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1. Wykaz zastosowanych skrotow

95CI — ang. 95 percentile confidence interval, 95-procentowy przedziat ufnosci

ABPM - ang. ambulatory blood pressure monitoring, catodobowa rejestracja ci$nienia
tetniczego

AUC - ang. area under curve, pole pod krzywa

cfPWV - ang. carotid—femoral pulse wave velocity, predkos¢ fali tetna mierzona pomiedzy
tetnicg szyjng a udowa

c¢IMT - ang. carotid intima—media thickness, grubos¢ kompleksu btona wewngtrzna—blona
srodkowa tetnicy szyjnej wspolnej

DBP — ang. diastolic blood pressure, ci$nienie tetnicze rozkurczowe

HMOD - ang. hypertension—-mediated organ damage, uszkodzenie narzagdowe spowodowane
nadcis$nieniem t¢tniczym

IVRT — ang. isovolumic relaxation time, czas rozkurczu izowolumetrycznego

LVH — ang. left ventricular hypertrophy, przerost mi¢snia lewej komory serca

LVMI — ang. left ventricular mass index, indeks masy lewej komory serca

LV GLS - ang. left ventricular global longitudinal strain, globalne odksztatcenie podtuzne lewej
komory serca

MAP — ang. mean arterial pressure, ci$nienie te¢tnicze Srednie

NT — nadci$nienie t¢tnicze

NTP — nadci$nienie tetnicze pierwotne

OR — ang. odds ratio, iloraz szans

PWY — ang. pulse wave velocity, predkos¢ fali tetna

RAA — ang. renin-angiotensin-aldosterone, renina-angiotensyna-aldosteron

ROC - ang. receiver operating characteristic, krzywa charakterystyki operacyjne;j

SBP — ang. systolic blood pressure, cisnienie tgtnicze skurczowe

SD — ang. standard deviation, odchylenie standardowe

STE — ang. speckle tracking echocardiography, echokardiografia $ledzaca markery akustyczne
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2.  Streszczenie w jezyku polskim

Badanie ATHENA: Patogeneza nadciSnienia tetniczego - mikroRNA jako

brakujace ogniwo w rozwoju nadciSnienia t¢tniczego u dzieci.
Wprowadzenie:

Nadcisnienie tetnicze (NT) wystepuje u 3-5% dzieci, a ok. potowy przypadkdéw stanowi
nadci$nienie tetnicze pierwotne (NTP). Wigkszos¢ przypadkéw NT przebiega bezobjawowo. U
dzieci i mlodziezy z NT powazne powiktania nalezg do rzadkos$ci. Czgstsze jest wystepowanie
subklinicznych powiktan narzadowych, takich jak przerost lewej komory serca. Patogeneza
nadci$nienia tetniczego pierwotnego (NTP) jest wieloczynnikowa (czynniki genetyczne i
srodowiskowe, substancje produkowane przez S$rodblonek (np. tlenek azotu), aktywacja

wspotczulnego uktadu nerwowego 1 uktadu renina-angiotensyna-aldosteron).

MikroRNA to matle, jednoniciowe czasteczki kwasu rybonukleinowego, ktoére powstaja
w jadrze komorki w procesie transkrypcji na matrycy DNA. Czasteczki te tacza si¢ ze
specyficznymi mRNA, prowadzac do ich rozpadu lub zahamowania translacji — zjawisko to
znane jest jako potranskrypcyjna regulacja ekspresji gendw. Zaburzenia w powyzszym procesie
moga powodowac uposledzenie funkcji poszczegdlnych komoérek organizmu, co prowadzi do
rozwoju wielu choroéb. Dobrze przebadanymi czgsteczkami mikroRNA u dorostych chorych z
NT sa: mikroRNA-16, mikroRNA-21, mikroRNA-27a/b, mikroRNA-133a i mikroRNA-145.
Regularna aktywno$¢ fizyczna jest jedna z niefarmakologicznych metod zapobiegania i
leczenia NT. Krotkotrwaty, jak i regularny, aerobowy wysitek fizyczny obniza ci$nienie t¢tnicze
u dorostych. Mniej jest danych dotyczacych tego zjawiska u pacjentow pediatrycznych. Brak
jest danych na temat zwigzku pomiedzy mikroRNA a NTP i uszkodzeniem narzagdowym u
dzieci, a takze brak informacji na temat zwigzku mikroRNA z ci$nieniem tg¢tniczym po

pojedynczej sesji ¢wiczen aerobowych u pacjentdéw z nadcisnieniem tgtniczym.
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Cele pracy:
1. Ocena ekspresji mikroRNA-16, mikroRNA-21, mikroRNA-27a, mikroRNA-27b,
mikroRNA-133a 1 mikroRNA-145 u dzieci i mlodziezy z nadci$nieniem tg¢tniczym

pierwotnym i u zdrowych réwiesnikow.

2. Ocena zalezno$ci pomiedzy poziomem ekspresji powyzszych mikroRNA a ci$nieniem

tetniczym u nieleczonych farmakologicznie dzieci z nadci$nieniem t¢tniczym pierwotnym.

3. Ocena zaleznosci pomig¢dzy poziomem ekspresji mikroRNA a zmianami narzgdowymi:
masg lewej komory w badaniu echokardiograficznym, gruboscig kompleksu btona
wewnetrzna—btona §rodkowa tetnic szyjnych wspolnych (cIMT) oraz sztywnos$cig tetnic u

dzieci z nadci$nieniem tgtniczym pierwotnym.

4. Ocena krazacych mikroRNA jako potencjalnych biomarkeréw zaburzen funkcji skurczowej
serca wyrazonych jako odksztalcenie podiuzne lewej komory (LV GLS) u dzieci z

nadci$nieniem tg¢tniczym pierwotnym.

5. Ocena wplywu pojedynczej sesji standaryzowanego wysitku aerobowego na cis$nienie

tetnicze 1 ekspresj¢ mikroRNA u dzieci i mtodziezy z NTP i u zdrowych rowiesnikow.
Material i metody:

Badania mialy charakter obserwacyjny, czesciowo przekrojowy oraz czgsciowo typu
badania pre-post — po pojedynczej sesji standaryzowanego wysitku aerobowego. Do analiz
wlaczono dzieci 1 mlodziez z nowo rozpoznanym, nieleczonym farmakologicznie
nadci$nieniem tetniczym pierwotnym oraz zdrowych réwiesnikow stanowigcych grupe
kontrolng. Badaniem objeto 56 dzieci z nadci$nieniem tetniczym pierwotnym (15,4+1,9 lat, 42
chtopcow, 14 dziewczynek) oraz 59 zdrowych rowiesnikow (15,3+1,6 lat, 41 chlopcow, 18
dziewczynek). Nadci$nienie tetnicze rozpoznawano zgodnie z aktualnymi wytycznymi

European Society of Hypertension oraz potwierdzano w ABPM.

U wszystkich uczestnikow oceniano podstawowe parametry antropometryczne, w tym
wzrost, mas¢ ciala, wskaznik masy ciata (BMI) oraz ich warto$ci Z-score. Wykonywano
pomiary gabinetowego ci$nienia te¢tniczego metoda oscylometryczng oraz ABPM z
jednoczesng analiza parametrow hemodynamicznych i ci$nienia centralnego. Analizowano
migdzy innymi $rednie warto$ci skurczowego, rozkurczowego i $redniego ci$nienia tetniczego

obwodowego (SBP, DBP, MAP) oraz cis$nienia centralnego (AoSBP, AoDBP, AoOMAP).

W ramach oceny uszkodzenia narzagdowego wykonywano badania echokardiograficzne

z oceng masy lewej komory (LVM) oraz wskaznika masy lewej komory (LVMI). Dodatkowo
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oceniano globalne odksztatcenie podtuzne lewej komory (LV GLS) metoda $ledzenia
markeréw akustycznych w badaniu echokardiograficznym. Zmierzono réwniez grubosé
kompleksu blona wewngtrzna—btona srodkowa tetnic szyjnych wspdlnych (cIMT), szyjno-
udowa predkos¢ fali tetna (cfPWV) oraz wskaznik albumina-kreatynina w porannej porcji

moczu (ACR).

W gléwnym badaniu analizowano wptyw pojedynczej, standaryzowanej sesji wysitku
aerobowego na ekspresje mikroRNA oraz parametry ci$nienia t¢tniczego. W tym celu wszyscy
uczestnicy zostali poddani probie spiroergometrycznej (CPET) w celu indywidualnego
wyznaczenia intensywnos$ci wysitku. Nastepnie, po 2—6 tygodniach, wykonywali 60-minutowy
nadzorowany wysitek na ergometrze rowerowym o intensywnosci odpowiadajacej 90—110%
obcigzenia uzyskanego dla progu beztlenowego (AT), zgodnie z zaleceniami American College
of Sports Medicine dotyczacymi wysitku o umiarkowanej intensywnosci. Probki krwi

pobierano rano, na czczo, przed oraz po wysitku fizycznym.

Do analizy molekularnej pobierano osocze krwi zylnej za pomocg zestawow
prozniowych Vacutainer. Izolacje mikroRNA przeprowadzano z uzyciem komercyjnych
zestawOw diagnostycznych mirVana PARIS, a nast¢pnie wykonywano odwrotng transkrypcje
oraz ilosciowg reakcje PCR w czasie rzeczywistym (qQPCR) z zastosowaniem testow 1 sond
TagMan. Analizowano ekspresje wybranych mikroRNA: mikroRNA-16, mikroRNA-21,
mikroRNA-27a, mikroRNA-27b, mikroRNA-133a oraz mikroRNA-145. Wzgledna ekspresje

oceniano metodg 2724,

Wyniki:

W pierwszej publikacji, obejmujacej wyniki badania pilotazowego, oceniono wplyw
wysitku fizycznego na ekspresj¢ wybranych krazacych mikroRNA u 22 dzieci z nadci$nieniem
tetniczym pierwotnym (NTP). Wykazano, Ze zmiany ekspresji mikroRNA po wysitku
fizycznym korelowaty z parametrami nadcisnieniowego uszkodzenia narzagdowego (HMOD):
Wazrost ekspresji mikroRNA-133a byl zwigzany z wiekszg masa lewej komory serca (LVMI,
=0,491, p=0,020), natomiast zwigkszenie ekspresji mikroRNA-145 korelowato z nizszymi
warto$ciami skurczowego ci$nienia tetniczego w 24-godzinnym pomiarze (r= -0,430, p=0,046)
oraz mniejszym nasileniem zmian naczyniowych ocenianych mig¢dzy innymi za pomoca
grubosci kompleksu btona wewnetrzna—blona srodkowa tetnic szyjnych wspolnych (cIMT,

=0,445, p=0,033) oraz predkosci fali tetna (cfPWYV, r=-0,557, p=0,007).

W drugiej, gtéwnej publikacji u 56 pacjentéw z nadci$nieniem t¢tniczym pierwotnym

oraz 59 zdrowych dzieci wykazano odmienny profil ekspresji wybranych krazacych mikroRNA
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u dzieci z NTP w poréwnaniu ze zdrowymi réowiesnikami. Ekspresja mikroRNA-27b oraz
mikroRNA-133a byla istotnie obnizona u pacjentow z NTP. Ekspresja mikroRNA-16, -21, -
27a 1 -145 korelowala rowniez z warto$ciami ci$nienia t¢tniczego u dzieci z NTP. Ponadto w
modelu wieloczynnikowej regresji logistycznej wykazano, ze wysoka wyjsciowa ekspresja
mikroRNA-16 byfa niezaleznym czynnikiem roznicujacym pacjentéw z wyzszymi (>2,1) i
nizszymi wartosciami DBP Z-score. Nie wykazano istotnych korelacji pomigdzy poziomem

ekspresji badanych mikroRNA a wskaznikami HMOD.

W tej samej pracy wykazano réwniez istotne obnizenie wartos$ci ci$nienia tgtniczego po
wysitku fizycznym u dzieci z NTP, ktérego nie obserwowano w grupie kontrolnej, a takze
réznice migdzy grupami w odpowiedzi wybranych mikroRNA na wysitek fizyczny. W grupie
kontrolnej po wysitku obserwowano wzrost ekspresji mikroRNA-27b, mikroRNA-133a oraz
mikroRNA-145, natomiast u dzieci z NTP istotnemu zwickszeniu ulegata jedynie ekspresja

mikroRNA-145.

W trzeciej publikacji u 50 pacjentéw z nadci$nieniem tetniczym pierwotnym oraz 57
zdrowych rowiesnikOw oceniono parametry echokardiograficzne w kontekscie ekspresji
krazacych mikroRNA. Wykazano, ze dzieci z NTP cechujg si¢ mniej ujemnymi wartosciami
globalnego odksztalcenia podtuznego lewej komory (LV GLS, —19.28% + 3.02 vs. —20.99% =+
3.11, p=0.002), Dodatkowo stwierdzono istotng korelacj¢ pomi¢dzy ekspresja mikroRNA-16 a
wartosciami LV GLS (R =0.305; p=0.031).

Whioski:

1. Dzieci z nadci$nieniem te¢tniczym pierwotnym cechujg si¢ odmiennym profilem ekspresji
wybranych krazacych mikroRNA w porownaniu ze zdrowymi rowiesnikami, co moze
wskazywa¢ na udzial mechanizméw epigenetycznych w patogenezie nadci$nienia
tetniczego w wieku rozwojowym. Ekspresja mikroRNA-27b oraz mikroRNA-133a jest

obnizona u dzieci z nadci$nieniem t¢tniczym pierwotnym.

2. U nieleczonych dzieci z nadci$nieniem tgtniczym pierwotnym ekspresja mikroRNA-16,
mikroRNA-21, mikroRNA-27a i mikroRNA-145 koreluje dodatnio z warto$ciami ci$nienia
tetniczego, co moze sugerowac udzial tych czasteczek w patogenezie nadci$nienia
tetniczego pierwotnego. Wysoka ekspresja mikroRNA-16 jest zwigzana z wyzszymi
wartosciami ci$nienia tetniczego rozkurczowego i moze stanowi¢ potencjalny biomarker

ciezko$ci nadci$nienia u dzieci.
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3. U dzieci z nadci$nieniem t¢tniczym pierwotnym brak jest korelacji pomigdzy klasycznymi
parametrami uszkodzenia narzagdowego a ekspresja czasteczek mikroRNA-16, mikroRNA-

21, mikroRNA-27a, mikroRNA-27b, mikroRNA-133a i mikroRNA-145.

4. MikroRNA-16 moze stanowi¢ potencjalny biomarker wczesnego uszkodzenia skurczowego
lewej komory serca, co moze wskazywaé na udziat tej czasteczki we wczesnych etapach
przebudowy ukladu sercowo-naczyniowego u dzieci z nadci$nieniem tetniczym

pierwotnym.

5. Pojedyncza sesja standaryzowanego wysitku acrobowego prowadzi, inaczej niz u zdrowych
rowiesnikow, do istotnego obnizenia warto$ci ci$nienia tetniczego u dzieci z nadci$nieniem
tetniczym pierwotnym oraz wptywa na ekspresje wybranych mikroRNA, co podkresla
potencjalne znaczenie aktywnosci fizycznej w modulacji mechanizméw zwigzanych z

rozwojem nadci$nienia t¢tniczego w wieku rozwojowym.
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3. Streszczenie w jezyku angielskim

ATHENA Study - ArTerial HypErtension PAthogenesis - microRNA as a

missing link in the disease development in children.

Introduction:

Arterial hypertension (HTN) occurs in 3—5% of children, and approximately half of the
cases are primary hypertension (PH). Most cases of HTN are asymptomatic. Serious
complications are rare in children and adolescents with HTN. Subclinical organ damage, such
as left ventricular hypertrophy, is more common. The pathogenesis of PH is multifactorial
(genetic and environmental factors, the sympathetic nervous system, the renin—angiotensin—

aldosterone system, and substances produced by the endothelium, e.g., nitric oxide).

MicroRNAs are small, single-stranded ribonucleic acid molecules that are formed in the
cell nucleus in the process of transcription from a DNA template. These molecules bind to
specific mRNAs, leading to their degradation or inhibition of translation - this phenomenon is
known as post-transcriptional regulation of gene expression. Disturbances in the above process
may impair the function of individual cells in the body, leading to the development of many
diseases. MicroRNA molecules that have been well studied in adults with HTN include
microRNA-16, microRNA-21, microRNA-27a/b, microRNA-133a, and microRNA-145.
Regular physical activity is one of the non-pharmacological methods of preventing and treating
HTN. Both short-term and regular aerobic exercise reduce blood pressure in adults. There is
limited data on this phenomenon in pediatric patients. There are no data on the relationship
between microRNAs and PH and hypertension-mediated organ damage (HMOD) in children,
nor on the relationship between microRNAs and blood pressure after a single session of aerobic

exercise in patients with HTN.
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Objectives:

1. Assessment of the expression of microRNA-16, microRNA-21, microRNA-27a,
microRNA-27b, microRNA-133a, and microRNA-145 in children and adolescents with PH
and in healthy peers.

