of the project «Clinical phenotypes
and pathogenetic mechanisms of COVID-19 and multisystem inflammatory syndrome in children, and risk stratification of post-
COVID disorders in children with comorbid pathology» (state registration No. 0126U000023; 2026-2028).

Results. Decreased GH and IGF-1 levels correlated with lower eNOS values, as evidenced by significant positive correlations
between these parameters (p < 0.05): 7y 10s=0-27; Tige1.nos=0-21. Children infected with SARS-CoV-2 exhibiting low IGF-1
levels demonstrated significantly lower eNOS values relative to those with normal IGF-1 levels (p = 0.008): 411.70 (300.90;
499.80) ng/mL versus 478.80 (413.60; 622.70) ng/mL, respectively. Multiple linear regression analysis of eNOS predictors
revealed that the GH-inclusive model failed to reach statistical significance (adjusted R? = 0.022; p = 0.250), despite GH showing
a weak independent positive association with eNOS levels (f = 0.23; B = 30.55; p = 0.048), by contrast, the IGF-1-inclusive
model indicated that increased IGF-1 concentration was associated with higher eNOS levels (f = 0.50; B = 1.94; p < 0.001)
and achieved statistical significance (adjusted R> = 0.187; p < 0.001).

Conclusions. Following adjustment for age, sex, pubertal status, and clinical group, the independent association of IGF-1
with eNOS levels suggests its potential significance as an endocrine factor regulating endothelial function in children with

COVID-19 and MIS-C.
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Introduction

Modulation of endothelial nitric oxide synthase
(eNOS) by growth hormone (GH) and insulin-like growth
factor-1 (IGF-1) constitutes a fundamental mechanism
for preserving vascular homeostasis and cardiovascular
function [1-4]. Vascular effects of GH are largely
mediated through stimulation of systemic and local IGF-1
production, which exerts direct effects on endothelial and
endothelial progenitor cells (EPCs) [5]. Upon binding to the
IGF-1 receptor (IGF-1R), IGF-1 triggers the intracellular
phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)
signaling cascade. Subsequent phosphorylation of eNOS
at serine residues by activated Akt enhances enzymatic
activity and nitric oxide (NO) synthesis [2, 6]. IGF-1
further is able to enhance its vasoprotective effects by
upregulating eNOS gene expression and increasing total
cellular eNOS protein content [2, 7].

Evidence further indicates that GH may exert direct
effects on the vascular system independent of IGF-1 via
interaction with endothelial growth hormone receptors
(GHRs) [8, 9]. GH-GHR complex formation activates the
JAK2/STATS signaling pathway, which mediates genomic
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GH responses and is potentially involved in the regulation
of eNOS expression. Concurrent activation of the PI3K/
Akt pathway by GH provides an additional mechanism for
stimulating eNOS activity and NO synthesis [8].

Clinical evidence demonstrates that recombinant GH
therapy in patients with growth hormone deficiency restores
NO bioavailability, reduces arterial stiffness, and mitigates
overall cardiovascular risk [10, 11], underscoring the GH/
IGF-1 axis as a critical regulator of endothelial function.

Although extensively characterized in adult cohorts
and experimental in vitro models, these endocrine-
vascular relationships remain poorly defined in pediatric
populations, particularly during SARS-CoV-2 infection.
Coronavirus disease 2019 (COVID-19) typically involves
multiorgan pathology characterized by endothelial
dysfunction, systemic inflammation, and endocrine
perturbations, with somatotropic axis dysfunction and
subsequent IGF-1 depletion representing a frequent clinical
manifestation [12]. Multisystem inflammatory syndrome
in children (MIS-C) warrants particular clinical attention,
given the heightened severity of endothelial injury and
systemic inflammatory response observed in this condition.
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The aim of the study

The aim of the study was to determine the association
between somatotropic axis markers, particularly GH and
IGF-1 levels, and eNOS values in children with COVID-19
and MIS-C.

Materials and Methods

Ninety children were enrolled: 63 with coronavirus
disease 2019 (COVID-19), 15 with MIS-C, and 12 controls
without evidence of SARS-CoV-2 infection. Infection status
was confirmed by polymerase chain reaction, antigen testing,
or serological assays, with MIS-C diagnosis established
according to World Health Organization criteria [13].

Participants aged 1 month to 17 years (mean
6.94 + 5.61 years) showed no significant age differences

among groups (p > 0.05) (Table 1). Of these, 55 were
boys (61.11%) and 35 were girls (38.89%), with boys
significantly more prevalent among patients with MIS-C
(p < 0.05) (Table 1). Pubertal status, assessed by Tanner
staging, did not differ significantly among groups (p >
0.05), with 54 children (60%) classified as prepubertal and
36 (40%) as pubertal (Table 1).

