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Summary.

Sex hormones not only influence the severity of SARS-CoV-2 infection, but can also be direct targets of viral damage.
However, in the pediatric population, hormone level assessment was not included in COVID-19 management protocols, resulting
in insufficient understanding of hormonal profile alterations during SARS-CoV-2 infection and multisystem inflammatory
syndrome in children (MIS-C).

This study aimed to investigate the features of luteinizing hormone (LH), follicle-stimulating hormone (FSH), testosterone,
and estradiol levels in prepubertal and pubertal children infected with SARS-CoV-2.

Materials and methods. A total of 123 children with COVID-19, 32 patients with MIS-C, and 25 healthy SARS-CoV-2-negative
children aged 1-17 years were examined. Hormone levels were determined using the AccuBind ELISA Kit (Monobind Inc., Lake
Forest, CA, USA). The study was conducted in compliance with the ethical principles outlined in the Declaration of Helsinki
and was approved by the Bioethics Committee of I. Horbachevsky Ternopil National Medical University, Ministry of Health
of Ukraine (Protocol No. 71, dated 25 October 2022).Statistical analysis was performed using IBM SPSS Statistics 21.0 and
GraphPad Prism 8.4.3.

Research project: «Optimization of the diagnosis of clinical and pathogenetic characteristics of coronavirus infection
COVID-19 in children with comorbid pathology and treatment features»y, UDC: 616.98:578.834.1-06-071-08-053.2, State
Registration No.: 0123U100064, implementation period: 2023-2025.

Results. In boys with COVID-19, a significant decrease in LH and testosterone levels was observed during puberty, as well
as lower testosterone levels in the prepubertal period compared to healthy peers. In boys with MIS-C, LH, FSH, and testosterone
levels were reduced in both prepubertal and pubertal groups. Despite a statistically significant decrease relative to controls,
testosterone levels remained within reference ranges. In girls with COVID-19, FSH levels were reduced during the prepubertal
period, and both LH and FSH were decreased during puberty. In contrast, MIS-C was associated with a progressive decline
in gonadotropin concentrations. Compared to reference values, a significantly higher frequency of reduced FSH levels was
observed in COVID-19 (13.43%) and MIS-C (25.00%), as well as elevated FSH levels in MIS-C (18.75%), compared with the
control group (p<0.05) in prepubertal age. One-third of adolescents with MIS-C (31.25%) had reduced FSH levels, which was
not seen in the control group (p < 0.05)

Conclusions. The course of COVID-19 and MIS-C in children is associated with dysfunction of the hypothalamic—pituitary—
gonadal axis, which should be considered during clinical follow-up and management of patients after recovery.
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Introduction

One of the key determinants of the clinical course
of coronavirus disease, in both children and adults, is
the multifaceted pathophysiological impact of SARS-
CoV-2, mediated by the widespread expression of the
angiotensin-converting enzyme 2 (ACE2) receptor.
A considerable number of human tissues and organs
express ACE2, including components of the endocrine
system. This is particularly relevant, as ACE2 receptors
have been identified in multiple endocrine structures —
namely, the testes, ovaries, pituitary gland, hypothalamus,
adrenal glands, thyroid gland, and pancreas [1-3]. These
findings suggest that SARS-CoV-2 may disrupt endocrine
homeostasis, including the secretion of sex hormones,
either through direct cytopathic effects on gonadal or central
endocrine structures (hypothalamus and pituitary gland) or
indirectly via systemic inflammatory responses [4, 5].

Studies in adult populations have demonstrated that,
despite comparable incidence rates of COVID-19 between
sexes, males are nearly three times more likely to require
admission to intensive care units (odds ratio = 2.85) and
exhibit an elevated risk of mortality (1.39-2.4-fold) relative
to females [1, 6, 7]. In contrast, among prepubertal children,
no significant sex-based differences in susceptibility to

infection or mortality have been reported [1, 8]. In adult
males with severe COVID-19, reduced testosterone
concentrations have been observed compared with those
exhibiting mild disease; however, the directionality of
this association remains uncertain — namely, whether low
testosterone represents a consequence of severe illness
or a predisposing factor [1, 9, 10]. Conversely, estrogen
has been shown to exert protective immunomodulatory
effects, and low concentrations have been associated with
unfavourable outcomes [1, 11].