2. Assessment of the relationship between the expression levels of the above microRNAs and

blood pressure in pharmacologically untreated children with primary hypertension.

3. Assessment of the relationship between microRNA expression levels and hypertension-
mediated organ damage: left ventricular mass index (LVMI) assessed by echocardiography,
common carotid artery intima—media thickness (cIMT), and arterial stiffness in children with

primary hypertension.

4. Assessment of circulating microRNAs as potential biomarkers of impaired cardiac systolic
function expressed as left ventricular global longitudinal strain (LV GLS) in children with

primary hypertension.

5. Assessment of the effect of a single session of standardized aerobic exercise on blood

pressure and microRNA expression in children and adolescents with PH and in healthy peers.
Materials and Methods:

The studies were observational, partly cross-sectional and partly pre—post studies
following a single session of standardized aerobic exercise. The analyses included children and
adolescents with newly diagnosed, pharmacologically untreated PH and healthy peers
constituting the control group. The study included 56 children with primary hypertension
(15.4+1.9 years, 42 boys, 14 girls) and 59 healthy peers (15.3+1.6 years, 41 boys, 18 girls). The
diagnosis of arterial hypertension was established according to the current European Society of

Hypertension guidelines and confirmed by ABPM.

Basic anthropometric parameters, including height, body weight, body mass index
(BMI), and their Z-score values, were assessed in all participants. Office blood pressure
measurements were performed using the oscillometric method, and ABPM was performed with
simultaneous analysis of hemodynamic parameters and central blood pressure. The analyzed
parameters included mean systolic, diastolic, and mean peripheral blood pressure values (SBP,

DBP, MAP) and central blood pressure (AoSBP, AoDBP, AOMAP).

As part of the assessment of HMOD, echocardiographic examinations were performed

with assessment of left ventricular mass (LVM) and left ventricular mass index (LVMI). In
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addition, left ventricular global longitudinal strain (LV GLS) was assessed using speckle-
tracking echocardiography. Common carotid artery intima—media thickness (cIMT), carotid—
femoral pulse wave velocity (cfPWV), and the albumin-to-creatinine ratio in a morning urine

sample (ACR) were also measured.

The main study analyzed the effect of a single standardized session of aerobic exercise
on microRNA expression and blood pressure parameters. For this purpose, all participants
underwent cardiopulmonary exercise testing (CPET) to individually determine exercise
intensity. Subsequently, after 2—6 weeks, they performed 60 minutes of supervised exercise on
a cycle ergometer at an intensity corresponding to 90-110% of the workload achieved at the
anaerobic threshold (AT), in accordance with the American College of Sports Medicine
recommendations concerning moderate-intensity exercise. Blood samples were collected in the

morning, after fasting, before and after physical exercise.

For molecular analysis, venous blood plasma was collected using Vacutainer systems.
MicroRNA isolation was performed using commercially available mirVana PARIS diagnostic
kits, followed by reverse transcription and quantitative real-time PCR (qPCR) using TagMan
assays and probes. The expression of selected microRNAs was analyzed: microRNA-16,
microRNA-21, microRNA-27a, microRNA-27b, microRNA-133a, and microRNA-145.

Relative expression was assessed using the 2724 method.
Results:

In the first publication, which included the results of the pilot study, the effect of
physical exercise on the expression of selected circulating microRNAs was assessed in 22
children with primary hypertension (PH). It was demonstrated that changes in microRNA
expression after physical exercise correlated with parameters of HMOD: an increase in
microRNA-133a expression was associated with greater left ventricular mass (LVMI, r=0.491,
p = 0.020), whereas an increase in microRNA-145 expression correlated with lower systolic
blood pressure values in 24-hour monitoring (r = —0.430, p = 0.046) and with a lower severity
of arterial damage as assessed, among others, by common carotid artery intima—media thickness

(cIMT, r = 0.445, p = 0.033) and pulse wave velocity (cfPWYV, r =—0.557, p = 0.007).

In the second, main publication, in 56 patients with primary hypertension and 59 healthy
children, a different expression profile of selected circulating microRNAs was demonstrated in
children with PH compared with healthy peers. The expression of microRNA-27b and
microRNA-133a was significantly reduced in patients with PH. The expression levels of

microRNA-16, -21, -27a, and -145 also correlated positively with blood pressure values.
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Furthermore, in a multivariable logistic regression model, high baseline microRNA-16
expression was an independent factor distinguishing patients with higher (>2.1) versus lower
DBP Z-score values. No significant correlations were found between the expression levels of

the investigated microRNAs and markers of HMOD.

The same study also demonstrated a significant reduction in blood pressure following
exercise in children with PH, which was not observed in the control group, as well as between-
group differences in the exercise-induced responses of selected microRNAs. In the control
group, exercise increased microRNA-27b, microRNA-133a, and microRNA-145 expression,

whereas in children with PH, only microRNA-145 expression increased significantly.

In the third publication, echocardiographic parameters were assessed in relation to
circulating microRNA expression levels in 50 patients with primary hypertension and 57
healthy controls. It was demonstrated that children with PH were characterized by less negative
left ventricular global longitudinal strain values (LV GLS, —19.28% =+ 3.02 vs. —20.99% + 3.11,
p = 0.002). In addition, a significant correlation was found between microRNA-16 expression

and LV GLS values (R = 0.305; p = 0.031).
Conclusions:

1. Children with primary hypertension are characterized by a different expression profile of
selected circulating microRNAs compared with healthy peers, which may indicate the
involvement of epigenetic mechanisms in the pathogenesis of arterial hypertension in the
pediatric population. The expression of microRNA-27b and microRNA-133a is reduced in
children with primary hypertension.

2. In untreated children with primary hypertension, higher expression of microRNA-16,
microRNA-21, microRNA-27a, and microRNA-145 correlates positively with blood
pressure values, which may suggest the involvement of these molecules in the pathogenesis
of primary hypertension. High microRNA-16 expression is associated with higher diastolic
blood pressure values and may constitute a potential biomarker of hypertension severity in

children.

3. In children with primary hypertension, there is no correlation between classical parameters
of organ damage and the expression of microRNA-16, microRNA-21, microRNA-27a,
microRNA-27b, microRNA-133a, and microRNA-145.

4. MicroRNA-16 may constitute a potential biomarker of early systolic damage of the left
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ventricle, which may indicate the involvement of this molecule in the early stages of

cardiovascular remodeling in children with primary hypertension.

. A single session of standardized aerobic exercise, unlike in healthy peers, leads to a
significant reduction in blood pressure values in children with primary hypertension and
affects the expression of selected microRNAs, which highlights the potential importance of
physical activity in the modulation of mechanisms associated with the development of

arterial hypertension in the pediatric population.
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4. Wstep

4.1. NadciSnienie t¢tnicze u dzieci

Nadci$nienie tetnicze (NT) jest jedng z najczesciej wystepujacych chorob przewleklych
na $§wiecie oraz jednym z najwazniejszych modyfikowalnych czynnikow ryzyka chorob
sercowo-naczyniowych. Ze wzgledu na etiologie NT mozemy wyrdzni¢ nadcisnienie tetnicze
pierwotne (NTP) 1 wtorne. Wigkszos¢ przypadkow NTP u dzieci i mlodziezy przebiega
bezobjawowo. Pomimo braku jawnych objawdéw klinicznych juz we wczesnym okresie
choroby moga rozwija¢ si¢ zmiany narzadowe obejmujace serce, nerki oraz naczynia tetnicze.
Wezesna identyfikacja mechanizmoéw odpowiedzialnych za rozwdj NT oraz markeréw
pozwalajacych na wykrycie subklinicznych zmian narzadowych pozostaje jednym z

wazniejszych wyzwan wspodtczesnej hipertensjologii dziecigce;.

Zaréwno Polskie Towarzystwo Nadcisnienia Tetniczego (PTNT), jak i Europejskie
Towarzystwo Nadci$nienia Tetniczego (ang. European Society of Hypertension — ESH)
rekomenduja rozpoznawanie nadcis$nienia tetniczego u dzieci do ukonczenia 16. roku zycia na

podstawie warto$ci centylowych uwzgledniajacych pteé¢, wiek i wzrost, natomiast u mtodziezy

w wieku 16-17 lat stosowanie warto$ci granicznych obowiazujacych u dorostych (=140/90

mmHg). Rozpoznanie nadci$nienia wymaga stwierdzenia podwyzszonych wartosci ci$nienia
tetniczego podczas co najmniej trzech niezaleznych wizyt lekarskich, a do badan
przesiewowych zaleca si¢ stosowanie automatycznych aparatow oscylometrycznych z

potwierdzeniem rozpoznania metoda ostuchowa [1-4].

Nalezy jednak podkresli¢, Zze nie wszystkie mi¢dzynarodowe wytyczne przyjmuja takie
samo podejscie. Amerykanskie zalecenia (AAP) od 13. roku zZycia stosuja stalg wartos¢
graniczng 130/80 mmHg, natomiast wytyczne japonskie i kanadyjskie wprowadzaja wartosci
bezwzgledne juz we wcze$niejszym wieku. Roéznice te moga wplywaé na czgstos$e
rozpoznawania nadcis$nienia tetniczego, kwalifikacj¢ pacjentdéw do dalszej diagnostyki oraz
interpretacje wynikéw badan epidemiologicznych 1 klinicznych. Poréwnanie wybranych

rekomendacji przedstawiono na Rycinie 1.
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Wiek wprowadzenia statych wartosci granicznych ci$nienia tetniczego
w wybranych wytycznych pediatrycznych

Wiek (lata) State wartosci
graniczne (mmHg)

+ ’ = f f
_
(JSH 2019) State wartosci (stopniowo rosnace wraz z wiekiem)

* Zakres wartosci statych w Japonii zalezy od wieku (ok. 120/70 mmHg w miodszym wieku do ok. 140/85 mmHg u najstarszych nastolatkéw).

Wytyczne

ok. 120/70 do
ok. 140/85 *

Rycina 1. Poréwnanie wybranych wytycznych dotyczacych wieku, od ktérego wartosci
ci$nienia te¢tniczego sa interpretowane na podstawie stalych progéw diagnostycznych zamiast
norm centylowych zaleznych od wieku, pitci i wzrostu. ESH — European Society of
Hypertension; PTNT — Polskie Towarzystwo Nadci$nienia Tetniczego; AAP — American
Academy of Pediatrics; JSH — Japanese Society of Hypertension. Opracowanie wtasne na

podstawie wytycznych ESH/PTNT, AAP, JSH oraz Hypertension Canada’s.
4.2. Epidemiologia i etiologia nadciSnienia tetniczego w wieku rozwojowym

Wedtug dostepnych danych epidemiologicznych NT wystepuje u ponad 40% dorostych
Polakow [5]. Globalng chorobowos¢ NT WHO szacuje na okoto 1,4 miliarda 0os6b w wieku
30-79 lat. Mimo ze choroba jest zdecydowanie czgstsza w populacji 0s6b dorostych, w
ostatnich dekadach obserwuje si¢ rowniez wzrost czestosci jej wystepowania wsrdd dzieci 1
mtodziezy, co wigze si¢ miedzy innymi z narastajagcym problemem nadwagi i otytosci. Zgodnie
z wynikami metaanalizy przeprowadzonej przez Songa 1 wsp., obejmujacej 47 badan z
udziatem 186 630 dzieci i mtodziezy, czestos¢ wystepowania nadci$nienia tetniczego w
populacji pediatrycznej wynosi okoto 3—5%. W okresie dojrzewania NT wystepuje 3—4 razy
cze¢$ciej u chtopcodw niz u dziewczat, a najczestszg postacia choroby w tej grupie wiekowej jest
NTP.

Najczesciej spotykanym fenotypem NT u dzieci jest izolowane nadcisnienie skurczowe,
ktorego czestos¢ wystepowania wynosi okoto 1,5% w populacji ogolnej dzieci i mtodziezy, co

odpowiada 37,5% wszystkich przypadkéw nadci$nienia tetniczego. Kolejno, tylko nieco



rzadziej wystepuje nadci$nienie skurczowo-rozkurczowe (1,25% populacji; 31,25%
przypadkéw nadcis$nienia), natomiast najrzadziej rozpoznawane jest izolowane nadcis$nienie
rozkurczowe (0,75% populacji; 18,75% przypadkow nadci$nienia tgtniczego).

W cytowanej metaanalizie nie stwierdzono istotnych réznic w czestosci wystgpowania
nadci$nienia tetniczego pomigdzy chiopcami a dziewczynkami; nie analizowano réwniez
zaleznos$ci od wieku. Wykazano natomiast silny zwigzek pomiedzy wystepowaniem NT, a
nadmierng masg ciata. Chorobowos$¢ nadcisnienia byta najwyzsza w grupie dzieci z otyloscia
(15,27%), nizsza wsrdd dzieci z nadwagg (4,99%), a najnizsza wsrod dzieci z prawidtowa masg
ciata (1,90%) [6].

Dostgpne dane epidemiologiczne wskazuja na stopniowy wzrost czestosci
wystepowania NT wraz z wiekiem, ze szczeg6lnie dynamicznym wzrostem obserwowanym w
okresie pokwitania. Zjawisko to dotyczy przede wszystkim chlopcéw, u ktérych wartosci
ci$nienia t¢tniczego rosng szybciej niz u dziewczat, co ma odzwierciedlenie w dostepnych
siatkach centylowych. W polskim badaniu przeprowadzonym wsrod 1472 osiemnastoletnich
uczniow szkot srednich wykazano, ze NT rozpoznawane wedtug kryteriow dla dorostych
wystepowato u 9% badanych, w tym u 16,2% chtopcéw 1 jedynie 0,9% dziewczat. Wyniki te
wskazuja, ze pod koniec wieku rozwojowego czgstos¢ wystepowania nadcisnienia tetniczego
osigga poziom poréwnywalny z obserwowanym w populacji miodych dorostych, przy
znaczace] przewadze me¢zczyzn. Ponadto w pracy wykazano i podkre§lono Scisty zwigzek
mig¢dzy nadmierng masa ciata a ryzykiem wystapienia NT w tej grupie pacjentow [7].

W przeciwienstwie do populacji oséb dorostych, w ktoérej zdecydowang wigkszos¢
przypadkow stanowi NTP, przez wiele lat uwazano, ze w wieku rozwojowym dominuje
nadci$nienie wtorne. Poglad ten wynikal przede wszystkim z czgstego wystgpowania chordb
nerek, wad ukladu moczowego oraz innych schorzeh mogacych prowadzi¢ do wtornego
wzrostu ci$nienia tg¢tniczego juz we wcezesnym dziecinstwie. Wérdd dzieci z nadci$nieniem
wtornym najczestszg przyczyne stanowig choroby migzszu nerek, odpowiadajace za okoto 40—
45% przypadkéw. Istotny odsetek stanowig rowniez koarktacja aorty, nadcis$nienie
naczyniowo-nerkowe (w naszym rejonie $wiata przede wszystkim na tle dysplazji widknisto-
migsniowej) oraz przyczyny polekowe (glikokortykosteroidy, inhibitory kalcyneuryny),
natomiast  przyczyny  endokrynologiczne  (m. in.  hiperkortyzolemia,  guzy
chromochtonne/przyzwojaki), neurologiczne, nowotworowe czy NT monogenowe wystepuja
zdecydowanie rzadziej [8].

W ostatnich latach poglad o dominacji nadci$nienia wtérnego w wieku rozwojowym

ulegt jednak istotnej zmianie. Wspodiczesne dane epidemiologiczne wskazuja, ze NTP
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odpowiada obecnie nawet za polowg przypadkow nadci$nienia tgtniczego w populacji
pediatrycznej. Cho¢ u najmlodszych dzieci nadal dominujg wtorne postacie choroby, znaczenie
nadci$nienia pierwotnego stopniowo wzrasta wraz z wiekiem. NTP moze by¢ rozpoznawane
juz u dzieci w wieku przedszkolnym, nawet okolo 3. roku zycia, zwlaszcza u pacjentow
obcigzonych czynnikami ryzyka sercowo-naczyniowego, takimi jak otylo§¢, nadwaga oraz
dodatni wywiad rodzinny w kierunku nadci$nienia t¢tniczego [9, 10].

Potwierdzajg to réwniez dane pochodzace z Polski. W analizie obejmujacej 2008
pacjentow jednego osrodka referencyjnego, sposrod 1260 dzieci z potwierdzonym
nadci$nieniem tetniczym u 49,3% rozpoznano nadci$nienie pierwotne, a u 50,7% nadci$nienie
wtorne. Wykazano ponadto, ze prawdopodobienstwo rozpoznania nadcisnienia pierwotnego
bylo istotnie wigksze u chtopcow, dzieci w wieku powyzej 12 lat, pacjentoéw z nadmierng masa
ciata oraz os6b z hiperurykemia [8]. Co istotne, u blisko co pigtego nastolatka z pierwotnym
nadci$nieniem tetniczym stwierdza si¢ wspotistnienie zespolu metabolicznego [11].