GH, IGF-1, and eNOS concentrations were quantified
using enzyme-linked immunosorbent assay kits: hGH
AccuBind ELISA Kit (Cat. No. 1725-300; Monobind
Inc., USA), Human IGF-1 (Insulin-like Growth Factor
1) ELISA Kit (Cat. No. E-EL-H0086; Elabscience,
USA), and Human NOS3/eNOS (Nitric Oxide Synthase
3, Endothelial) ELISA Kit (Cat. No. E-EL-HO0755;
Elabscience, USA).

Table 1
Clinical Characteristics of Patients in the Study Groups
Parameter COVID-19 MIS-C Control p
Age, years (Mean+SD) 6.31+5.77 7.54 +4.85 9.50 + 5.16 p>0.05
Sex, n (%
ex, n (%) \2=6.18:
Male 37 (58.73) 13 (86.67) 5 (41.67) p=0.045*
Female 26 (41.27) 2(13.33) 7 (58.33) '
Pubertal status, n (%) 223 96-
Prepubertal 42 (66.67) 7 (46.67) 5(41.67) )FE:_O 138
Pubertal 21 (33.33) 8 (53.33) 7 (58.33) '

Note. * statistically significant result.

Written informed consent was obtained from parents
or legal guardians prior to enrollment. Conducted in
accordance with the Declaration of Helsinki and approved
by the Bioethics Committee of 1. Horbachevsky Ternopil
National Medical University, Ministry of Health of Ukraine
(Protocol No. 71, October 25, 2022), the study adhered to
established ethical standards.

Statistical analysis was performed using IBM SPSS
Statistics and GraphPad Prism software. Normally
distributed quantitative variables were presented as mean
and standard deviation (Mean+SD) and non-normally
distributed variables were expressed as median and
interquartile range (Me [Lq; Uq]).

Comparisons between two independent groups
with non-normal distribution were conducted using the
Mann—Whitney U test and among three groups via the
Kruskal-Wallis test; correlation analysis was carried
out by Spearman’s rank correlation method. Categorical
variables were presented as absolute numbers (n) and
percentages (%); comparisons between two groups for
qualitative variables were performed with the two-tailed
Fisher’s exact test, and among three groups by Pearson’s
x> test. Multiple linear regression analysis was applied to
determine the influence of potential predictors on eNOS
levels. Differences were considered statistically significant
atp <0.05.

The study as part of the research project «Clinical
phenotypes and pathogenetic mechanisms of COVID-19
and multisystem inflammatory syndrome in children, and
risk stratification of post-COVID disorders in children with
comorbid pathology» (UDC: 616.98:578.834.1-053.2:6
16-078:616-036.8; state registration No. 0126U000023;
implementation period: 2026-2028).

Results and Discussion

Growth hormone levels across all study groups
remained within the normal range [12], although median
values varied: 1.53 (0.26; 3.59) ng/mL in children with
COVID-19, 0.29 (0.10; 0.88) ng/mL in those with MIS-C,
and 1.73 (0.64; 3.63) ng/mL in controls. The lowest GH
concentrations were observed in the MIS-C group, yielding
statistically significant intergroup differences (H = 9.57;
p = 0.008).

IGF-1 concentrations in children with COVID-19 were
1.88-fold lower relative to controls [72.34 (39.15; 96.01)
ng/mL vs. 135.97 (101.96; 194.45) ng/mL; p < 0.05], with
an even more pronounced reduction in the MIS-C group,
where levels were 5.60-fold lower than controls [24.29
(16.41; 38.83) ng/mL; p < 0.05]. These findings resulted
in highly significant overall intergroup differences (H =
29.34; p < 0.001 Notably, IGF-1 levels below the normal
range were identified in 27 children (30.0%), all of whom
had confirmed SARS-CoV-2 infection.

Low GH and IGF-1 levels may reflect endocrine
dysregulation related to the involvement of the
hypothalamic-pituitary system while concurrently
contributing to impaired antiviral immunity. Both GH and
IGF-1 support proliferation and differentiation of T and B
lymphocytes, maintain thymic function, enhance natural
killer cells, macrophages, and phagocytes, activity and
modulate cytokine production [14-16]. Reduced GH and
IGF-1 concentrations further serve as important biomarkers
for cardiovascular morbidity, being associated with elevated
cardiometabolic risk, disrupted vascular homeostasis, and
endothelial dysfunction development [17-19].