It has been established that SARS-CoV-2 may affect
structures of the hypothalamic—pituitary—gonadal axis,
potentially resulting in alterations in luteinising hormone
(LH) and follicle-stimulating hormone (FSH) secretion.
Nevertheless, reported findings remain inconsistent:
some investigations describe elevated concentrations of
these gonadotropins, whereas others report diminished
levels [12, 13].

Sex-based differences in the progression of COVID-19
have also been attributed to the modulatory actions of
sex hormones, which may influence both susceptibility
to infection and the severity of acute respiratory distress
syndrome [14, 15]. This is attributable to the role of sex
hormones in regulating immune responses. For instance,
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estrogen activates estrogen receptors, thereby enhancing
type I interferon production and promoting antiviral
defence mechanisms [16, 17]. In contrast, testosterone
exerts immunosuppressive effects, attenuating dendritic cell
activity — the principal source of type I interferons [16, 17].

Although these patterns have been extensively
characterised in adults, they remain largely unexplored
in paediatric populations. The COVID-19 pandemic
has drawn attention to potential endocrine sequelae in
childhood; notably, an increased incidence of central
precocious puberty, predominantly in females, has been
documented [18-20]. This observation suggests a possible
impact of SARS-CoV-2 infection on the hypothalamic—
pituitary—gonadal axis and, consequently, on circulating
sex hormone concentrations.

Therefore, it is essential not only to consider the
potential influence of sex hormones on the clinical course
of COVID-19 and multisystem inflammatory syndrome
in children (MIS-C), but also to acknowledge that these
hormones may themselves be targets of viral pathogenic
effects. However, in paediatric populations, assessment of
sex hormone concentrations is not routinely incorporated
into standard clinical management protocols, resulting in
a paucity of evidence on this subject.

This study aimed to investigate the features of
luteinizing hormone (LH), follicle-stimulating hormone
(FSH), testosterone, and estradiol levels in prepubertal and
pubertal children infected with SARS-CoV-2.

Materials and Methods

A total of 123 children with laboratory-confirmed
coronavirus disease 2019 (COVID-19) and 32 patients
diagnosed with multisystem inflammatory syndrome in
children (MIS-C), all hospitalised in facilities in Ternopil,
were enrolled in the study. An additional 25 SARS-
CoV-2-negative children served as the control group. The
diagnosis of MIS-C was established in accordance with
the criteria issued by the World Health Organization [21].

The study population comprised children aged 1-17
years. Clinical evaluation included pubertal staging
according to the Tanner scale. Of the total cohort, 95
children were prepubertal (Tanner stage 1) and 85 were
pubertal. No significant differences in sex distribution were
observed between the prepubertal and pubertal subgroups
(p > 0.05). Among prepubertal participants, 55 were male
(57.89%) and 40 were female (42.11%); among pubertal
participants, 53 were male (62.35%) and 32 were female
(37.65%).

Serum concentrations of sex hormones were quantified
using AccuBind ELISA Kits (Monobind Inc., Lake
Forest, CA 92630, USA): Estradiol (E;) Test System
(Product Code: 4925-300), Testosterone Test System
(Product Code: 3725-300), Luteinising Hormone (LH) Test
System (Product Code: 625-300), and Follicle-Stimulating
Hormone (FSH) Test System (Product Code: 425-300).
Venous blood samples were obtained on the first day of
hospitalisation, prior to the initiation of any therapeutic
interventions. Results were interpreted using age-, sex-,
and Tanner stage—specific reference intervals [22, 23].
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Written informed consent was obtained from all parents
or legal guardians. The study was conducted in compliance
with the ethical principles outlined in the Declaration of
Helsinki and was approved by the Bioethics Committee
of I. Horbachevsky Ternopil National Medical University,
Ministry of Health of Ukraine (Protocol No. 71, dated 25
October 2022).