Podsumowujac, NT nalezy obecnie uzna¢ za jedno z najwazniejszych przewlektych
schorzen wieku rozwojowego. Szczegdlne znaczenie kliniczne ma NTP, ktdrego czestosé
wystepowania wzrasta rownolegle z epidemig otytosci i innych zaburzen kardiometabolicznych
obserwowanych u dzieci i mtodziezy. Coraz czgstsze rozpoznawanie nadci$nienia pierwotnego
juz w milodszych grupach wiekowych, czgste wspotwystepowanie nadwagi, otytosci,
hiperurykemii oraz zespotu metabolicznego, a takze obecnos¢ wczesnych zmian narzagdowych
wskazuja, ze choroba ta stanowi wazny problem zdrowia publicznego. Wartosci ci$nienia
tetniczego w dziecinstwie wykazuja silny zwigzek z jego wartosciami w wieku dorostym, a
podwyzszone cisnienie tetnicze w wieku rozwojowym stanowi istotny czynnik predykcyjny
rozwoju NT w pdzniejszym zyciu [12]. Co istotne, wykazano, ze warto$ci ci$nienia t¢tniczego
u mtodziezy, nawet mieszczace si¢ w zakresie normotensji, sa liniowo zwigzane z ryzykiem
rozwoju NT u mtodych dorostych [13]. Wezesna identyfikacja dzieci obcigzonych czynnikami
ryzyka oraz skuteczne dzialania profilaktyczne 1 terapeutyczne mogg mie¢ kluczowe znaczenie

w ograniczaniu ryzyka chordb sercowo-naczyniowych w pézniejszym zyciu.
4.3. Patogeneza nadcisnienia tetniczego pierwotnego w wieku rozwojowym

Pomimo intensywnych badan patogeneza NTP nadal nie zostala w petni wyjasniona 1
obecnie uwaza si¢, ze ma charakter wieloczynnikowy. W ujeciu hemodynamicznym wysoko$¢
ci$nienia tetniczego zalezy od pojemnosci minutowe] serca oraz calkowitego oporu
obwodowego naczyn, co mozna przedstawi¢ rownaniem: MAP = CO x TPR, gdzie pojemno$¢

minutowa serca (CO) jest wypadkowa objetosci wyrzutowej (SV) i czestosci akcji serca (HR).

26



W warunkach fizjologicznych parametry te sg S$ci$le regulowane przez wspodtdziatajace
mechanizmy neurohormonalne, autonomiczny uklad nerwowy, nerki oraz $rédbtonek
naczyniowy, ktorych zadaniem jest utrzymanie prawidtowej perfuzji narzadowej i stabilnych
warunkow hemodynamicznych. Rozw6j nadcisnienia tetniczego jest konsekwencjg zaburzenia
réwnowagi pomiedzy tymi ukladami, prowadzacego do zwigkszenia pojemno$ci minutowej
serca, wzrostu oporu naczyn obwodowych lub wspdtwystepowania obu tych zjawisk [14].

W S$wietle obecnej wiedzy patogeneza NTP w wieku rozwojowym obejmuje
wspotdziatanie licznych mechanizmow genetycznych, metabolicznych, immunologicznych
oraz $rodowiskowych. Szczegdlng role przypisuje si¢ zaburzeniom gospodarki sodowe;j
prowadzacym do zwickszonej sodowrazliwosci i retencji sodu, nieprawidlowej aktywacji
uktadéow neurohormonalnych oraz zaburzen funkcji $rdédblonka naczyniowego. Istotne
znaczenie maja réwniez nieprawidtowos$ci sktadu ciata zwigzane z nadwaga 1 otyloscia,
obejmujace zwickszong ilo$¢ tkanki thuszczowej, wzgledny niedobér masy mig$niowe;,
insulinooporno$¢ oraz zaburzong sekrecje cytokin produkowanych przez tkanke thuszczowa
(adipokiny). Czynniki te sprzyjaja retencji sodu, nasileniu aktywno$ci wspodtczulnej oraz
przebudowie naczyn, prowadzac do utrwalonego wzrostu ci$nienia te¢tniczego [15].

Coraz wigcej dowodow wskazuje takze na znaczenie przewlektego stanu zapalnego o
niewielkim nasileniu oraz aktywacji ukladu odpornosciowego w rozwoju nadcisnienia
tetniczego. W proces ten moga by¢ zaangazowane zaburzenia sktadu i funkcji mikrobioty
jelitowej, a takze czynniki epigenetyczne, w tym mikroRNA regulujace ekspresj¢ gendw
zwigzanych z funkcja naczyn, nerek oraz uktadéw neurohormonalnych. Dodatkowo u dzieci z
nadci$nieniem tetniczym pierwotnym obserwuje si¢ cechy przyspieszonego dojrzewania
biologicznego oraz przedwczesnego starzenia naczyh (ang. early vascular ageing — EVA),
manifestujace si¢ zwigkszong sztywnoscig tetnic 1 pogrubieniem ich $ciany [10].

Znaczenie maja rowniez czynniki genetyczne. Badania asocjacyjne catego genomu
(ang. genome-wide association studies — GWAS) zidentyfikowaly ponad tysigc loci zwigzanych
z regulacja cisnienia te¢tniczego, jednak wplyw pojedynczych wariantow genetycznych jest
zazwyczaj niewielki. Szczeg6lne zainteresowanie budzg obecnie geny zwigzane z regulacja
gospodarki sodowej, aktywnoscig uktadu renina—angiotensyna—aldosteron, funkcja srodbtonka
oraz odpowiedzig immunologiczng [2, 14, 16, 17].

Gtowne 1 obiecujace czynniki wptywajace na podwyzszenie ci$nienia tetniczego krwi

zostaly przedstawione na Rycinie 2.
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Gtowne mechanizmy patogenetyczne nadcisnienia tetniczego pierwotnego u dzieci i mtodziezy
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Rycina 2. Gléwne mechanizmy patogenetyczne nadci$nienia tetniczego pierwotnego w wieku
rozwojowym.
—» - mechanizm wplywajacy na ci$nienie t¢tnicze

Skréty: CO (ang. cardiac output) — pojemnos$¢ minutowa serca; HR (ang. heart rate) — czgstosé
akcji serca; MAP (ang. mean arterial pressure) — $rednie ci$nienie tetnicze; mikroRNA (ang.
microRNA) — mikroRNA; NO (ang. nitric oxide) — tlenek azotu; OSA (ang. obstructive sleep
apnea) — obturacyjny bezdech senny; RAA (ang. renin—angiotensin—aldosterone) — renina—
angiotensyna—aldosteron; SNS (ang. sympathetic nervous system) — uklad wspotczulny; SV
(ang. stroke volume) — obje¢tos¢ wyrzutowa serca; TMAO (ang. trimethylamine N-oxide) — N-
tlenek trimetyloaminy; TPR (ang. fotal peripheral resistance) — catkowity opor obwodowy;
GWAS (ang. genome-wide association studies) — badania asocjacyjne catego genomu; HPA
(ang. hypothalamic—pituitary—adrenal axis) — 0§ podwzgorze—przysadka—nadnercza; IL-6 (ang.
interleukin 6) — interleukina 6; TNF-a (ang. tumor necrosis factor alpha) — czynnik martwicy

nowotworow a; CRP (ang. C-reactive protein) — biatko C-reaktywne.
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4.4. MikroRNA

4.4.1. MikroRNA jako posttranskrypcyjne regulatory ekspresji genéw

MikroRNA stanowig grupe krotkich, jednoniciowych, ewolucyjnie konserwatywnych
czasteczek kwasu rybonukleinowego (RNA). Sg one kodowane przez geny zlokalizowane
zarobwno w intronach, jak i w eksonach innych gendéw. Proces biogenezy mikroRNA
rozpoczyna si¢ od transkrypcji przez polimeraze¢ RNA II, prowadzacej do powstania
pierwotnego transkryptu (pri-mikroRNA) o charakterystycznej strukturze spinki do wlosow.
Nastepnie, z udziatem kompleksu biatek Drosha i DGCRS8, dochodzi do jego obrébki w jadrze
komoérkowym oraz utworzenia prekursorowego mikroRNA (pre-mikroRNA). Czasteczka ta
jest transportowana do cytoplazmy przez eksportyng 5, gdzie podlega dalszej obrobce przez
enzym Dicer. W  wyniku tego procesu powstaje dwuniciowy kompleks
mikroRNA/mikroRNA*, z ktorego jedna ni¢ staje si¢ dojrzatym, funkcjonalnym mikroRNA.
Dojrzate mikroRNA zawieraja zwykle od 20 do 25 nukleotydéw i wchodza w sktad kompleksu
wyciszania indukowanego RNA (ang. RNA-induced silencing complex — RISC). Uproszczony
schemat biosyntezy mikroRNA droga kanoniczng zostal przedstawiony na rycinie 3.

MikroRNA nalezg do grupy RNA niekodujacych, poniewaz nie ulegaja translacji do
biatek. Ich podstawowa funkcja jest regulacja ekspresji gendow na poziomie
potranskrypcyjnym. Kompleks RISC wiaze si¢ z docelowymi czasteczkami mRNA, co
prowadzi do zahamowania translacji lub degradacji transkryptu. Dzigki temu pojedyncze
mikroRNA moze regulowac ekspresje wielu gendw uczestniczacych w tych samych szlakach
biologicznych. Zaburzenia ekspresji mikroRNA moga prowadzi¢ do nieprawidlowego
funkcjonowania komorek i odgrywac istotna rol¢ w rozwoju wielu chorob.

Cho¢ wigkszos¢ mikroRNA znajduje si¢ wewnatrz komorek, czg$¢ z nich wystepuje
roOwniez w przestrzeni pozakomoérkowej. Tak zwane krazace mikroRNA mozna wykry¢ w
roznych ptynach ustrojowych, w tym w surowicy 1 osoczu. Dzigki temu moga one oddziatywac
nie tylko na komorke, w ktorej zostaly wytworzone, lecz takze na komorki i tkanki potozone w

innych czgéciach organizmu.
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Biogeneza mikroRNA I Cytoplazma
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mikroRNA/mRNA/RISC
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mRNA translacji

Rycina 3. Proces biogenezy mikroRNA. MikroRNA powstaja w wyniku transkrypcji genow
przez polimerazg RNA II, co prowadzi do utworzenia pierwotnego transkryptu (pri-miRNA).
W jadrze komoérkowym pri-miRNA jest przetwarzane przez kompleks mikroprocesorowy
ztozony z bialek Drosha i DGCR8 do postaci prekursorowej (pre-miRNA). Nastepnie pre-
miRNA jest transportowane do cytoplazmy przez kompleks Exportin-5/RanGTP. W
cytoplazmie enzym Dicer przetwarza pre-miRNA do dwuniciowego dupleksu
mikroRNA:mikroRNA*. Jedna z nici (dojrzate mikroRNA) zostaje wiaczona do kompleksu
wyciszajacego indukowanego przez RNA (ang. RNA-induced silencing complex — RISC),
ktorego kluczowym sktadnikiem jest biatko Argonaute (AGO2), natomiast druga ni¢ zwykle
ulega degradacji, cho¢ w niektérych przypadkach moze rowniez petni¢ funkcje regulatorowe.
Kompleks mikroRNA-RISC wigze si¢ z docelowym mRNA, prowadzac do zahamowania

translacji lub degradacji mRNA, a tym samym do regulacji ekspresji genow.

Skroty: AGO2 — Argonaute 2; DGCR8 — ang. DiGeorge syndrome critical region gene 8;
mRNA - informacyjny RNA (ang. messenger RNA); pre-mikroRNA — prekursorowe
mikroRNA; pri-mikroRNA — pierwotny transkrypt mikroRNA; RISC — kompleks wyciszajacy
indukowany przez RNA (ang. RNA-induced silencing complex); RanGTP — biatko Ran

zwigzane z GTP.
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4.4.2. MikroRNA w chorobach uktadu krazenia

Dynamiczny rozwdj biologii molekularnej i metod analitycznych w ostatnich latach
znaczgco poszerzyt wiedze na temat roli mikroRNA w rozwoju uktadu sercowo-naczyniowego,
jego fizjologii oraz patofizjologii. Coraz wigcej danych wskazuje na ich udziat w regulacji
ci$nienia tetniczego oraz w procesach prowadzacych do rozwoju chorob uktadu krazenia.
Mimo to dokladna rola mikroRNA w regulacji ci$nienia tetniczego oraz w patogenezie
nadci$nienia tetniczego pozostaje przedmiotem intensywnych badan.

Najnowsze dane sugeruja, ze dysregulacja ekspresji mikroRNA jest zwigzana nie tylko
z rozwojem nadci$nienia tetniczego, ale rowniez z nadci$nieniowym uszkodzeniem
narzagdowym. Opisano ich zwigzek z przerostem lewej komory, przebudowa naczyn,
przewlekta chorobg nerek oraz angiopatia nadci$nieniowa [18, 19]. Ponadto zmieniona
ekspresja wybranych krazacych mikroRNA moze wigza¢ si¢ ze zwickszonym ryzykiem
wystapienia incydentow sercowo-naczyniowych, takich jak zawal migs$nia sercowego, udar
moézgu czy niewydolno$¢ serca oraz gorszym rokowaniem [18-20]. Z tego wzgledu mikroRNA
sa obecnie intensywnie badane jako potencjalne biomarkery ryzyka sercowo-naczyniowego,
jak rowniez jako potencjalne cele nowych terapii [21].

W ostatnich latach zidentyfikowano liczne mikroRNA mogace uczestniczy¢ w regulacji
ci$nienia tgtniczego oraz rozwoju nadcis$nienia tetniczego. Wykazano, ze wplywaja one miedzy
innymi na funkcje srédblonka, proliferacje komorek migsni gladkich naczyn, aktywnos¢ uktadu
renina—angiotensyna—aldosteron, gospodarke sodowa, procesy zapalne oraz przebudowe
migsnia sercowego 1 §ciany naczyn [18, 19, 22]. Wérdd najlepiej poznanych czasteczek
zwigzanych z patogeneza nadcisnienia tetniczego u osob dorostych znajdujg si¢ mikroRNA-16,
mikroRNA-21, mikroRNA-27a, mikroRNA-27b, mikroRNA-133a oraz mikroRNA-145. Z
uwagi na ich potencjalne znaczenie biologiczne oraz dostgpnos$¢ danych eksperymentalnych 1

klinicznych, zostaty one wybrane do dalszej analizy w ramach projektu ATHENA.

4.4.3. Potencjalny udziat mikroRNA w mechanizmach regulaciji ciSnienia tetniczego
i rozwoju nadcisnienia tetniczego

mikroRNA-16

MikroRNA-16 nalezy do najlepiej poznanych czasteczek mikroRNA 1 odgrywa istotng
role w regulacji proliferacji komorek, apoptozy oraz odpowiedzi zapalnej. Do jego gtéwnych
genow docelowych nalezg miedzy innymi cykliny (CCND1, CCND3, CCNEI) oraz gen kinazy
CDK®6, dzigki czemu uczestniczy w regulacji cyklu komoérkowego [23, 24]. W badaniach
eksperymentalnych wykazano réwniez jego udzial w regulacji angiogenezy oraz funkcji

komorek miesni gltadkich naczyn [25].
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Coraz wigcej danych wskazuje na potencjalny udzial mikroRNA-16 w patogenezie
nadci$nienia tetniczego. W modelach zwierzecych wykazano, ze moze ono wpltywaé na
aktywno$¢ uktadu wspotczulnego poprzez regulacje ekspresji genu receptora olA-
adrenergicznego (ADRAI1A), a takze uczestniczy¢ w procesach przebudowy naczyn zwigzanych
z aktywacja uktadu renina—angiotensyna—aldosteron [26]. Obnizenie ekspresji mikroRNA-16
prowadzilo do zwigkszonej proliferacji komodrek miesni gladkich naczyn, co sugeruje jego
potencjalne dziatanie ochronne wobec niekorzystnej przebudowy $ciany naczyniowej [25].

Znaczenie mikroRNA-16 w nadcisnieniu t¢tniczym potwierdzaja rowniez badania
prowadzone w grupie osob dorostych. Wykazano zmiang¢ ekspresji tej czasteczki zardéwno u

pacjentdw z nadci$nieniem tetniczym, jak i z przewlekta chorobg nerek [19, 27].

mikroRNA-21

MikroRNA-21 nalezy do najlepiej poznanych mikroRNA uczestniczacych w regulacji
procesOw zapalnych, proliferacji komorek oraz przebudowy tkanek. W uktadzie sercowo-
naczyniowym wpltywa na funkcje fibroblastow, komorek mieéni gladkich naczyn oraz
kardiomiocytow, regulujac miedzy innymi szlaki sygnatowe TGF-B, NF-xB i mTOR.
Wykazano réwniez, ze zwigkszona ekspresja mikroRNA-21 moze sprzyja¢ rozwojowi
wloknienia, przerostowi migsnia sercowego oraz zwigkszeniu sztywnosci naczyn [28-30].