The levels of eNOS, regarded as a marker of
endothelial dysfunction, were significantly lower in
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children with COVID-19 (484.90 [415.70; 626.00] pg/mL)
and MIS-C (328.32 [289.23; 405.80] pg/mL) relative to
uninfected controls (691.75 [594.80; 909.15] pg/mL)
(H=25.14; p<0.001), findings that align with prior
studies demonstrating reduced eNOS expression and
diminished nitric oxide bioavailability in SARS-CoV-2
infection [20-22].

Lower GH and IGF-1 levels correlated with reduced
eNOS values, as indicated by significant positive
correlations between these parameters (p<0.05) (Figure 1).
This association accords with experimental evidence
implicating the somatotropic axis in endothelial function
regulation via PI3K/Akt/eNOS signaling pathway
activation and enhanced nitric oxide bioavailability [8].
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Figure 1. Relationship between somatotropic axis markers (GH and IGF-1) and eNOS levels.
(* statistically significant result)

Given the observed reduction in IGF-1 levels among
SARS-CoV-2-infected individuals, eNOS concentrations
were analyzed according to IGF-1 status in patients with

IGF-1, low level;

IGF-1, normal level-

COVID-19 and MIS-C, revealing that low IGF-1 levels
were significantly associated with lower eNOS values in
children infected with SARS-CoV-2 (p = 0.008) (Figure 2).

Mann-Whitney test
p=0.008
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Figure 2. eNOS levels according to IGF-1 values in children.
(* statistically significant result)

To evaluate the contribution of the somatotropic axis
to the endothelial response, specifically its effect on eNOS
concentrations in children with COVID-19 and MIS-C,
multiple linear regression analysis was performed with
eNOS designated as the dependent variable and age,
sex, pubertal status, clinical group (COVID-19, MIS-C,
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control), GH, and IGF-1 specified as potential predictors.
To address multicollinearity between GH and IGF-1,
these biomarkers were incorporated into separate models
(Model 1: GH; Model 2: IGF-1), a design that isolated
the independent contribution of each hormone to eNOS
variability within the pediatric cohort.
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Although the GH-inclusive model failed to achieve
overall statistical significance (R = 0.286; R?=0.082; adjusted
R?=10.022; p = 0.250), growth hormone itself exhibited
a weak yet statistically significant positive association with

eNOS levels (B = 0.23; B =30.55; p = 0.048), whereas the
remaining covariates — age (p = 0.809), sex (p = 0.598),
clinical group (p = 0.144), and pubertal status (p = 0.651)—
exerted no statistically significant effects (Table 2).

Table 2
Results of Multiple Linear Regression Analysis of Predictors of eNOS Levels: Model 1 Including Growth
Hormone
. Standard Standard
Predictor B Error of B B Error of B t P
Constant 393.83 78.94 4.99 <0.001*
Age, years 0.07 0.28 2.41 9.94 0.24 0.809
Sex (male / female) 0.06 0.11 24.66 46.54 0.53 0.598
Pubertal status -0.13 0.28 -51.67 113.60 -0.45 0.651
Clinical group (COVID-19 / MIS-C / Control) 0.17 0.11 20.24 13.71 1.48 0.144
Growth hormone, ng/mL 0.23 0.11 30.55 15.18 2.01 0.048*

Note. * statistically significant result.

The absence of statistical significance in the model
including GH, notwithstanding the positive association
between GH and eNOS levels, likely reflects constraints of
single-time-point GH quantification in SARS-CoV-2-infected
children; given the hormone’s pulsatile secretory profile,
isolated measurements may inadequately capture its biological
effect on endothelial function [23]. The statistically significant
association between GH and eNOS nonetheless substantiates
the potential role of GH in maintaining endothelial function
via direct effects on the vascular endothelium and activation
of PI3K/Akt signaling pathways [24].

The IGF-1-inclusive model achieved statistical
significance (R =0.487; R2=10.237; adjusted R?=0.187; p
<0.001), with the specified predictors accounting for 18.7%
of eNOS level variability. Regression analysis revealed that
increased IGF-1 concentration correlated with elevated
eNOS levels (B =0.50; B=1.94; p <0.001), implying that
the reduced IGF-1 concentrations observed in COVID-19
and MIS-C correspond to diminished eNOS values. Within
this model, however, —age, sex, pubertal status, and clinical
group — failed to demonstrate statistically significant
associations with eNOS levels (p > 0.05) (Table 3).