Statistical analyses were performed using IBM SPSS
Statistics, version 21.0, and GraphPad Prism, version
8.4.3. Owing to the non-normal distribution of quantitative
variables, data are expressed as median and interquartile
range (Median [LQ; UQ]). Intergroup comparisons of
quantitative variables across the three cohorts were
conducted using the Kruskal-Wallis test. Categorical
variables are presented as absolute frequencies (n) and
percentages (%); 3 x 2 contingency tables were analysed
using Pearson’s chi-squared (y?) test. A p-value of less than
0.05 was considered statistically significant.

Research project: «Optimization of the diagnosis of
clinical and pathogenetic characteristics of coronavirus
infection (COVID-19) in children with comorbid pathology
and treatment features», UDC: 616.98:578.834.1-06-
071-08-053.2, State Registration No.: 0123U100064,
implementation period: 2023-2025.

Results and Discussion

Analysis of sex hormone concentrations in prepubertal
and pubertal children revealed alterations in gonadotrophin
secretion — specifically, luteinising hormone (LH) and
follicle-stimulating hormone (FSH) — during acute SARS-
CoV-2 infection and multisystem inflammatory syndrome
in children (MIS-C), relative to healthy, age- and sex-
matched SARS-CoV-2-negative controls.

In prepubertal males, a significant reduction in LH
concentrations was observed in the MIS-C group compared
with the control group. A comparable reduction was noted
in pubertal males, with lower LH levels in both the MIS-C
and acute COVID-19 groups (p < 0.05) (Figure 1). In
prepubertal females, no significant intergroup differences
in LH levels were detected; however, during late puberty,
LH concentrations were significantly diminished in both
COVID-19 and MIS-C patients relative to uninfected peers
(p <0.05) (Figure 2).

FSH levels were significantly reduced in pubertal males
with MIS-C (Tanner stages 3-4) (p < 0.05). Although no
statistically significant differences were found between
the control group and patients with acute COVID-19,
FSH concentrations in the latter remained significantly
higher than those in the MIS-C group (p < 0.05) (Figure
1). In females, FSH levels differed from those of controls
in both the prepubertal and pubertal periods. Prepubertal
girls infected with SARS-CoV-2 exhibited a significant
decrease in FSH concentrations (p < 0.05) (Figure 2). In
the COVID-19 group, FSH levels declined at Tanner stage
2, with further reductions observed in both the COVID-19
and MIS-C groups during late puberty compared with
controls (p < 0.05) (Figure 2). In MIS-C, FSH suppression
was more pronounced, with values significantly lower than
those in both the control group and the COVID-19 group
(p <0.05) (Figure 2).
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Figure 1. Serum concentrations of luteinising hormone (LH), follicle-stimulating hormone (FSH),
estradiol, and testosterone in males with coronavirus disease 2019 (COVID-19), multisystem inflammatory
syndrome in children (MIS-C), and controls, stratified by Tanner stage of pubertal development.

(« statistically significant difference between groups, p < 0.05).
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Figure 2. Serum concentrations of luteinising hormone (LH), follicle-stimulating hormone (FSH), estradiol,
and testosterone in females with coronavirus disease 2019 (COVID-19), multisystem inflammatory
syndrome in children (MIS-C), and controls, stratified by Tanner stage of pubertal development.

(— statistically significant difference between groups, p < 0.05)

Estradiol concentrations did not differ significantly 0.05) (Figures 1 and 2). Similarly, testosterone levels
among children with COVID-19, those with MIS-C, and in females showed no significant intergroup variation
healthy controls, irrespective of sex or pubertal stage (p > (p > 0.05) (Figure 2). In contrast, males demonstrated
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a substantial reduction in total testosterone concentrations
in both the prepubertal and pubertal periods, most notably
at Tanner stage 4 (p < 0.05) (Figure 1).

Comparative analysis indicated that estradiol and
testosterone levels generally remained within age-specific
reference intervals, whereas gonadotrophin concentrations
(LH and FSH) exhibited notable deviations. Specifically,

prepubertal children with COVID-19 displayed elevated LH
levels not observed in healthy peers; however, the intergroup
difference did not reach statistical significance (y* = 4.18;
p = 0.124) (Table 1). In prepubertal children with MIS-C,
the proportion of individuals with elevated FSH levels was
increased (18.75%), whereas in those with COVID-19,
reductions in FSH were more prevalent (13.43%) (Table 1).