Coraz wigcej danych wskazuje na istotng role mikroRNA-21 w patogenezie
nadci$nienia te¢tniczego pierwotnego. Czasteczka ta wplywa na aktywno$¢ ukladu RAA,
procesy zapalne oraz przebudowe¢ $ciany naczyn, uczestniczagc w rozwoju uszkodzenia
narzadowego zaleznego od nadci$nienia [28, 31, 32]. Ponadto wykazano zwigkszong ekspresj¢
mikroRNA-21 w blaszkach miazdzycowych oraz dodatnig korelacje ekspresji tego mikroRNA
z gruboscig kompleksu blona wewnetrzna—btona srodkowa tetnic szyjnych wspolnych [29, 33].

W badaniach u dorostych stwierdzano podwyzszone st¢zenia krazacego mikroRNA-21
u pacjentdw z nadci$nieniem t¢tniczym, szczegolnie w przypadku nadcisnienia opornego [34].
Ekspresja tej czasteczki korelowata réwniez z wartoSciami ci$nienia tetniczego, stgzeniem
aldosteronu oraz wyktadnikami uszkodzenia narzagdowego zaleznego od nadci$nienia, takimi
jak albuminuria [34, 35]. W metaanalizie obejmujacej 12 badan wykazano istotnie wyzsze
poziomy ekspresji mikroRNA-21 u 0s6b z nadci$nieniem tetniczym w poréwnaniu z osobami
normotensyjnymi [36]. Wyniki te sugeruja, ze mikroRNA-21 moze stanowi¢ obiecujaca
czasteczke biorgca udzial w aktywacji uktadu renina—angiotensyna—aldosteron oraz w

przebudowie uktadu sercowo-naczyniowego zwigzanej z NT.
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mikroRNA-27a i mikroRNA-27b

MikroRNA-27a i mikroRNA-27b naleza do tej samej rodziny mikroRNA i uczestnicza
w regulacji licznych proces6w metabolicznych oraz procesdw sercowo-naczyniowych. Obie
czasteczki wptywaja migdzy innymi na metabolizm lipidow, funkcj¢ komoérek miesni gtadkich
naczyn oraz aktywnos$¢ uktadu renina—angiotensyna—aldosteron. Wykazano réwniez, ze moga
regulowaé¢ ekspresj¢ genu konwertazy angiotensyny (ACE), co moze sugerowaé ich
potencjalny udzial w regulacji ci$nienia tetniczego poprzez modulacje uktadu RAA [37, 38].

MikroRNA-27a uczestniczy w regulacji funkcji kardiomiocytow, procesoOw apoptozy
oraz proliferacji 1 migracji komorek mie$ni gltadkich naczyn krwionosnych [39]. Badania
eksperymentalne wskazuja ponadto, ze moze odgrywaé role w ochronnym wptywie wysitku
fizycznego na uklad sercowo-naczyniowy poprzez modulacje aktywnosci ukladu renina—
angiotensyna—aldosteron [40]. W badaniach u dorostych obserwowano nizsze stgzenia
krazacego mikroRNA-27a u o0sdb z nowo rozpoznanym nadci$nieniem tetniczym w
poréwnaniu z osobami normotensyjnymi [41].

MikroRNA-27b za$ jest uznawane za jeden z kluczowych regulatorow metabolizmu
lipidow 1 procesow angiogenezy [22, 42, 43]. Wykazano réwniez jego zwiagzek z otyloscig i
zespotem metabolicznym [22]. W uktadzie sercowo-naczyniowym mikroRNA-27b uczestniczy
w regulacji przebudowy migénia sercowego oraz procesow wioknienia, cho¢ wyniki badan
dotyczacych jego dokladnej roli pozostaja niejednoznaczne [44, 45]. W czesci badan
przeprowadzonych w grupie os6b dorostych stwierdzano podwyzszone st¢zenia mikroRNA-
27b u pacjentdw z nadci$nieniem tetniczym, zwlaszcza w przypadku wspotistniejacego
przerostu lewej komory [51], co moze sugerowaé potencjalny zwigzek tej czasteczki z

przebudowg uktadu sercowo-naczyniowego obserwowang w nadci$nieniu tetniczym.

mikroRNA-133a

Czasteczka ta nalezy do grupy tzw. miomiR (ang. muscle-specific microRNAs), ktérych
ekspresja jest szczegoOlnie wysoka w migéniu sercowym oraz migsniach szkieletowych.
Czasteczka ta uczestniczy w regulacji proliferacji, réznicowania i przezycia kardiomiocytow, a
takze w procesach przebudowy migsnia sercowego [46]. W badaniach eksperymentalnych
wykazano, ze jednym z mechanizméw jej dziatania moze by¢ wptyw na aktywno$¢ ukladu
RAA poprzez regulacje ekspresji receptora proreninowego (PRR) oraz angiotensynogenu [47].
Ponadto mikroRNA-133a wykazuje dziatanie ochronne wobec rozwoju widknienia i przerostu
mig$nia sercowego [48].

W badaniach prowadzonych u 0s6b dorostych z nadci$nieniem tetniczym obserwowano

obnizong ekspresj¢ mikroRNA-133a w poréwnaniu z osobami normotensyjnymi [41]. Czg$¢
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autorow wykazata rowniez zalezno$¢ pomigdzy nizszg ekspresjg tej czasteczki a obecnoscia
przerostu lewej komory, co sugeruje jej potencjalny udziat w przebudowie migsnia sercowego
zwigzane] z nadci$nieniem tetniczym [49, 50]. Dotychczasowe wyniki sugeruja udziat
mikroRNA-133a w patogenezie nadci$nienia tetniczego oraz zwigzanej z nim przebudowie
uktadu sercowo-naczyniowego, jednak znaczenie tej czasteczki w przebiegu choroby pozostaje
przedmiotem dalszych badan.

MikroRNA-133a jest rowniez przedmiotem zainteresowania w fizjologii wysitku
fizycznego. Wykazano, ze jego ekspresja wzrasta po wysitku wytrzymato$ciowym,
prawdopodobnie na skutek uwalniania czasteczki z mig$ni szkieletowych i migsnia sercowego
[22, 51]. Sugeruje to, ze mikroRNA-133a moze uczestniczy¢ w molekularnych mechanizmach

adaptacji uktadu sercowo-naczyniowego do wysitku fizycznego.

mikroRNA-145

MikroRNA-145 nalezy do najlepiej poznanych mikroRNA zwigzanych z funkcja
komorek migéni gladkich naczyn. Czasteczka ta uczestniczy w regulacji ich proliferacji,
réznicowania oraz utrzymania prawidtowego fenotypu kurczliwego. Do jej najwazniejszych
gendw docelowych naleza mi¢dzy innymi ACE, MYOCD, KLF4 oraz KLF5, co wskazuje na
potencjalny udzial mikroRNA-145 zaréwno w regulacji napigcia §ciany naczyniowej, jak 1 w
procesach jej przebudowy [48, 52, 53].

Ze wzgledu na kluczowg role w regulacji fenotypu komorek migsni gladkich naczyn,
mikroRNA-145 jest uznawane za jedng z czasteczek mogacych uczestniczy¢ w procesach
przebudowy naczyn oraz wczesnego starzenia naczyniowego. Dotychczasowe dane sugeruja
zarOwno potencjalny udzial tej czasteczki w rozwoju zmian naczyniowych zwigzanych z
nadcis$nieniem tgtniczym, jak 1 mozliwe dzialanie kompensacyjne ograniczajace ich progresje
[54, 55].

Dostepne dane sugeruja, ze wptyw mikroRNA-145 na rozwdj nadcisnienia tgtniczego
moze by¢ =zalezny od miejsca jego ekspresji oraz dominujagcych mechanizmow
patofizjologicznych, co prawdopodobnie thumaczy niejednoznaczne wyniki dotychczasowych

badan.
4.5. Wiysilek fizyczny

4.5.1. Wysitek fizyczny a nadcisnienie tetnicze

Regularna aktywno$¢ fizyczna stanowi jeden z podstawowych elementow
postepowania niefarmakologicznego w nadci$nieniu tgtniczym i jest rekomendowana zaréwno

w profilaktyce, jak i1 leczeniu choroby na kazdym etapie jej zaawansowania [3]. U osob
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dorostych liczne badania wykazaty, ze systematyczny trening acrobowy prowadzi do trwatego
obnizenia wartosci ci$nienia tetniczego oraz redukcji ryzyka sercowo-naczyniowego [56].
Podobne obserwacje zauwazono w grupie pediatrycznej — badanie przeprowadzone na 44
otylych dzieciach w wieku 8-12 lat wykazato, ze 3-miesieczny program regularnego wysitku
fizycznego prowadzitl do obnizenia wartosci ci$nienia tetniczego nawet o 7 mmHg oraz
poprawy funkcji $rodbtonka, ocenianej na podstawie rozszerzalno$ci naczyn zaleznej od
przeptywu (ang. flow-mediated dilation — FMD), niezaleznie od zmian masy ciala i zawartosci
tkanki thuszczowej [57].

Korzystne dziatanie obserwuje si¢ jednak nie tylko w nastgpstwie dlugotrwatego
programu treningowego. Juz pojedyncza sesja wysitku dynamicznego moze wywotaé
przejSciowe obnizenie ci$nienia tetniczego okreslane jako hipotensja powysitkowa (ang. post-
exercise hypotension — PEH) [58]. Zjawisko to moze utrzymywac si¢ nawet do 24 godzin po
zakonczeniu wysitku, a jego nasilenie oraz czas trwania s3 zwykle wigksze u osob z
nadci$nieniem tetniczym niz u oséb normotensyjnych. Mechanizmy odpowiedzialne za PEH
obejmuja przede wszystkim zmniejszenie obwodowego oporu naczyniowego, poprawe funkcji
srédblonka, zwigkszong biodostgpnos¢ tlenku azotu, zmniejszenie aktywno$ci wspdtczulnego
uktadu nerwowego oraz przejSciowe wyhamowanie aktywnosci uktadu renina—angiotensyna—
aldosteron [59]. Chociaz wigkszos¢ danych pochodzi z badan prowadzonych u dorostych,
dostepne obserwacje wskazuja, ze podobne efekty wystepuja rowniez u dzieci i mtodziezy [60].
Liczba badan oceniajacych hipotensj¢ powysitkowa w populacji pediatrycznej pozostaje jednak

ograniczona, szczegolnie wsrod dzieci 1 mtodziezy z nadci$nieniem tetniczym pierwotnym.
4.5.2. Wysitek fizyczny a mikroRNA

W ostatnich latach coraz wigkszag uwage zwraca si¢ na role mikroRNA jako
potencjalnych mediatorow adaptacji organizmu do wysitku fizycznego. Wykazano, ze zar6wno
pojedyncza sesja wysitku fizycznego, jak i dtugotrwaty trening moga modulowa¢ ekspresje
licznych mikroRNA zaangazowanych w regulacje funkcji uktadu sercowo-naczyniowego.
Badania u dorostych wskazuja, iz ekspresja wielu mikroRNA zwigzanych z patogeneza
nadci$nienia tetniczego moze ulega¢ korzystnym zmianom pod wplywem aktywnos$ci
fizycznej. Dotyczy to migdzy innymi mikroRNA-21, mikroRNA-27a/b, mikroRNA-126,
mikroRNA-133a oraz klastra mikroRNA-143/145, uczestniczacych w regulacji funkcji
srodbtonka, przebudowie naczyn, procesach angiogenezy oraz aktywnosci uktadu renina—
angiotensyna—aldosteron [22]. Ponadto zmiany stezen wybranych krazacych mikroRNA
obserwowano juz po pojedynczym wysitku aerobowym, przy czym cze$¢ z nich ulegata

szybkiej normalizacji w ciggu 24 godzin po zakonczeniu wysitku [61]. Szczegdlnie interesujace
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sa obserwacje dotyczace mikroRNA-133a, ktorego ekspresj¢ opisywano jako obnizong w
nadci$nieniu t¢tniczym, natomiast poziomy ekspresji tej czasteczki wzrastaly po wysitku
fizycznym u 0so6b zdrowych [22]. Pomimo rosngcej liczby danych nadal brakuje badan
bezposrednio oceniajagcych zalezno$¢ miedzy zmianami ekspresji mikroRNA a hipotensjg

powysitkowa u pacjentéw z NTP w populacji pediatryczne;.
4.6. Braki w aktualnym stanie wiedzy i uzasadnienie podjetego tematu

Pomimo dynamicznego rozwoju badan nad mikroRNA, ich znaczenie w patogenezie
nadci$nienia tetniczego pozostaje nie w pelni poznane. Dotychczas zidentyfikowano liczne
czasteczki mogace uczestniczy¢ w regulacji cisnienia tetniczego poprzez wptyw na funkcje
srodblonka, komoérek miesni gladkich naczyn, ukladu renina—angiotensyna—aldosteron,
procesOw zapalnych oraz przebudowy uktadu sercowo-naczyniowego. Wyniki dostgpnych
badan s3 jednak czgsto niejednoznaczne, a obserwowane zalezno$ci moga wynika¢ z réznic w
rodzaju analizowanej tkanki, stadium choroby, wieku badanej populacji oraz wspdtistniejacych
czynnikow §rodowiskowych i metabolicznych.

Wigkszo$¢ dotychczasowych badan dotyczacych mikroRNA w nadcis$nieniu tetniczym
przeprowadzono u osob dorostych. Dane dotyczace dzieci i mtodziezy pozostaja bardzo
ograniczone, mimo ze NTP w wieku rozwojowym stanowi szczegdlnie interesujacy model
badawczy. W porownaniu z populacjg dorostych choroba charakteryzuje si¢ zwykle krotszym
czasem trwania, mniejszym nasileniem zmian narzagdowych oraz mniejszym wplywem
wieloletniej farmakoterapii 1 chorob wspotistniejacych. Dzigki temu mozliwa jest ocena
potencjalnych mechanizmoéw zaangazowanych we wczesne etapy rozwoju nadci$nienia
tetniczego. Brakuje badan oceniajacych role krazacych mikroRNA u dzieci z pierwotnym
nadci$nieniem tegtniczym. W szczeg6lnosci nie ustalono dotychczas, czy 1 w jakim stopniu
ekspresja mikroRNA wigze si¢ z warto§ciami ci$nienia tetniczego, obecnoscia wczesnych
zmian sercowo-naczyniowych oraz odpowiedzig organizmu na wysilek fizyczny u dzieci z
nadci$nieniem tetniczym pierwotnym.

Lepsze poznanie znaczenia mikroRNA w nadci$nieniu tetniczym moze w przysztosci
utatwi¢ identyfikacje pacjentéw szczego6lnie narazonych na rozwoj choroby oraz umozliwi¢
zindywidualizowane podejscie do diagnostyki i monitorowania leczenia juz we wczesnym
okresie choroby na etapie wieku rozwojowego.

Wreszcie poznanie roli mikroRNA w NTP u dzieci stwarza szans¢ na opracowanie
nowych strategii terapeutycznych opartych na modulacji ekspresji genéw. Chociaz terapie

ukierunkowane na mikroRNA pozostaja obecnie na etapie badan przedklinicznych i wezesnych
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badan klinicznych, dynamiczny rozwdj technologii wykorzystujacych mate czasteczki RNA,
takie jak siRNA (ang. small interfering RNA — male interferujace RNA), wskazuje na realny
potencjat tej koncepcji. Przykladem jest zilebesiran — lek oparty na technologii siRNA
hamujacy synteze angiotensynogenu w watrobie, ktéry w badaniach klinicznych u dorostych
wykazal dziatanie hipotensyjne utrzymujace si¢ nawet do 6 miesi¢cy po pojedynczym podaniu
podskérnym [62]. Sukces tego typu terapii sugeruje, ze w przysztosci réwniez modulacja
ekspresji wybranych mikroRNA moze znalez¢ zastosowanie w leczeniu nadci$nienia

tetniczego.
4.7. Najwazniejsze elementy metodologii badan

4.7.1. Oznaczanie ekspresji mikroRNA

Probki krwi zylnej do oznaczen czasteczek mikroRNA pobierano rano, po co najmniej
10-godzinnym okresie pozostawania na czczo. Izolacje catkowitego RNA z osocza
przeprowadzono z wykorzystaniem zestawu mirVana™ PARIS Kit (Thermo Fisher Scientific).
Nastepnie wykonano odwrotng transkrypcje oraz oznaczenie ekspresji wybranych mikroRNA
metoda ilosciowej reakcji tancuchowej polimerazy w czasie rzeczywistym (RT-qPCR) z
zastosowaniem zestawow TagMan™ Advanced microRNA Assays oraz aparatu LightCycler®
480 II (Roche Diagnostics). Analizowano ekspresje szeSciu mikroRNA: mikroRNA-16,
mikroRNA-21, mikroRNA-27a, mikroRNA-27b, mikroRNA-133a oraz mikroRNA-145.