Table 3
Results of Multiple Linear Regression Analysis of Predictors of eNOS Levels: Model 2 Including IGF-1
. Standard Standard
Predictor B Error of B Error of B t P
Constant 411.11 67.98 6.05 < 0.001*
Age, years 0.01 0.26 0.10 9.00 0.01 0.991
Sex (male / female) —-0.02 0.10 —8.58 43.27 —0.20 0.843
Pubertal status —-0.25 0.26 -102.77 104.32 -0.99 0.328
Clinical group (COVID-19 / MIS-C / Control) 0.04 0.10 5.43 12.72 0.43 0.671
IGF-1, ng/mL 0.50 0.11 1.94 0.43 4.50 <0.001*

Note. * statistically significant result.

Comparative analysis of the two models indicated
a stronger association between IGF-1 and eNOS levels relative
to GH, the IGF-1-inclusive regression model demonstrating
nearly threefold greater explanatory power (R? = 0.237 vs.
0.082) while achieving statistical significance. These findings
underscore the utility of IGF-1 measurement as an indicator of
somatotropic axis functional status, given that IGF-1 exhibits
greater stability, a longer half-life, and reduced susceptibility
to fluctuations driven by other biological factors [23, 25].

The absence of statistically significant clinical
determinants across both predictive models underscores the
predominant influence of endocrine factors in determining
eNOS levels in children with COVID-19 and MIS-C,
suggesting that IGF-1 may be regarded as an independent
biological marker of endothelial dysfunction in pediatric
patients with SARS-CoV-2-associated conditions.

Conclusions
The peripheral component of the somatotropic
axis, represented by IGF-1, plays an important role in

maintaining endothelial function in children with SARS-
CoV-2-associated diseases. The independent association of
IGF-1 with eNOS levels, identified following adjustment
for age, sex, pubertal status, and clinical group, suggests
its potential role as an endocrine regulator of endothelial
function in children with COVID-19 and MIS-C.

Perspectives for Future Research

Given the multifaceted impact of GH and IGF-1 and their
established involvement in the development of endothelial
dysfunction in COVID-19 and MIS-C, incorporating IGF-1
assessment into the diagnostic evaluation of children with
MIS-C warrants consideration. Furthermore, monitoring
IGF-1 levels in children following SARS-CoV-2 infection
could facilitate identification of potential long-term
cardiovascular sequelae and inform strategies to address
concurrent hormonal-endothelial imbalances.
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B3AEMO3B’SI30K COMATOTPOITHOI OCI TA EHJIOTEJIIAJIBHOI CHHTA3U OKCHJIY A30TY VY JITEMR
I3 COVID-19 TA MYJIBTUCUCTEMHHUM 3ANAJIBHUM CUHIPOMOM

K. B. Kozax

TepHonijibecbkuii HanioHaJLHUIT MeanyHui yHiBepenTeT im. 1. S1. F'op6ayeBcbkoro MiHicTepcTBa 0XOPOHM 310POB’sl YKpaiHu
(M. TepHominb, Ykpaina)

Pesrome.

Brumis ropmony pocty (I'P) ta incyminononioHoro dakropa pocty-1 (IOP-1) Ha emgoTenianbHy cuHTasy okcuay a3oty (eNOS)
PO3IIISLAAIOTE SIK OJIMH i3 BOXKJIMBHX MEXaHI3MIB MIATPUMAHHS CYJHHHOTO TOMEOCTasy i (PyHKIIIOHAIEHOTO CTaHy CepIeBO-CyIUHHOI CH-
cremu. ¥ aiteit i3 COVID-19, ocobmiBo npu MynsTHCHCTEMHOMY 3anaabHoMy cuaapoMi (MIS-C), MoxkIiBe o€ AHAHHS €HI0TeIiaTbHOT
JUCYHKIIT Ta MOPYIIEHs COMATOTPOITHOI OCi, OTHAK IIi B3a€MOIi 3aIMIIAI0THECS HEJOCTAaTHBO BUBUCHUMH.

Mera 10CTiKEHHS: BCTAHOBUTH 0COOIMBOCTI B3a€M03B 513Ky Mixk piBHsMH [ P, IOP-1 ta 3Hauennsmu eNOS y gitelt i3 COVID-19 Ta
MIS-C.