Table 1

Analysis of luteinising hormone (LH) and follicle-stimulating hormone (FSH) concentrations in prepubertal
children with COVID-19, multisystem inflammatory syndrome in children (MIS-C), and controls
(SARS-CoV-2-negative children) (%)

Parameter Hormone Level COVID-19 MIS-C Control X2, p
Age-appropriate 94.03 81.25 100.00
o X?=4.18;
Luteinizing hormone (LH) Decreased — — — =0.124
Increased 5.97 6.25 0.00 P~
Age- iat 85.07 56.25 100.00
Follicle-stimulating hormone ge-appropriae X?=14,70;
Decreased 13.43 25.00 0.00 _ .
(FSH) p=0,005
Increased 1.49 18.75 0.00

Note 1. x?— Pearson’s chi-square test and corresponding p-value.

Note 2. * — statistically significant difference (p < 0.05).

During puberty, patients with both COVID-19 and MIS-C
exhibited both diminished and elevated LH values, although
no statistically significant differences were detected relative

to the control group (Table 2). One-third of adolescents with
MIS-C (31.25%) exhibited reduced FSH levels — a finding
absent in the control group (p < 0.05) (Table 2).

Table 2

Analysis of luteinising hormone (LH) and follicle-stimulating hormone (FSH) concentrations in pubertal children
with COVID-19, multisystem inflammatory syndrome in children (MIS-C), and controls
(SARS-CoV-2-negative children) (%)

Parameter Hormone Level COVID-19 MIS-C Control X2, p
Age-appropriate 89.09 81.25 100.00 224 16:
Luteinizing hormone (LH) Decreased 3.64 12.50 0.00 )é=_0 288
Increased 7.27 6.25 0.00 '
Age- iat 90.91 62.50 100.00
Follicle-stimulating hormone ge-appropriate X?=11,41;
Decreased 7.27 31.25 0.00 _ .
(FSH) p=0,022
Increased 1.82 6.25 0.00

Note 1. x?— Pearson’s chi-square test and corresponding p-value.

Note 2. * — statistically significant difference (p < 0.05).

The findings of the present study are consistent with
those reported in previous meta-analyses. For instance,
a meta-analysis of eight cohort studies revealed that
testosterone concentrations in adult males with COVID-19
were significantly lower than those in uninfected controls.
Concurrently, LH and FSH levels exhibited a tendency
toward elevation, although this trend did not attain statistical
significance [24]. A further meta-analysis encompassing 18
studies (n = 1575) corroborated a reduction in testosterone
levels in patients with severe COVID-19 relative to
those with mild disease and to healthy controls [14]. The
lowest testosterone concentrations were documented in
individuals with fatal outcomes of COVID-19 [14, 25].

These observations suggest that the decline in
testosterone levels in paediatric patients may not be
attributable solely to the direct cytopathic effects of SARS-
CoV-2 on Leydig cells — which express both transmembrane
serine protease 2 (TMPRSS2) and angiotensin-converting
enzyme 2 (ACE2) receptors — but may also reflect the
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systemic physiological response to critical illness. The
inflammatory cascade, cytokine release, pyrexia, and
metabolic perturbations may collectively contribute to
reduced testosterone synthesis [14, 24, 26]. Furthermore,
dysfunction of the hypothalamic—pituitary—gonadal (HPG)
axis and impaired androgen receptor responsiveness
under conditions of stress and inflammation may also
be implicated [26]. It is noteworthy that SARS-CoV-2
possesses the capacity to directly infect gonadal tissue,
targeting Leydig and Sertoli cells via TMPRSS2- and
ACE2-mediated entry, potentially resulting in functional
gonadal impairment [14].

Meta-analytical evidence has indicated a trend toward
diminished estradiol concentrations in individuals with
COVID-19, a phenomenon more pronounced in females.
This supports the hypothesis that estrogens may exert
a protective effect [26]. Estrogens have been shown to
downregulate ACE2 expression in bronchial epithelial
cells and airway smooth muscle, and to interfere with
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the interaction between glycosylated ACE2 and the
SARS-CoV-2 spike protein, thereby impeding viral cellular
entry [27].