Ze wzgledu na brak powszechnie akceptowanej endogennej kontroli referencyjnej dla
oznaczen krazacych mikroRNA w osoczu, do kontroli jako$ci zastosowano syntetyczne
oligonukleotydy Caenorhabditis elegans (cel-mikroRNA-39 oraz cel-mikroRNA-54),
dodawane odpowiednio na etapie izolacji RNA oraz odwrotnej transkrypcji. Wszystkie probki
analizowano w trzech powtdrzeniach PCR. W celu zapewnienia porownywalnosci wynikéw
pomiedzy kolejnymi seriami oznaczen we wszystkich reakcjach RT-qPCR analizowano
dodatkowo losowo wybrang probke kalibracyjng (ang. reference sample), wzgledem ktorej

obliczano wzgledny poziom ekspresji metodg 244C,

Szczegblowy opis procedury
laboratoryjnej, zastosowanych odczynnikéw, kontroli jakosci, normalizacji wynikow oraz
analizy ekspresji mikroRNA przedstawiono w publikacjach stanowigcych podstawe niniejszej
rozprawy, natomiast na Rycinie 4 zaprezentowano uproszczony schemat oznaczania i analizy

ekspresji mikroRNA obejmujacy ich najwazniejsze etapy.
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4.7.2. Protokét wysitku fizycznego

U wszystkich uczestnikdbw badania, przed rozpoczeciem wlasciwego protokotu,
wykonano probe wysitkkowa z oceng wydolnosci krazeniowo-oddechowej (ang.
cardiopulmonary exercise test — CPET) na cykloergometrze w celu wyznaczenia
indywidualnego progu beztlenowego. Po upltywie 2—6 tygodni uczestnicy zostali poddani
pojedynczej, standaryzowanej, 60-minutowej sesji wysitku aerobowego na cykloergometrze o
intensywnos$ci odpowiadajacej 90-110% obcigzenia osigganego na progu beztlenowym,
zgodnie z zaleceniami American College of Sports Medicine [63].

Oceny wyjsciowe wykonywano rano na czczo. Bezposrednio po zakonczeniu wysitku
rozpoczynano kolejne 24-godzinne monitorowanie cisnienia tetniczego metoda ABPM,
natomiast ponowng ocen¢ laboratoryjng, pomiary cisnienia tetniczego oraz badania naczyn
przeprowadzano nastgpnego dnia, 12—16 godzin po zakonczeniu wysitku, w identycznych
warunkach jak podczas badania wyjsciowego. Taki schemat badania umozliwial oceng
utrzymujacych si¢ zmian wywolanych pojedyncza sesja wysitku fizycznego przy
jednoczesnym ograniczeniu wplywu ostrych zmian metabolicznych wystgpujacych
bezposrednio po zakonczeniu ¢wiczen. Szczegdlowy opis kwalifikacji uczestnikow, przebiegu
testu CPET oraz protokotu wysitkowego przedstawiono w publikacjach stanowigcych

podstawe niniejszej rozprawy.
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5. Uzasadnienie polaczenia publikacji w jeden cykl

Publikacje stanowigce cykl rozprawy doktorskiej dotycza jednolitej grupy badanej —
dzieci i mtodziezy z nieleczonym dotychczas farmakologicznie nadci$nieniem tetniczym
pierwotnym. Wszystkie prace koncentrujg si¢ na ocenie potencjalnej roli kragzacych mikroRNA
w tej grupie pacjentow, ze szczegdlnym uwzglednieniem ich zwigzku z warto§ciami ci§nienia
tetniczego, a w kolejnych pracach skupiajg si¢ na odpowiedzi organizmu na wysitek fizyczny
oraz na wybranych parametrach funkcji 1 przebudowy uktadu sercowo-naczyniowego.
Publikacje powstaly w ramach projektu ATHENA (ang. ArTerial HypErtension PAthogenesis
— microRNA as a missing link in the disease development in children) i stanowig kolejne etapy
realizacji tego programu badawczego.

Pierwsza publikacja miata charakter pilotazowy 1 byta po§wigcona ocenie wykonalnosci
przyjetego protokotu badawczego, obejmujacego analize ekspresji mikroRNA oraz odpowiedz
na standaryzowany wysitek fizyczny. Uzyskane wyniki pozwolity na wstgpna ocene badanego
modelu i stanowily podstawe do realizacji kolejnych etapow projektu.

Druga publikacja przedstawia wyniki glownej czgsci badania ATHENA
przeprowadzonej] w wigkszej grupie dzieci z nieleczonym nadci$nieniem tetniczym
pierwotnym oraz zdrowych rowiesnikow. W pracy tej oceniono wyjsciowa ekspresje
wybranych mikroRNA oraz ich odpowiedZ na wysiltek fizyczny, analizujac potencjalny zwiazek
tych czasteczek z nadci$nieniem tetniczym i HMOD.

Trzecia publikacja stanowi poglebiong analize znaczenia mikroRNA w kontekscie
subklinicznych zaburzen funkcji mig¢$nia sercowego. Pozwolila ona rozszerzy¢ wczesniejsze
obserwacje o ocen¢ zaleznosci pomigdzy ekspresja mikroRNA a parametrami odksztatcenia
podhuznego migsnia sercowego ocenianymi metoda sledzenia markerow akustycznych (STE).

Ostatnia publikacja ma charakter przegladowy i podsumowuje aktualny stan wiedzy
dotyczacy mikroRNA w nadci$nieniu tetniczym. Szczegdlng uwage poswigcono
ograniczeniom metodologicznym badan nad mikroRNA, przyczynom rozbiezno$ci pomigdzy
publikowanymi wynikami oraz kierunkom dalszych badan, ktére moga przyczyni¢ si¢ do
lepszego zrozumienia znaczenia tych czasteczek w nadcisnieniu t¢tniczym.

Publikacje tworzg spojny cykl badawczy obejmujacy kolejne etapy procesu naukowego:
od opracowania 1 weryfikacji modelu badawczego, poprzez analiz¢ ekspresji wybranych
mikroRNA w wigkszej kohorcie pacjentow i poglebiong oceng ich potencjalnego znaczenia
klinicznego, az do krytycznej syntezy dostgpnej wiedzy 1 identyfikacji najwazniejszych

wyzwan badawczych w tej dziedzinie.
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6.

Zalozenia i cele pracy

Celami pracy s3:

1.

Ocena ekspresji  mikroRNA-16, mikroRNA-21, mikroRNA-27a, mikroRNA-27b,
mikroRNA-133a i mikroRNA-145 u dzieci i mlodziezy z nadci$nieniem tetniczym

pierwotnym i u zdrowych rowiesnikow.

. Ocena zalezno$ci pomig¢dzy poziomem ekspresji powyzszych mikroRNA a cisnieniem

tetniczym u nieleczonych farmakologicznie dzieci z nadci$nieniem t¢tniczym pierwotnym.

. Ocena zalezno$ci pomigdzy poziomem ekspresji mikroRNA a zmianami narzadowymi:

masg lewej komory w badaniu echokardiograficznym, gruboscia kompleksu blona
wewnetrzna—btona §rodkowa tetnic szyjnych wspolnych (cIMT) oraz sztywnoscig tetnic u

dzieci z nadci$nieniem tgtniczym pierwotnym.

Ocena krazacych mikroRNA jako potencjalnych biomarkeréw zaburzen funkcji skurczowej
serca wyrazonych jako odksztalcenie podiuzne lewej komory (LV GLS) u dzieci z

nadci$nieniem tetniczym pierwotnym.

. Ocena wptywu pojedynczej sesji standaryzowanego wysitku aerobowego na ci$nienie

tetnicze 1 ekspresje mikroRNA u dzieci 1 mtodziezy z NTP 1 u zdrowych réwiesnikow.
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7.

Kopie opublikowanych prac
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7.1. Publikacja I: ,,MicroRNA-133a and MicroRNA-145 May Be
Involved in the Development of Hypertension-Mediated Organ
Damage in Children with Primary Hypertension—A Preliminary
Study”
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Abstract: Background/Objectives: Studies in adults have demonstrated the essential role of microR-
NAs in developing hypertension and their effect on hypertension sequelae. In this preliminary study,
we aimed to investigate the expression of five miRNA particles, miRNA-21, miRNA-27a, miRNA-27b,
miRNA-133a, and miRNA-145, in school-aged children with primary hypertension and to examine
their correlations with blood pressure and arterial and heart properties. Methods: In 22 hypertensive
children (15.1 & 1.9 years), we measured blood pressure parameters (office, central, and 24 h), the
urinary albumin/creatinine ratio, and the pulse wave velocity (PWV) before and after one hour of
aerobic exercise. The left ventricular mass index (LVMI) and common carotid artery intima—-media
thickness (cIMT) were also assessed. The relative miRNA expression was calculated using the 2~AACt
method with miRNA-16 as an endogenous control and the pre-exercise miRNA expression levels as
the control (baseline). Results: We found a statistically significant decrease in both the office and 24 h
ambulatory diastolic blood pressure after 1 h of exercise (82.2 & 8.5 mm Hg versus 78.6 & 8.8 mm
Hg, p = 0.01 and 75.0 + 8.3 mm Hg versus 73.0 & 7.4 mm Hg, p = 0.02). The increase in miRNA-133a
expression after exercise correlated positively with the LVMI. Furthermore, the rise in miRNA-145
expression after exercise correlated negatively with the systolic and diastolic office and 24 h blood
pressure and with markers of arterial damage: 24 h PWV and cIMT. Conclusions: In conclusion,
miRNA-133a may be a biomarker of left ventricular hypertrophy in children with elevated blood
pressure. Additionally, changes in miRNA-145 expression induced by exercise might reduce the
blood pressure after exercise and protect against arterial damage. Both miRNA-133a and miRNA-145
may be involved in epigenetic alterations in children affected by primary hypertension that may
contribute to the exacerbation of HMOD.

Keywords: microRNA; primary hypertension; adolescents; hypertension-mediated organ damage

1. Introduction

MicroRNAs (miRNAs) are single-stranded, non-coding, evolutionarily conserved
RNA molecules that regulate post-transcriptional gene expression in all eukaryotic cells [1].
It has been more than two decades since the discovery of the first two microRNA molecules,
named lin-4 and let-7, in the nematode C. elegans. The latter was also found as the first
known human miRNA. The discovery of these unique molecules was even awarded this
year’s Nobel Prize in Physiology or Medicine (2024); Victor Ambros and Gary Ruvkun were
recognized for their discovery and for demonstrating their role in post-transcriptional gene
regulation. In recent years, there has been growing interest in these peculiar molecules,
which have been studied extensively in oncology, particularly for their emerging thera-
peutic applications. However, studies also point to the multiple effects of miRNAs on
processes in cardiovascular diseases, including hypertension, as well as diabetes or kidney
diseases [2]. There are promising results when looking at the adult population but there
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are no data available for pediatric patients with primary hypertension. This is particu-
larly important given the significant contribution of genetic factors to the development of
primary hypertension, which is much greater in children and is not masked by as many
environmental factors that accumulate over a lifetime.

Arterial hypertension (AH) is found in approximately 4% of pediatric patients, with
a growing prevalence with age [3]. From puberty, AH is 3—4 times more frequent in boys
than in girls. Primary hypertension (PH) is related to half of all cases of pediatric pa-
tients with high blood pressure and is the most common form of arterial hypertension
in adolescents. The vast majority of primary hypertension cases are asymptomatic, and
the first manifestations show up when organ damage, such as heart failure, myocardial
infarction, stroke, atherosclerosis, renal failure, or vision impairment, has already devel-
oped. Arterial hypertension was the leading global contributor to premature death in 2015,
accounting for almost 10 million deaths. Most of the deaths were due to ischemic heart
disease (4.9 million), hemorrhagic stroke (2.0 million), and ischemic stroke (1.5 million) [4].

PH is a complex and multifactorial disease, and several mechanisms are involved
in its development. Genetic and environmental factors, the sympathetic nervous system,
the hormonal-enzymatic renin-angiotensin—-aldosterone system, and substances produced
by the endothelium—nitric oxide and endothelins—play an essential role in this process.
Genes play quite a significant role in BP regulation as well. A parental history of AH
increases the risk of the disease in offspring, especially if both parents are hypertensive.
Epidemiological studies have suggested that in arterial hypertension, 60% of cases have
a genetic background (association), and 40% are environmental [5]. However, the exact
process of hypertension development is not fully explained, and molecular pathways still
have unexplored gaps.

Regular physical activity is an essential aspect of one’s lifestyle and is used as a non-
pharmacological strategy for preventing and treating early-stage hypertension or as an
adjunct to pharmacological intervention in more advanced cases. The American Heart
Association recommends at least 30 min of aerobic exercise at least five days a week to
promote cardiovascular risk reduction [6]. It is well established that acute and chronic
aerobic exercise lowers blood pressure in adults. An immediate reduction in BP after a
dynamic exercise session has been termed PEH (post-exercise hypotension); the effect is
seen up to 24 h after the end of the exercise. Scientific data suggest that the reduction in
BP is more significant in patients not on antihypertensive medications [7]. There are less
data on this topic in the pediatric population. However, preliminary evidence suggests
that aerobic training can reduce BP and significantly reverse endothelial damage also in
this group [8]. A study in obese children showed that regular exercise can lower BP by
as much as seven mmHg in 3 months [9]. This effect is independent of reducing body
fat. As for microRNA, it has been found that the expression of various miRNAs was up-
or downregulated in healthy volunteers up to 72 h after a single session of exercise [10].
Furthermore, some miRNAs show the opposite form of expression in hypertension and
after exercise. There is a lack of data on the relationship between these miRNA particles
and the occurrence of indicators of hypertension-mediated organ damage (HMOD), and
none of these particles have been studied in the pediatric population.

Our preliminary project aimed to check the expression of five microRNA particles
(miRNA-21, miRNA-27a, miRNA-27b, miRNA-133a, and miRNA-145) in pediatric patients
with PH. After analyzing the available literature in this field, we selected the above five
particles, which might be involved in the development of arterial hypertension and HMOD
in children and adolescents.

2. Materials and Methods
2.1. Study Group

As a preliminary study, the aim was to establish a proper protocol before recruiting a
larger group of patients for a more thorough investigation. All 22 patients were recruited
for this single-center observational study from individuals with primary hypertension who
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presented to the ward and outpatient clinic of our university hospital without previous
treatment with antihypertensive drugs.

The inclusion criteria were as follows: not yet pharmacologically treated arterial hyper-
tension diagnosed following up-to-date recommendations of the European Society of Hy-
pertension [11] and confirmed in ambulatory blood pressure monitoring, height > 120 cm,
and signed informed consent to participate in the study.

Patients with secondary forms of hypertension, severe kidney, liver, or heart disease
that could influence the study’s results, or any inflammatory disease, e.g., acute infection at
the time of the study (temporary exclusion criterion), were excluded from the study.

This preliminary study analyzed the first consecutive 22 patients who qualified for the
final study.

2.2. Basic Clinical Parameters

Upon admission, all patients underwent an assessment of basic anthropometric pa-
rameters, including height (in centimeters), weight (in kilograms), and body mass index
(BMI) (in kilograms per square meter). We compared these anthropometric measurements
with Polish normative data and expressed them as Z-scores [12]. According to the World
Health Organization definition, children with BMI Z-scores > 1 and >2 were considered
overweight and obese, respectively [13].

A series of interviews were conducted to gather information on the subjects’ birth
weight, gestational age, and family history of hypertension.

2.3. Carrying Out Aerobic Training

To ensure the same exercise load for each study patient, an ergospirometric test was
performed before the standardized exercise session to determine the maximal oxygen up-
take (VO max) for each participant (using METALYZER 3B ergospirometry device during
the ramp exercise test with the protocol for children, Cortex Biophysics GMBH, Leipzig,
Germany). Then, during the study, all participants performed 60 min of aerobic exercise on
the CYCLUS 2 ergometer (RMB elektronik-automation GMBH, Leipzig, Germany), corre-
sponding to 65% of their VO, max (steady-state cycling exercise), under the supervision of
the investigator (MS). Patients were instructed to maintain their usual physical activity and
diet and not to eat 2 h before exercise. After the training session, they continued with their
daily routine.