Marepianu i meToau gocaimxenHs. JJocmimkenHsam oxoruieHo 90 niTeid BikoM Bix 1 Micsis 1o 17 pokiB, cepes sSKux 63 marieHTa
3 COVID-19, 15 nireit i3 MIS-C ta 12 niteit koHTponsHOI rpynu 6e3 o3Hak iHQikyBaHHS SARS-CoV-2. Buznauenns I'P, IOP-1 ta
eNOS npoBoauiy 3 BUKOpUCTaHHSIM iMyHO(pepMmeHTHUX TecT-cucTeM — hGH AccuBind ELISA Kit (Cat. No: 1725-300; Monobind
Inc., USA), Human IGF-1(Insulin-like Growth Factor 1) ELISA Kit (Cat. No: E-EL-H0086; Elabscience, USA), Human NOS3/eNOS
(Nitric Oxide Synthase 3, Endothelial) ELISA Kit (Cat. No: E-EL-H0755E-EL-H0755; Elabscience, USA). JlocmimKkeHHS CXBaJIeHO
KoMmiciero 3 6ioeTrkn TepHOMIECHKOTO HAlliOHAIBHOTO MEMYHOTO yHiBepcuteTy imeHi I. SI. TopbaueBchkoro MiHicTepcTBa OXOPOHU
310poB’st Yipainu (mporokoi Ne 71 Big 25 sxoBtHs 2022 p.). CTaTHCTHYHUN aHaJIi3 IPOBOAWIN 3 BUKOPUCTAHHSIM IIPOrPaMHOTO0 3a0e3-
nedendst IBM SPSS Statistics Ta GraphPad Prism. CraricTiyHO 3HaUyImUMH BBaXkanu BigminHocTi mpu p<0,05. HaykoBo-gocmigna
pobota «Kuiniuni ¢eHoTHIIN Ta MaroreHeTH4Hi Mexanizmu nepediry COVID-19 i MyIBTHCHCTEMHOTO 3aITalbHOTO CHHAPOMY Yy AiTel
Ta cTpaTtudikalis pu3nuKy MOCTKOBIIHUX MOPYIICHb Y JiTel 3 kKoMopOiaHO0 maromnorieroy, YK: 616.98:578.834.1-053.2:616-078:61
6-036.8, Ne nepx. peectpanii 0126U000023, repminu Bukonanus 2026-2028 pp.

PesyawsTaTtn nocaimkenns. 3amkeHns piBHIB ['P ta IOP-1 aconitoBanocs 3 HimkunMuy 3Ha9eHHIMU eNOS, 1110 TiITBEpIKYBaIOCS
JOCTOBIPHIMH TO3UTHBHIMU KOPEJIAIIHHUMH 3B’SI3KaMH MK IUMH Hoka3zHukamu (p<0,05): rl-pchos:0’27; Tiop1.enos— 052 1. Hu3bkuii
piBens I®P-1 cynpoBomxyBascst noctoBipHO HikunmHy 3HadeHHs MU eNOS y niteit, indikoBanux SARS-CoV-2, nopiBHSHO 3 MatieH-
Tamu 3 HopMainsHEM piBHeM IDOP-1 (p=0,008): 411,70 (300,90; 499,80) ur/m i 478,80 (413,60; 622,70) Hr/mi BiAnoBixHO. 3a pe3yib-
TaTaMy MHO>KHHHOTO JIIHIHHOTO perpeciifHoro anamizy npeaukropis piBas eNOS mopens, mo Bxirodana ['P, He mocsiria cratnctuaHol
3rauymocti (adjusted R?=0,022; p=0,250), xoua I'P nponeMoHCcTpyBaB c1aOKkuii He3aleKHAI TO3UTUBHUIT 3B’ 130K i3 piBHEM eNOS
(B=0,23; B=30,55; p=0,048). HatomicTh Mozesb, o BKiItouaia [OP-1, mokasana, oo migBuiieHHs KoHneHTparii [OP-1 acomitoBanocs
31 3pocranssM piBHA eNOS (=0,50; B=1,94; p<0,001), a cama mozens Oyna craructuaro 3Haqymoro (adjusted R?=0,187; p<0,001).

Bucnoskn. Hesanexxna aconiamist I®OP-1 i3 piBaem eNOS micist KopekIil Ha BiK, CTaTh, TyOepTaTHUH cTaTyc Ta KIIHIYHY TPYyITy
CBITUHUTH PO HOTO MOTEHIIIHHE 3HAYCHHS K SHIOKPHHHOTO YHHHUKA PEryIILii enoTenianbHoi Gpynknii y aiteit i3 COVID-19 ta MIS-C.

KirouoBi ciioBa: ropmoH pocty; I®P-1; eNOS; COVID-19; MIS-C; nith.
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