A meta-analysis of 12 studies (n = 3257) did not identify
statistically significant alterations in FSH levels between
infected and non-infected individuals. However, a meta-
analysis of 13 studies (n = 3288) reported a trend toward
elevated LH concentrations, particularly in individuals
under 50 years of age. The authors highlighted the potential
influence of stress and inflammatory mediators on HPG
axis dysregulation [26].

In the present study, alterations in gonadotrophin and
testosterone concentrations were observed, indicating
a potential risk of disruption to the physiological trajectory
of pubertal development in children infected with SARS-
CoV-2. Specifically, sporadic elevations in LH and FSH
in prepubertal children may reflect premature activation
of the HPG axis, possibly predisposing to central
precocious puberty. Conversely, reductions in LH, FSH,
and testosterone observed in COVID-19 — particularly
in MIS-C — may signify a risk of hypogonadotropic
hypogonadism and consequent delay in pubertal
progression. Although no overt clinical signs of pubertal
disorders were detected in the studied cohort, the identified
hormonal deviations suggest a transient impairment of
hypothalamic—pituitary—gonadal axis function secondary
to SARS-CoV-2 infection.

Conclusions

Coronavirus disease 2019 (COVID-19) has been
demonstrated to exert a significant influence on sex hormone
concentrations in males during puberty, characterised by
reduced levels of LH and testosterone. A comparable effect
was observed during the prepubertal period, with boys
exhibiting lower testosterone concentrations relative to

References:

healthy controls. In males with MIS-C, a post-infectious
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Perspectives for Future Research

The alterations in sex hormone profiles observed
during acute SARS-CoV-2 infection and multisystem
inflammatory syndrome in children underscore the
necessity for further investigation into the functional
status of the hypothalamic—pituitary—gonadal axis during
systemic inflammatory illness, particularly in severe cases.
Inclusion of a larger, more diverse cohort — encompassing
both sexes and the full spectrum of pubertal stages —
would facilitate a more comprehensive characterisation of
infection-related endocrine disturbances and support the
development of evidence-based strategies for monitoring
and managing hormonal imbalances in affected children.
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NPO®LII CTATEBUX TOPMOHIB V JITEN IPENYBEPTATHOI'O TA IYBEPTATHOI'O BIKY
TP THOEKIIT SARS-COV-2 TA MYJIBbTUCACTEMHOMY 3ATAJIbHOMY CUHJIPOMI

K. B. Kozax, I'. A. Ilagauwun

TepHoniiibcbkuii HanioHaALHUI MenuHuil yHiBepcuTeT im. 1. 51. FopdadeBcbkoro
MinicTepcTBa 0XOPOHU 310pOB’S YKpaiHu
(M. TepHominb, Ykpaina)

Pe3srome.

CrareBi FOpMOHH He JIMIIE BIUIMBAIOTh Ha TSDKKICTH nepediry indekuii SARS-CoV-2, ane it cami MoXyTb OyTH MIIICHHIO ISl BipycC-
HOTO ypakeHHs1. BoHo4ac y TUTs4ii MOy sl IX BU3HAYEHHS HE BXOIHJIO 10 MpoToKoiiB MeHepkMeHTy COVID-19, o 3ymMoBuMIIo He-
JOCTaTHIO BUBYEHICTB 3MiH ropMoHansHoro npodinto npu SARS-CoV-2 Ta MysapTHCHCTEMHOMY 3anansHoMy cuaapomi y aireit (MIS-C).

MeTa gocaaiKeHHsI: BUBYUTH OCOOIUBOCTI piBHIB JtoTeiHi3ytodoro ropmony (JII), pomikynocrumysmtotouoro ropmony (®CI),
TECTOCTEPOHY Ta ecTpamiony y AiTei mpemybepraTHoro Ta mybepraTHoro Biky, iHdikoBanux Bipycom SARS-CoV-2.