2.4. Parameters of Blood Pressure and Hypertension-Mediated Organ Damage

The methodology employed for BP measurement and the assessment of arterial dam-
age was described in detail in our previous manuscripts [14-17]. In brief, peripheral office
BP was evaluated oscillometrically by the Omron HBP-1320 (OMRON HEALTHCARE, Co.,
Ltd., Kyoto, Japan) (mmHg) and Z-scores [12]. The Mobil-O-Graph device with 24 h pulse
wave analysis and pulse wave velocity (I.E.M. Industrielle Entwicklung Medizintechnik
GmbH, Stolberg, Germany) was used to conduct 24 h ambulatory blood pressure moni-
toring (ABPM). The data were interpreted following the recommendations for pediatric
patients outlined in the cited article [18]. The following parameters were included in
the final analysis: systolic, diastolic, and mean arterial blood pressure (SBP, DBP, MAP,
respectively, mmHg), as well as systolic and diastolic central blood pressure (cSBP, cDBP,
respectively, mmHg). We also analyzed the following hemodynamic parameters: the aug-
mentation index normalized to the heart rate of 75 beats per minute (AIx75HR) (%), total
vascular resistance (TVR) (dyn-s/ cm?®), stroke volume (SV) (mL), and pulse wave velocity
(PWYV) analysis conducted over 24 h. Furthermore, 24 h heart rate (beats per minute) and
nocturnal blood pressure dip (%) were measured. We also evaluated carotid—femoral pulse
wave velocity using applanation tonometry (the Sphygmocor device [AtCor Medical Pty
Ltd., Sydney, Australia]). The Aloka Prosound Alpha 6 (Hitachi Aloka Medical, Mitaka,
Japan), equipped with a 13 MHz linear transducer, was employed to measure common

46



J. Clin. Med. 2024, 13, 6929

4of 14

carotid artery intima—media thickness (cIMT) (mm). The cfPWV and cIMT were presented
as numeric values and Z-scores, as detailed in the following references [19,20].

In addition to the assessment of artery-associated HMOD (cIMT, atPWV), the albumin-
to-creatinine ratio (ACR) (mg/g) in the first-morning portion of urine and the hypertrophy
of the left ventricle expressed as the left ventricular mass index (LVMI) (g/ m?, 7 or g/ m?)
were also evaluated. The ACR was measured by the hospital laboratory using standard
laboratory techniques. An ACR greater than 30 mg/g was considered an indicator of renal
damage caused by hypertension [11].

Echocardiography was conducted using the Philips iE33 xMATRIX (Echocardiography
System, Philips Healthcare, Amsterdam, The Netherlands) and a wide-spectrum probe with
frequency adjusted to the patient’s body mass index. Following the guidelines set forth by
the European Society of Hypertension and the Polish Society of Hypertension, the LVMI was
indexed for height?7 in children aged < 15. Left ventricular hypertrophy (LVH) was identi-
fied if the left ventricular mass index (LVMI) was equal to or exceeded the 95th percentile
for age and gender [21]. In adolescents aged > 16 years, left ventricular mass was indexed
for body surface area, calculated using the DuBois and DuBois formula. The body sur-
face area (BSA) is calculated as follows: BSA = 0.20247 x height (m)?72> x weight (kg)*4%.
Left ventricular mass index (LVMI) is defined as LVM/BSA. In adolescents aged > 16 years,
left ventricular hypertrophy will be identified if the left ventricular mass index (LVMI) is
>115 g/m? for boys and >95 g/m? for girls [21].

2.5. Additional Biochemical Parameters

In all patients, serum creatinine (mg/dL), uric acid (mg/dL), serum sodium (mmol/L)
and potassium (mmol/L), total, low-density lipoprotein (LDL), high-density lipoprotein
(HDL) cholesterol (mg/dL), and triglycerides (mg/dL), were measured using standard
laboratory procedures employed by the hospital department. Normal values of lipid
parameters were taken from Stewart et al. [22]. In all the participants, we calculated the
glomerular filtration rate (GFR) from the revised creatinine-based Schwartz formula in
children under 16 and the CKD-EPI in those who were equal to or above the age of 16 [23].

2.6. Evaluation of miRNA

Blood for miRNA analysis was collected using a vacuum technique in K2-EDTA tubes
(BD Vacutainer®, Beckton, Dickinson and Company, Franklin Lakes, NJ, US). Each blood
sample was centrifuged within 10 min at 3000x g for 15 min at 4 °C, and the supernatant
was centrifuged again under the same conditions to remove any trace of blood cells. In
addition, a visual inspection was performed to detect hemolysis. Hemolyzed samples
were excluded from further analysis. Plasma was transferred to cryotubes and frozen at
—80 °C until laboratory analysis. To protect against the degradation of microRNAs, the
plasma samples were handled only with extended, sterile, double-filtered pipette tips free
of RNase, DNase, PCR inhibitors, endotoxin, and DNA. There was no additional freeze—
thaw cycle; all samples were used only once. miRNA extraction was performed using
commercially available mirVana PARIS kits (Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s instructions with modifications based on our experience.
The isolated RNA’s quantity, quality, and purity were measured by spectrophotometry
using the NanoDrop Lite (Thermo Fisher Scientific, Waltham, MA, USA). For reverse
transcription, commercially available TagMan kits (Thermo Fisher Scientific, Waltham, MA,
USA) were used following the manufacturer’s protocol with modifications based on our
experience. Real-time PCR was performed using commercially available TagMan Advanced
miRNA Assays (Thermo Fisher Scientific, Waltham, MA, USA) and the LightCycler 480 II
(Roche Diagnostics GmbH, Mannheim, Germany). According to the available literature on
plasma miRNA in PH, miRNA-16 expression was chosen as the normalization standard
(endogenous control) [24], exogenous cel-miRNA-39 as isolation control, and exogenous
cel-miRNA-54 as reverse transcription control. All samples were run in triplicate. Data
were analyzed using the LightCycler 480 II Software 1.5, and relative miRNA levels were
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calculated using the 2722Ct method. As there was no control group in this preliminary

study, the baseline microRNA expression level before exercise was used as the patient-
specific control. All miRNA sequences are listed in Supplementary Material Table S1
with the corresponding accessions derived from miRbase accessed on 15 March 2023
(https:/ /www.mirbase.org/) for clarity and possible further analysis, including others to
replicate and build on the published results.

2.7. Statistical Methods

The authors archived the obtained data in an anonymized form (Excel 365, Microsoft
365, Microsoft, Redmond, WA, USA) with password-protected user-level access. Statistical
analysis was performed with Dell Statistica 13.0 PL software (TIBCO Software Inc., Palo
Alto, CA, USA). The normality of numeric datasets was tested using the Shapiro-Wilk test.

All continuous variables were presented as mean =+ standard deviation (SD) and
interquartile range (IQ). Subsequently, the following tests were used, depending on the
data distribution: Student’s ¢-test for dependent variables, Wilcoxon’s test, Spearman’s rank
correlation, and Pearson’s correlation. Test results with a p-value < 0.05 were considered of
statistical significance.

3. Results
3.1. Clinical and Biochemical Data of the Studied Children

The baseline clinical and biochemical parameters in the studied children are shown
in Table 1. Most of the study participants were boys (82%), and their mean age was
15 years. There were two premature children in the study group. The vast majority of
the patients with PH were overweight or obese, and all the studied patients had normal
renal function. Elevated or borderline cholesterol was found in 23% and 9%, elevated
or borderline LDL-cholesterol in 9% and 14%, lowered or borderline HDL-cholesterol in
23% and 9%, and elevated or borderline triglycerides in 27% and 27% of the participants,
respectively. Hyperuricemia was found in half of all the patients (50%). All the patients
had normal serum sodium and potassium concentrations.

Table 1. Clinical and biochemical data of the study group.

Parameter

Value + SD [Quartiles]

Number of patients (1)
Boys/girls (1, %)

Age [years]

Duration of gestation [weeks]
Birth weight [g]

BMI Z-score

Overweight patients (BMI 85-95 c) (11, %)
Obese patients (BMI > 95 c) (1, %)
GFR [mL/min/1.73 m?]

Total cholesterol [mg/dL]
LDL-cholesterol [mg/dL]
HDL-cholesterol [mg/dL]
Triglicerydes [mg/dL]

Uric acid [mg/dL]

Serum sodium [mmol /L]

Serum potassium [mmol/L]

22
18/4 (82%/18%)
15.1 + 1.9 (from 11.3 to 18.0) [14.0-16.8]
38.5 - 2.2 [37-40]
3343 = 480 [3090-3600]
1.34 + 0.93 [0.66-1.99]
7 (32%)
9 (41%)
124.0 £ 11.7 [114-134]
157.7 + 40.2 [125-193]
88.5 - 31.6 [64-103]
49.4 + 13.4 [41-60]
99 + 40 [62-141]
59 + 1.1[5.1-6.7]
140.0 + 1.5 [139-141]
4.34 & 0.22 [4.18-4.50]

n—number of patients, BMI—body mass index, GFR—glomerular filtration rate, LDL—low-density lipoprotein,

HDL—high-density lipoprotein.

3.2. Blood Pressure of the Studied Children

Table 2 shows the office peripheral, ambulatory peripheral, and central blood pressure
before and after a single bout of aerobic exercise. All patients had elevated systolic or
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diastolic office and ambulatory blood pressure. Based on the ABPM results, 59% of the
patients had isolated systolic hypertension, and 41% of the subjects had systolic—diastolic
hypertension. Seven patients were dippers, ten were non-dippers, four were extreme
dippers, and one was a reverse dipper.

Table 2. Office and 24 h ambulatory blood pressure of the studied children.

Parameter Before Exercise After Exercise p
SBP [mm Hg] 139.1 £ 12.0 [133-148] 134.9 £ 12.7 [125-145] 0.073
SBP Z-score 2.01 +£0.92 [1.6-2.5] 1.66 £ 0.94 [0.9-2.5] 0.072
DBP [mm Hg] 82.2 £ 8.5 [75-88] 78.6 £ 8.8 [70-87] 0.010
DBP Z-score 2.3 +£1.15[1.5-3.0] 1.78 + 1.14 [0.5-2.8] 0.010
24 h SBP [mm Hg] 133.1 £ 10.6 [124-141] 131.7 £ 9.9 [125-137] 0.296
24 h DBP [mm Hg] 75.0 & 8.3 [68-82] 73.0 £7.4[68-79] 0.019
24 h HR [beats/min] 74.2 + 9.5 [68-80] 77.8 +10.3 [70-82] 0.004
24 h MAP [mm Hg] 101.5 & 8.9 [94-109] 100.0 & 7.8 [95-104] 0.133
24 h cSBP [mm Hg] 115.7 4 10.2 [108-124] 114.3 & 8.6 [109-118] 0.264
24 h cDBP [mm Hg] 77.5 £ 8.5 [69-86] 75.7 £ 7.7 [69-82] 0.049
SBP DIP [%] 10.5 £ 6.6 [5.3-13.6] 10.0 = 7.2 [4.5-15.7] 0.712
DBP DIP [%] 14.0 £+ 8.3 [6.6-18.3] 13.5 £ 8.5[7.6-18.3] 0.755
24 h AIx 75 HR [%] 14.7 £+ 6.58 [9-18] 15.7 £ 6.29 [11-18] 0.160
24 h TVR [dyn x s/cm®] 1557.8 4= 104.2 [1501-1619] 1509.4 £ 92.2 [1430-1579] 0.007
24 h PWV [m/s] 52+ 0.3 [4.9-5.5] 52+ 0.3 [5.0-5.3] 0.734
24 h stroke volume [mL] 74.5 + 8.1 [71-79] 72.2 £+ 8.4 [66-78] 0.011

SBP—systolic blood pressure, DBP—diastolic blood pressure, HR—heart rate, c—central blood pressure, Alx 75
HR—augmentation index normalized to the heart rate of 75 beats per minute, TVR—total vascular resistance,
PWV—pulse wave velocity.

After one hour of a standardized exercise, we observed no significant changes in the
systolic blood pressure. Still, there was a significant decrease in the office and 24 h diastolic
and 24 h central diastolic blood pressure. There were also significant reductions in the 24 h
stroke volume and total vascular resistance. After 60 min of exercise, the children’s heart
rate was significantly higher. The 24 h pulse wave velocity remained the same before and
after the exercise, and we found no difference in the augmentation index.

3.3. Hypertension-Mediated Organ Damage of the Studied Children

The HMOD parameters are shown in Table 3 and Figure 1. We observed no significant
differences between the ACR and cfPWV measurements before and after the standardized
aerobic exercise sessions. Half of the patients had an abnormally thickened carotid intima—
media. Two patients had left ventricular hypertrophy (LVH), one had elevated albuminuria,
and one had abnormal cfPWYV at the time of the study.

Table 3. Hypertension-mediated organ damage indicators in the studied children.

Parameter Before Exercise After Exercise p
ACR [mg/g] 7.0 £ 6.7 [3.5-7.3] 8.4+ 11.3[3.6-6.8] 0.606
cfPWV [m/s] 5.2 +0.65 [4.8-5.6] 5.1+ 0.75 [4.4-5.6] 0.255
cfPWV Z-score —0.27 £ 0.9[-0.9-0.3] —048 £1.0[—-1.4-0.2] 0.234
cIMT [mm)] 0.492 + 0.05 [0.45-0.52] NA
cIMT Z-score 2.0 £1.0[1.4-2.8] NA
LVM [g] 145.7 + 44.5 [114.5-162.2] NA
LVMI [g/m>7] 32.8 + 8.6 [26.8-37.6] NA
LVMI [g/m?] 74.9 + 20.3 [65.6-80.8] NA

ACR—albumin-to-creatinine ratio; cfPWV—carotid-femoral pulse wave velocity; cIMT—common carotid artery
intima—-media thickness; LVM—Ieft ventricular mass; LVMI—Ileft ventricular mass index.
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Left ventricular mass index Albumin-to-creatinine ratio [mg/g]
(LVMI) [g/m?*7] or [g/m?] (ACR)

m LV hypertrophy  ® Within norm m Above norm  ® Within norm
(a) (b)
carotid-femoral pulse wave velocity common carotid artery
(cfPWV) [m/s] intima media thickness (cIMT) [mm]

m Above norm = Within norm m Above norm = Within norm
(0) (d)

Figure 1. Hypertension-mediated organ damage indicators in the studied patients. (a) Left ventricular
mass index ([g/m?7] or [g/m?]) depending on age; (b) albumin-to-creatinine ratio (ACR) [mg/g];
(c) carotid—femoral pulse wave velocity (cfPWV) [m/s]; (d) common carotid artery intima—media
thickness (cIMT) [mm)].

3.4. MicroRNA of the Studied Children

An increase in the relative expression level of all the microRNA molecules was ob-
served but was not statistically significant for the study group (Figure 2). the molecules
numbered 27b had the highest increase in expression, followed by those numbered 145 and
133a. The post-exercise increase in the microRNA-133a expression correlated positively
with the LVMI [g/m?”] (r = 0.491, p = 0.020). The post-exercise increase in the microRNA-
145 expression levels correlated negatively with the post-exercise systolic and diastolic
blood pressure, 24 h systolic blood pressure, 24 h peripheral PWV, and cIMT (r = —0.428,
p=0.047,r = —0.449, p = 0.036, r = —0.430; p = 0.046, r = —0.557, p = 0.007 and r = —0.455,
p = 0.033, respectively) (Figure 3)—none of the tested microRNA molecules correlated
with age.
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microRNA-21 microRNA-27a microRNA-27b microRNA-133a microRNA-145
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Relative expression level

Figure 2. Relative microRNA expression levels in plasma (before and after exercise session) were
calculated by the 272t method, with miRNA-16 expression level as endogenous control, and Ct
before exercise as the norm.

Figure 3. Significant correlations of relative microRNA expression levels in plasma with blood
pressure parameters and hypertension-mediated organ damage indicators. SBP—systolic blood
pressure, DBP—diastolic blood pressure, 24 h SBP—24 h systolic blood pressure measured by
ambulatory blood pressure monitoring; cIMT—common carotid artery intima-media thickness,
24 h PWV—pulse wave velocity measured by 24 h ambulatory blood pressure monitoring device,
LVMI—Ileft ventricular mass index.

4. Discussion

Our observational preliminary study analyzed the selected microRNAs as potential
biomarkers of blood pressure parameters and subclinical arterial damage in twenty-two
previously untreated children with primary hypertension. All of the microRNA particles
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were analyzed before and after a single 60 min standardized aerobic exercise. In addition,
we evaluated the blood pressure parameters, the cfPWYV, and the ACR before and after the
exercise. We also looked at other indicators of hypertension-mediated organ damage, such
as the LVMI and cIMT. Although the relative expression levels of the microRNAs measured
did not increase significantly, all of them were overexpressed after the exercise session in this
small group of patients. Interestingly, the study revealed significant correlations between
microRNA-145 and blood pressure and arterial damage parameters. The microRNA-133a
expression also correlated with the left ventricular mass index. The study also showed no
difference between the PWV and ACR measured before and after the moderate-intensity
exercise sessions and showed that the diastolic blood pressure decreased after exercise in
both the office and 24 h measurements in the children with PH. After 60 min of exercise,
the children’s heart rate was higher, and there were also significant reductions in the 24 h
stroke volume and total vascular resistance.

Regular physical activity is a well-established, essential component of a healthy
lifestyle. It is used as a non-pharmacological strategy for prevention and treatment in
the early stages of arterial hypertension or as an adjunct to pharmacological intervention in
more advanced cases. The American Heart Association recommends at least 30 min of aero-
bic exercise five days a week to promote cardiovascular risk reduction [6]. The BP-lowering
effects of exercise are much more pronounced in people with arterial hypertension than
in healthy people [7]. However, most of the data are from adults, including older people,
and there is little evidence of this phenomenon in children. One randomized controlled
trial showed a reduction in the systolic and diastolic blood pressure of 10 and 6 mmHg,
respectively, after plyometric exercise [25]. Another study in obese children shows that BP
can be reduced by as much as 7 mmHg in 3 months with regular exercise, and this effect
is independent of body fat reduction [9]. In our study, the SBP was reduced by 4 mmHg
and the DBP by 3 mmHg after a single bout of aerobic exercise in hypertensive children,
supporting the above findings. Despite the small number of studied children, we found
significant differences in the central and peripheral diastolic blood pressure. The diastolic
blood pressure mainly depends on the arterial elasticity and peripheral (total vascular)
resistance, which decreased in our group after exercise. The systolic blood pressure, on
the other hand, depends on the work of the heart (stroke volume and heart rate) and also
on the elasticity of the large arteries. There were opposite changes in the HR and SV after
exercise in the children studied, which may explain the lack of a significant change in
systolic pressure.

Studies in recent years have linked exercise to changes in microRNA expression. A
recently published systematic review of the literature by Kotewitsch et al. identified mi-
croRNA molecules whose change in expression was replicated in multiple studies in adults.
In response to resistance exercise, the expressions of microRNA-133a and microRNA-206
were altered in most of the analyzed studies. In response to endurance exercise, microRNAs
15a, 29¢, 30a, 30e, 103a, 130a, 132, 142, 143, 155, 181a, 181b, 338, 451a, and let-7e showed
consistent elevation in 100% of all the included studies, whereas microRINAs 103a, 130a,
and let-7e were consistently downregulated [26]. The review’s authors linked the change
in microRNA expression to the positive effects of exercise on elements of the innate and
acquired immune system.

It also appears that, depending on the lifestyle and level of training, a single session of
exercise may affect the expression of other microRNA molecules and thus have different
clinical effects. Nair et al. showed that the profile of microRNAs altered by exercise in older
adults is different in trained and sedentary individuals. This, in turn, may exert a different
effect on the insulin-like growth factor 1 (IGF-1) signaling pathway and thus differently
affect exercise-induced hypertrophy of skeletal muscle and cardiomyocytes [27]. Other
studies, on the other hand, indicate that the dose of training may matter. Spanish authors
have observed that different exercise doses induced specific microRNA profiles [28].

In many adult studies, the circulating levels of microRNA-133a were increased in
healthy subjects after exercise training [29-33]. Interestingly, because miRNA-133a indi-
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rectly targets antihypertrophic genes including guanosine triphosphate-guanosine diphos-
phate (GDP-GTP) exchange protein, Rhoa, signal transduction kinase cell division control
protein 42 (Cdc42), and the nuclear factor negative elongation factor complex member
A (Nelfa/Whsc2), miRNA-133a downregulation is involved in the process of cardiac hy-
pertrophy [34]. Our study suggests this effect is also present in hypertensive children, in
whom microRNA-133a exhibited an increased relative expression after a training bout.
However, its level was positively correlated with the LVMI. We hypothesize that children
with LVH already have a greater potential to reverse unfavorable changes in the heart, and
microRNA-133a is more abundant in these patients after exercise. However, further studies
with a control group and more detailed studies of the molecular pathways are needed.

Interestingly, we found numerous negative correlations of changes in the microRNA-
145 expression levels with blood pressure and the arterial damage parameters cIMT and
PWYV. Our study sheds new light on the role of this molecule in generating hypertension and
organ changes. Our result somewhat contradicts the result of the study by Santovito et al.
The authors showed significantly higher expression of microRNA-145 in atherosclerotic
plaque collected during endarterectomy in patients with hypertension [35]. Moreover,
experimental work suggests an adverse role for microRNA-145 in the development of
both systemic and pulmonary hypertension [36,37]. In our group, microRNA-145 behaved
differently, indicating its protective role. The expression of the particle increased after
exercise and showed a negative correlation with pressure and organ changes. Some experi-
mental data suggest that microRNA-145 might be a negative regulator of the expression
of GATA binding protein 6 (GATA®), thus attenuating cardiomyocyte hypertrophy in the
experimental model [38]. Other correlations in our work compared to other authors may
have been due to different protocols for determining microRNA expression (including
different centrifugation conditions and use of probes from various companies) and deter-
mination of microRNA in different materials (serum, plasma, cells, atherosclerotic plaques).
Obviously, our pilot study cannot unequivocally assess the role of microRNA145 in the
development of hypertension and its sequelae in the pediatric population (small patient
group, no comparison with healthy children, no evaluation of expression in target organs).
Studies on larger groups of patients, studies with a control group, and prospective studies
would be needed. We hope that the final results of our project will provide insight into the
role of this molecule.

In our small group, we further observed a post-exercise increase in the expression of
other microRNA molecules: microRNA-27a, mictoRNA-27b, and microRNA 21. However,
we did not show any significant correlation between the change in the expression of
these molecules and blood pressure or hypertension-mediated organ damage. We hope to
confirm or exclude these relationships in the final work on a larger group of patients.

The expression of the angiotensin-converting enzyme gene is regulated by microRNA-
27a and microRNA-27b [39]. In a five-year longitudinal population-based study from Japan,
circulating microRNA-27a was negatively associated with incident hypertension [40]. In
a rat model, exercise increased microRNA-27a and -27b [41,42]. A loss of microRNA-27a
induced cardiac dysfunction [43], thus suggesting a cardioprotective role of this molecule.
Conversely, the authors from China revealed that the serum microRNA-27b levels were
significantly higher in hypertensive patients with left ventricular hypertrophy (LVH) than
in hypertensive patients without LVH and in healthy volunteers [44].

MicroRNA-21 is a molecule closely related to primary hypertension. By affecting
SMAD?, vascular endothelial growth factor, renin pathways, and subclinical inflammation,
microRNA-21 is involved in the development and progression of hypertension and HMOD,
including left ventricular hypertrophy and arterial damage measured by the cIMT and
PWYV [45]. A post-exercise decrease in microRNA-21 expression was revealed in an animal
model [46] and in women with breast cancer [47], which may be another mechanism for
the positive effects of exercise on human health.

A meta-analysis of fourteen trials (15 interventions, 642 adult participants with ar-
terial hypertension), involving five aerobic, two dynamic resistance, six combined, and
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two isometric resistance groups, showed that exercise interventions based on aerobic, com-
bined, or isometric exercise were able to decrease the PWV [48]. Also, a meta-analysis of
26 studies in overweight and obese children revealed that aerobic exercise had a favorable
effect on arterial stiffness, while the improvement was ineffective after resistance training
and a combined training mode [49]. In our study, a single aerobic exercise session did not
cause a significant change in any of the analyzed parameters of organ damage, including
arterial stiffness. Nevertheless, we observed a substantially reduced total vascular resis-
tance (TVR). According to Poiseuille’s law, the TVR correlates positively with the blood
viscosity and vessel length but is inversely related to the fourth power of the radius. Thus,
reductions in the TVR are strongly associated with changes in the vessel diameter; even
small changes profoundly affect the vascular resistance. A larger lumen diameter and
greater distensibility of blood vessels are structural adaptations to exercise that allow for
lower peripheral resistance. We want to underline that our study is preliminary, and the
analysis will be repeated on a larger group of hypertensive children and healthy peers.

Our study has several obvious limitations. First, the study sample is small and does
not allow us to draw definitive conclusions. Second, there is no control group, which affects
the analysis of both clinical data and microRNA expression analysis. Hence, we used the
microRNA expression before exercise (in a given patient) instead of the expression in the
control group as the baseline expression. The group is not ethnically and age-diverse. Thus,
it is not easy to transfer these results to other populations. On the other hand, despite
these limitations, the study’s strengths should be highlighted. First, it is the first pioneering
analysis of microRNAs in children with hypertension. Second, in our study, we used (and
described in detail in Section 2) an established method for assessing microRNA expression.
All samples were analyzed by a single investigator (MS) previously trained by microRNA
experts. Third, the patients” vascular phenotype and blood pressure were assessed in
extraordinary detail. An additional strength is the inclusion of a standardized intervention
and the evaluation of virtually all parameters before and after exercise. We are aware of
the limitations and are confident that the final study will answer the question of the role of
microRNA in pediatric primary hypertension, HMOD, and its relationship to exercise in
this group of patients.

5. Conclusions

To conclude, our preliminary study in 22 pediatric patients with primary hypertension
revealed a single bout of standardized aerobic exercise-induced changes in microRNNA
expression together with a decrease in blood pressure, stroke volume, and total vascu-
lar resistance. We hypothesize that microRNA-133a might be a marker of left ventricu-
lar hypertrophy in children with primary hypertension. Exercise-induced alteration of
microRNA-145 expression may cause a post-exercise reduction in the blood pressure and
have a protective effect on arterial parameters in children with primary hypertension.
Both microRNA-133a and microRNA-145 may induce epigenetic modifications affecting
hypertension-mediated organ damage in children with primary hypertension, but this
requires further studies.
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Abstract

Introduction: The role of microRNA in primary hyper-
tension (PH) remains unclear. This study examined the
expression of microRNA-16, -21, -27a, -27b, -133a, and
-145 in untreated hypertensive children, their response to
aerobic exercise, and correlations with blood pressure
(BP) and related parameters. Methods: A pre-post
observational, hypothesis-generating study included 56
hypertensive (study group [SG]) and 59 healthy children
(control group [CG]). Plasma microRNA levels and clinical,
biochemical, BP, vascular, and hypertension-mediated

organ damage (HMOD) parameters were assessed
before and after one session of standardized aerobic
exercise. Results: The baseline relative microRNA-27b
(p < 0.001) and microRNA-133a (p = 0.018) expressions
were significantly lower in the SG; similarly, after an
exercise bout. After an exercise bout, the expression of
microRNA-27b, -133a, and -145 increased in CG, whereas
only the expression of microRNA-145 increased in SG. In
SG, microRNA-16, -21, -27a, and -145 correlated positively
with pre-exercise BP. There were no correlations between
the analysed microRNA particles and parameters of
HMOD. ROC analysis identified the best prognostic
profile for relative microRNA-27b expression as a
potential biomarker of the absence of PH. Multivariate
analysis revealed the relative microRNA-16 expression as
the only significant predictor of elevated diastolic BP.
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Conclusions: MicroRNA-27b and microRNA-133a are
underexpressed in children with PH. These particles
may represent potential markers of hypertension in
children and may also be associated with a lower
burden of hypertension-related alterations. MicroRNA-
16 may serve as a marker of diastolic hypertension.

© 2026 The Author(s).
Published by S. Karger AG, Basel

Introduction

Arterial hypertension (AH) affects 3-5% of children
globally [1]. While secondary hypertension (SH) is more
common in early childhood, the rising obesity epidemic
has led to an increasing prevalence of primary hyper-
tension (PH), now the dominant form in adolescents [2].
Recent studies suggest that PH accounts for approxi-
mately half of all cases of AH during the developmental
period [3]. Children diagnosed with AH have a higher
risk of cardiovascular events compared with normo-
tensive peers [4]. Thus, improved detection, follow-up,
and control of paediatric hypertension might reduce the
risk of adult cardiovascular disease.

MicroRNAs have recently gained attention for their
presumed role in hypertension pathogenesis [5]. Their
discovery was recognized with a Nobel Prize (2024), and
emerging therapies, such as zilebesiran, show promise in
lowering blood pressure (BP) for up to 24 weeks after
injection [6]. Despite significant research in adults,
studies of microRNAs in paediatric PH are scarce [7].

Many complex factors and interactions influence the
development of PH: genetic and environmental factors,
the renin-angiotensin-aldosterone system, the sympa-
thetic nervous system, and substances produced by the
vascular endothelium [8]. However, the exact process of
hypertension development is not yet fully understood,
and the molecular pathways remain to be elucidated [2].
One of the fascinating clues that have yet to be fully
explored in the pathogenesis of hypertension is epige-
netic changes, including microRNA-mediated gene
regulation. They might be a key but an underexplored
aspect [9]. MicroRNA expression also changes with
exercise [10], which is a well-established non-
pharmacological approach to BP control [11]. Post-
exercise hypotension, observed for up to 24 h after
physical activity, further underscores the role of exercise
in hypertension management [12].

MicroRNA-16 is recognized as an essential regulator of
vascular smooth muscle cell (VSMC) growth and migration
and participates in angiotensin II-mediated signalling in these
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cells. Its overexpression is also thought to inhibit VSMC
proliferation [13]. Notably, microRNA-16 appears to exert a
bidirectional influence on inflammatory processes — acting in
an anti-inflammatory manner by promoting the secretion of
IL-10 and TGF-, or conversely, enhancing inflammation by
stimulating NF-kB activation and increasing IL-8 production
[14, 15]. Several studies have demonstrated elevated circu-
lating plasma levels of microRNA-21 in hypertensive patients
with hypertension-mediated organ damage (HMOD) [16,
17]. Other clinical investigations have reported a positive
correlation between microRNA-21 levels and both BP values
[18] as well as carotid intima-media thickness [19], and a
negative association with arterial stiffness [20]. MicroRNA-
27a and microRNA-27b have emerged as potent molecules
of interest, acting as positive regulators of angiogenesis [21]
and contributing to the regulation of endothelial cell
repulsion — processes essential for the formation of a
functional vascular network [22]. Furthermore, it has been
suggested that both microRNA-27a and microRNA-27b may
inhibit angiotensin-converting enzyme (ACE) expression by
targeting specific binding sites within ACE transcripts [23].
MicroRNA-133a has similarly attracted attention, with
studies reporting lower expression levels in patients with PH
compared to healthy controls, as well as significant corre-
lations with BP parameters [24]. Its expression has also been
independently associated with urinary albumin excretion
[25], and notably, circulating levels of microRNA-133a in-
crease in healthy individuals following exercise [26]. Santo-
vito et al. [27] reported significantly higher microRNA-145
levels within atherosclerotic plaques from hypertensive pa-
tients undergoing carotid endarterectomy. In contrast, Ozkan
et al. [28] observed significantly lower circulating microRNA-
145 levels in newly diagnosed patients with PH during cohort
follow-up, suggesting a potentially context-dependent role of
this microRNA in hypertension.

Thus, we selected the six aforementioned microRNAs —
microRNA-16, microRNA-21, microRNA-27a, microRNA-
27b, microRNA-133a, and microRNA-145, as molecules
with a potentially promising role in the development of PH.
The study aimed to examine the expression of the six mi-
croRNAs in untreated adolescents with PH compared with
healthy peers, assess changes in expression after exercise, and
evaluate their correlations with BP and HMOD.

Materials and Methods

Study Design

The study employed a controlled single exercise session
as an experimental intervention and standardized pre- and
post-exercise analyses and measurements in a group of
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Fig. 1. Summarized protocol of patients’ examinations. Cardio-
pulmonary exercise test (CPET) was performed 2-6 weeks before
the study to determine individualized exercise intensity. Baseline
assessments were conducted on the morning of day 1. A 60-min
aerobic exercise session was performed approximately 36 h later.
Second ambulatory blood pressure monitoring (ABPM) was

children with PH and their healthy peers. Since random
allocation to groups was not feasible — group membership
being determined by the presence or absence of pre-
existing hypertension - the design qualifies as quasi-
experimental, combining a pretest-post-test design and a
nonequivalent groups design. Accordingly, the study
should also be regarded as an observational, hypothesis-
generating investigation.

The study protocol was reviewed and accepted by
the National Science Centre in Poland (grant No.
2021/41/N/NZ5/04194) and approved by the Bioethics
Committee of the Medical University of Warsaw (KB
154/2020). All procedures adhered to the highest
ethical standards set by the Institutional Research
Committee and were conducted in accordance with
the principles of the Declaration of Helsinki and its
subsequent amendments. The study protocol is sum-
marized in Figure 1 and described in detail in online
supplementary Table 1 (for all online suppl. material,
see https://doi.org/10.1159/000552984). In brief, pa-
tients enrolled in the study underwent a cardiopul-
monary exercise test (CPET) to determine the an-
aerobic threshold, which was used to standardize the
training session. Two to 6 weeks after this test - to
avoid the influence of maximal exertion on microRNA
levels (see circulating microRNA kinetics and justifi-
cation of the CPET interval in online supplementary
Methods Section) - participants were invited for the
first part of the study (day 1). The following day (day
2), participants performed a 60-min cycle ergometer
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initiated immediately after exercise. The remaining post-exercise
assessments were performed on the morning of day 3
(12-16 h after exercise). Blood samples were collected
after >10 h of fasting. BP, blood pressure; PWV, pulse wave
velocity; cIMT, common carotid artery intima-media thickness;
ECHO, echocardiography.

exercise session in the afternoon, using a workload
determined by the CPET results. After the exercise test,
a new ambulatory blood pressure monitoring (ABPM)
measurement was initiated. The next morning (day 3),
blood, urine, and arterial examinations were repeated.
All participants underwent the same protocol.

Study Groups

Participants were recruited from a single paediatric
nephrology centre between November 2021 and June
2023. The study group (SG) included children with
untreated PH diagnosed at our university hospital. The
control group (CG) consisted of age- and sex-matched
children without hypertension, who met the same ex-
clusion criteria.