Marepiaau i meronu pocaipxennsi. Oocrexeno 123 autunu i3 COVID-19, 32 nauientu i3 MIS-C Ta 25 310poBux aiteid, e
indixoBanux Bipycom SARS-CoV-2, Bikom 1-17 pokis. PiBHi ropmoHniB Bi3Ha4yaau 3a gornomororo tect-cucreM AccuBind ELISA Kit
(Monobind Inc., Lake Forest, CA 92630, USA). lociipKkeHHs cXBalleHO KoMiciero 3 GioeTnku TepHOMiIbCHKOro HaliOHaIbHOTO Me-
qu4HOro yHiBepcutety iM. 1. 5. TopbaueBcroro Minictepctsa oxoponu 310poB’ st Ykpainu (IIpotokon Ne 71 Bix 25 sxoBtHst 2022 poky).
CraTucTUYHHI aHali3 MpoBeAeHO 3 BuKopucTanusM nporpam IBM SPSS Statistics 21.0 ra GraphPad Prism 8.4.3.

HaykoBo-nocnigna podora «OnTuMiszaiist AiarHOCTUKH KITIHIKO-ITATOTCHETHYHUX XapaKTePUCTUK KOPOHaBipycHOT iHdeKuil
COVID-19 y naiteit 3 koMOp0OiAHOO MaToIOTiEI0 Ta 0cOOIMBOCTI JiKyBanHmy, YIK: 616.98:578.834.1-06-071-08-053.26 Ne nepx.
peectparnii 01230100064, tepminu BukoHanHs — 2023-2025 poku.
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PesynbsTaTtn nocaimxkenns. Y xiomunkis i3 COVID-19 Bin3zHadeHo nocTOBipHE 3HWKEHHS piBHIB JII' Ta TecTocTepony y myobep-
TaTHOMY BiIli, @ TAKOX TECTOCTEPOHY y MpeIrryoepTaTHOMY ITepiofi MOPiBHAHO 31 3nopoBumu ogHoiTkamu. s MIS-C y xmomauxkis
xapaktepHe 3HmkeHHs piBHIB JII, ®CT i TecrocTepoHy sk y npermybepraTHOMY, Tak i mybGeprarHoMy Bimi. [lompu cratuctudHo 3Ha-
YyIe 3HIKEHHS PiBHS TECTOCTEPOHY BITHOCHO KOHTPOIIO HOTO IMOKA3HUKH 3aJIMIIATIHCS Y MeXaxX pe(epeHTHUX HOPM. Y HiBYATOK
i3 COVID-19 cnocrepiranocs 3amkenss @CI" y npemrybeprarHomy Bini Ta JII' 1 @CI' y mybepratHomy nepioni, Toxi sk mpu MIS-C
BiJI3HAUCHO NPOTPECHBHE 3HIKEHHSI KOHIICHTpaIliil roHaforpomniHis. [TopiBHAIBHNIT aHATI3 BITHOCHO pedepeHTHUX 3HaYeHb MPoJe-
MOHCTpPYBaB JOCTOBIpHO BHUIIy dacToTy 3HmkeHoro piBHsI @CI" mpu COVID-19 (13,43%) i MIS-C (25,00%), a TakoX IiABUIIEHOTO
piBast OCI" mpu MIS-C (18,75%) nopiBHsIHO 3 KOHTpOIEM y npemnyoepratHoMy Biti (p<0,05). Tperuna mimgmitkis 3 MIS-C (31,25%)
xapakTepusyBayacs 3HmkeHnM piBHeM DCT, mo He Oy1o BIacTHBUM I KOHTPOIBHOI rpymH (p<0,05)

Bucnosku. I1epe6ir COVID-19 Ta MIS-C y miteit acomitoeThes i3 TUCYHKIIEO rioTanaMo-TinodizapHO-roHaaHoI oci, 0 BapTo
BPAXOBYBATH IPH KITIHITHOMY CIIOCTEPEKEHHI Ta HOJAIBIIOMY MEHEDKMEHTI NaIlieHTIB MiciIs ITepeHeceHnX (OpM 3aXBOPIOBAHHSI.

Ku1rouoBi cjioBa: soreinisyrouuii ropMon; honikyI0cTUMYITIOI0UMI TOPMOH; TeCTOCTEPOH; ectpaion; COVID-19; MIS-C; nitu.
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