Inclusion criteria for the SG were as follows:
a diagnosis of untreated AH based on current Euro-
pean guidelines [29], confirmed by ABPM [30];
height >120 cm; and written informed consent from a
parent or legal guardian. Exclusion criteria included
SH; severe renal, hepatic, or cardiac disease; inflam-
matory conditions; contraindications to physical ex-
ercise; and acute infections (temporary 2-week ex-
clusion). Children with behavioural disorders, dis-
abilities, or noncompliance with study procedures
were also excluded. Secondary causes of hypertension
were excluded based on clinical evaluation and a
standardized diagnostic workup, including laboratory
testing and imaging, as described in detail in the online
supplementary Methods.
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General Laboratory Procedures

All blood samples collected during the study (days 1
and 3 morning) were taken after at least 10 h of fasting
(no meal) between 7 and 11 a.m. Blood sampling was
conducted 12-16 h following the exercise session, not
immediately after exertion. First, baseline blood was
collected under controlled fasting and circadian
conditions. Then, after the exercise, blood was drawn
in the same conditions the next morning to assess
sustained changes in circulating microRNA levels
while maintaining comparability with baseline mea-
surements. The supplementary materials describe the
exact centrifugation conditions and the various sample
processing steps (see supplementary methodology:
evaluation of microRNA). All urine samples were the
first morning samples. BP measurements and vascular
tests were performed on each patient in the morning
after fasting. Immediately after the exercise session,
24 h ABPM was initiated.

Basic Clinical, Biochemical, BP, and Arterial

Parameters

To avoid residual exertional effects on baseline
biochemical or molecular analyses, a CPET was con-
ducted at least 2 weeks before blood, urine, and BP
assessments (see circulating microRNA kinetics and
justification of the CPET interval in online supple-
mentary Methods Section). Our previous manuscripts
provide a detailed description of the methodology used
for these parameters, including the preliminary study
conducted to ensure proper study protocol manage-
ment [7, 31]. Among measured parameters were as
follows: NLR, neutrophil-to-lymphocyte ratio; MLR,
monocyte-to-lymphocyte ratio; SBP, systolic blood
pressure; office: DBP, diastolic blood pressure; MAP,
mean arterial pressure; AoSBP, aortic systolic blood
pressure; AoDBP, aortic diastolic blood pressure;
AoMAP, aortic mean arterial pressure; AIx75-HR,
augmentation index at a heart rate of 75/min; Buck-
berg SEVR, subendocardial viability ratio; ESP, end
systolic pressure; 24 h-hour, 24 h; ABPM [32]: SBP 24
h, DBP 24 h, MAP 24 h (and their Z-score values
according to paediatric normalized reference values
[32]); cSBP 24 h, central systolic blood pressure; cDBP
24 h, central diastolic blood pressure; PP 24 h, pulse
pressure; PWV 24 h, pulse wave velocity; TVR 24 h,
total vascular resistance, Alx-24 h, augmentation in-
dex; CO 24 h, cardiac output; SV 24 h, stroke volume;
RM 24 h, reflection magnitude; ET, ECHO tracking;
beta, stiffness index; Ep, pressure strain elasticity
modulus; AC, arterial compliance; Al, augmentation
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index; D, maximal diameter of common carotid
artery; Dy, minimal diameter of common carotid
artery; DAT .y acceleration time to common carotid
artery maximal diameter. Additional details can be
found in the online supplementary Materials.

Exercise Session

All participants underwent CPET (Cyclus 2, RMB
elektronik-automation GmbH, Leipzig, Germany) to
determine individualized exercise intensity. Subse-
quently, after 2-6 weeks, participants performed a 60-
min supervised cycling session at 90-110% of the
workload corresponding to each participant’s anaerobic
threshold (AT), in accordance with ACSM recommen-
dations for moderate-intensity exercise [33]. A detailed
description of CPET and the standardized exercise
protocol is provided in the online supplementary
Methods.

HMOD and Vascular Parameters

Four indicators of HMOD were measured during the
study: left ventricular mass index (LVMI) (g/m?” or g/
m?) [34, 35], urinary albumin excretion, common ca-
rotid artery intima-media thickness (cIMT), and carotid-
femoral pulse wave velocity (cfPWV). cIMT and cfPWV
equal to or greater than the 95th percentile for age and
height were considered abnormal [36, 37]. An exact
description of the technique was included in the online
supplementary material.

All remaining vascular and haemodynamic pa-
rameters — including central BP indices, augmentation
index, parameters derived from 24 h ABPM, as well as
ultrasound- and applanation tonometry-derived
measures of vascular stiffness — were treated as ex-
ploratory variables and used for comprehensive
characterization of cardiovascular function in the
study population; accordingly, results derived from
these exploratory variables should be interpreted as
hypothesis-generating.

Evaluation of microRNA

MicroRNA extraction was performed using mir-
Vana PARIS kits (Thermo Fisher Scientific, Waltham,
MA, USA) per the manufacturer’s instructions. C.
elegans miRNAs, cel-microRNA-39 and cel-
microRNA-54 (synthetic RNA oligonucleotides syn-
thesized by Thermo Fisher), were added in equal
amounts to each sample: immediately after combining
the plasma sample with the denaturing solution (cel-
microRNA-39) and at the beginning of the poly(A)
tailing reaction (cel-microRNA-54) [38]. Total RNA
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was isolated from plasma samples without the use of an
enrichment procedure for small RNAs. RNA quantity,
quality, and purity were assessed via NanoDrop Lite
(Thermo Fisher Scientific, Waltham, MA, USA). Re-
verse transcription was conducted with TagMan Kits,
followed by real-time PCR using TagMan Advanced
microRNA Assays (Thermo Fisher Scientific, Wal-
tham, MA, USA) and the LightCycler 480 II (Roche
Diagnostics GmbH, Mannheim, Germany). All sam-
ples were run in triplicate. Each assay was run with
2 no-template controls to rule out nonspecific am-
plification. No sample included in the study demon-
strated a Ct value near the no-template control or
exceeded 40 cycles.

Data were analysed using LightCycler 480 II soft-
ware, with relative microRNA levels calculated via the
27AACt method [39]. In addition to two spike-in
normalizers, one randomly selected sample was used
as a calibrator (reference sample) across all gPCR runs
to enable relative quantification using the 274ACt
method. qPCR runs to ensure inter-run comparability,
and miRNA expressions were expressed as 2724CT [40]
(all the data normalization is present as online suppl.
file 1). Expression levels were log 10-transformed for
statistical analysis. All microRNA sequences and ac-
cession numbers (https://www.mirbase.org/) are listed
in online supplementary Table 2 for reference and
further study.

Statistical Methods

A sample size assessment based on previous micro-
RNA studies in adult hypertensive patients [16, 19, 20,
24, 28], indicated that 55 participants per group would be
required (power 0.80, p = 0.05, Ar = 0.4) (online suppl.
Fig. 1). Assuming a 20% dropout rate, we recruited 140
patients. Statistical analyses were performed using Dell
Statistica 13.0 PL (TIBCO Software Inc.) and SPSS 22.0
(IBM Corp.). Data distribution was assessed using the
Shapiro-Wilk test. Continuous variables were expressed
as mean * SD and interquartile range, and categorical
variables as percentages. All tests were two-sided with a
significance level of p < 0.05.

Group comparisons were performed using Stu-
dent’s t test or Mann-Whitney U test and paired
comparisons using paired ¢ test or Wilcoxon test, as
appropriate. Correlations were assessed using
Spearman’s or Pearson’s coefficients. Multivariable
regression and ROC analyses were performed to
identify predictors of hypertension. Detailed further
statistical procedures are described in the online
supplementary Methods.
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Results

Five participants, including three from the study
group and two from the control group, were unable to
complete CPET despite repeated attempts (3) and were
excluded prior to the intervention (online suppl. S2
Figure). During the exercise protocol, 3 participants, 2
from the study group and 1 from the control group, did
not complete the session at the first attempt due to
transient factors. All subsequently repeated the protocol
after the predefined interval of 2-6 weeks, resulting in a
final sample of 56 participants in the SG and 59 in the CG
who completed all study phases and had complete data
(online suppl. S2 Figure). Tables 1 and 2 and online
supplementary Table 3 summarize the data obtained
during both groups’ measurements and the parameters’
values tested before and after the standardized training
session.

Basic Clinical, Blood, and Urine Parameters

The groups did not differ in age, sex, height Z-scores,
gestational age, or birth weight. However, the SG had
significantly higher weight Z-scores, body mass index
(BMI) Z-scores, waist and hip circumferences, and waist-
hip-ratio. Kidney function and most biochemical pa-
rameters (total cholesterol, sodium, potassium, renin,
aldosterone, aldosterone/renin ratio, and inflammatory
markers) were similar. Significant differences were
found in uric acid, HDL cholesterol, triglycerides, and
NLR. After exercise, the SG had lower sodium-to-
creatinine (p = 0.029) and phosphorus-to-creatinine
(p = 0.001) excretion. Before exercise, the SG showed
lower calciuria. Following exercise, the urinary sodium-
to-creatinine ratio showed negative correlations with
renin (R = -0.471, p < 0.001) and aldosterone levels
(R = —0.465, p < 0.001) in the study group. In contrast,
the urinary potassium-to-creatinine ratio exhibited a
positive correlation with renin (R = 0.286, p = 0.028) in
the control group.

BP and Vascular Parameters, Including HMOD

There was a significant difference in BP parameters
between hypertensive and normotensive children, in
terms of SBP, DBP, and their Z-scores, as well as pa-
rameters measured during 24 h: SBP 24 h, DBP 24 h,
MAP 24 h, PP 24 h, ¢SBP 24 h, cDBP 24 h, PWV 24 h,
and TVR 24 h before exercise. The groups did not differ
in HR at the 24 h measurement.

In the SG, all BP indices, except for 24 h pulse
pressure, decreased significantly after an exercise session.
Conversely, in the CG, BP indices did not change except
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Table 1. Comparison of the studied parameters in the study and control group (baseline value)

Parameter Study group=SD (IQR) Control group=SD (IQR) p value
Number of patients (n) 56 59 N/A
Age, years 15.4+£1.9 (14.3-16.9) 15.3+£1.6 (13.8-16.6) 0.435
Boys/girls 42/14 41/18 0.378
Hypertensive mother, % 29% 8% 0.053
Hypertensive father, % 50% 29% 0.020
Height, cm 173.1+8.8 (167.0-179.0) 171.7+10.5 (165.0-180.0) 0.731
Height Z-score 0.64+1.04 (—0.05-1.30) 0.57+1.00 (-0.24-1.20) 0.461
Weight, kg 80.2+19.7 (66.5-87.5) 61.7+11.5 (55.0-69.0) <0.001
Weight Z-score 1.51+1.10 (0.73-2.27) 0.43+0.84 (0.01-1.03) <0.001
BMI, kg/m? 26.8+6.6 (22.5-30.1) 20.9+3.4 (18.7-22.4) <0.001
BMI Z-score 1.39+1.1 (0.68-2.22) 0.16+1.1 (-0.42-0.83) <0.001
Waist circumference, cm 84.9+15.0 (74.5-90.4) 71.1+6.7 (67.5-74.5) <0.001
Hip circumference, cm 100.8+12.0 (92.8-106.5) 91.4+8.2 (86.5-96.0) <0.001
WHR 0.84+0.11 (0.79-0.88) 0.78+0.04 (0.75-0.81) <0.001
Duration of hypertension, months 10.2£14.0 (1.0-12.5) 0 N/A
Duration of pregnancy, weeks 38.5+2.5 (37.3-40.0) 38.7+1.9 (38.0-40.0) 0.797
Birth weight, g 3,252+550 (3,073-3,500) 3,324+583 (3,160-3,650) 0.185
Sodium serum, mmol/L 139.3+2.0 (138.0-140.5) 139.33+2.1 (138.0-140.0) 0.950
Potassium serum, mmol/L 4.28+0.23 (4.10-4.43) 4.243+0.30 (4.05-4.50) 0.460
Uric acid, mg/dL 5.8+1.1 (5.1-6.6) 5.0+0.9 (4.5-5.7) <0.001
Cholesterol, mg/dL 163.3+34.2 (137.0-187.0) 155.4+30.3 (136.0-168.00) 0.154
LDL cholesterol, mg/dL 91.1£26.9 (74.0-104.0) 83.6+£25.4 (67.0-95.0) 0.091
HDL cholesterol, mg/dL 52.3+15.0 (42.5-59.5) 57.6+11.7 (49.0-65.3) 0.009
Triglycerides, mg/dL 99.8+46.0 (64.5-126.5) 71.1+24.8 (57.0-80.0) <0.001
eGFR, mL/min/1.73 m? 108.7+18.3 (97.5-121.8) 107.0+£17.3 (92.4-117.0) 0.603
Renin, mU/L 34.4+21.6 (18.8-44.7) 35.8+25.0 (21.0-44.1) 0.838
Aldosterone, ng/dL 12.1+7.8 (7.4-13.8) 12.8+6.6 (7.6-16.9) 0.383
PAC/PRC 0.40+0.2 (0.25-0.52) 0.45+0.3 (0.26-0.57) 0.467
NLR 1.65+0.8 (1.09-1.93) 1.79+3.2 (0.95-1.57) 0.014
PLR 130.12+38.7 (100.43-150.89) 118.91+37.7 (93.75-139.26) 0.082
MLR 0.26+0.1 (0.20-0.28) 0.28+0.3 (0.20-0.29) 0.889
MNR 0.18+0.08 (0.12-0.22) 0.19+0.06 (0.15-0.22) 0.086
ACR, mg/g 12.32+22.0 (2.77-9.22) 8.12+8.0 (3.58-9.10) 0.332
U. Na/creat, mmol/mg 0.75%0.46 (0.39-1.00) 0.75%0.42 (0.49-0.92) 0.714
U. K/creat, mmol/mg 0.23+0.14 (0.16-0.26) 0.21+£0.19 (0.13-0.24) 0.119
U. UA/creat, mg/mg 0.28+0.10 (0.21-0.34) 0.33+0.16 (0.23-0.37) 0.109
U. Ca/creat, mg/mg 0.07+0.05 (0.03-0.10) 0.09+0.06 (0.05-0.13) 0.017
U. P/creat, mg/mg 0.68+0.17 (0.53-0.78) 0.78+0.43 (0.60-0.86) 0.098
MicroRNA in Children with Primary Kidney Blood Press Res 2026;51:468-487 473

Hypertension

DOI: 10.1159/000552984

64

920z AInc GT uo 1senb Aq 4pd ‘¥86255000 /90ELYSY /89% /T /TG /4pd -8 |9 114e /igy oo “Jsbiey //:d 11y wo i pspeo jumod



Table 1 (continued)

Parameter Study group=SD (IQR) Control group=SD (IQR) p value
SBP, mm Hg 136.8+10.4 (131.0-145.5) 118.8+9.6 (113.0-126.0) <0.001
SBP Z-score 1.82+0.86 (1.34-2.38) 0.25+0.81 (-0.34-0.85) <0.001
DBP, mm Hg 82.1+8.1 (76.0-88.0) 72.9+6.3 (69.0-77.0) <0.001
DBP Z-score 2.24+1.13 (1.44-3.06) 1.00+0.81 (0.44-1.52) <0.001
MAP, mm Hg 98.3+7.7 (92.9-103.0) 86.8+6.6 (81.7-91.7) <0.001
HR, 1/min 75.9+13.2 (66.9-84.3) 68.8+£11.0 (62.2-74.0) 0.001
SBP 24 h, mm Hg 131.249.5 (124.0-137.5) 114.946.9 (109.0-121.0) <0.001
DBP 24 h, mm Hg 73.6+6.6 (68.0-78.0) 66.1+5.1 (64.0-69.0) <0.001
MAP 24 h, mm Hg 100.0+7.3 (94.0-105.0) 88.5+5.1 (85.0-92.0) <0.001
PP 24 h, mm Hg 57.146.9 (53.0-60.0) 48.316.7 (43.0-52.0) <0.001
HR 24 h, 1/min 73.5+9.1 (67.0-79.5) 71.2+9.7 (63.0-79.0) 0.146
cSBP 24 h, mm Hg 114.5+8.5 (108.0-119.5) 100.4+5.5 (96.0-104.0) <0.001
cDBP 24 h, mm Hg 76.0+6.8 (70.0-80.5) 67.9+5.2 (65.0-72.0) <0.001
Alx@75-HR 24 h, % 15.0+6.2 (10.0-18.5) 12.2+6.2 (8.0-15.0) 0.013
PWV 24 h, m/s 4.7+0.46 (4.0-5.0) 4.0+0.18 (4.0-4.0) <0.001
SV, mL 74.6+7.7 (71.0-80.5) 73.6+10.4 (65.0-82.0) 0.561
CO, L/min 4.79+0.41 (5.00-5.00) 4.51+0.50 (4.00-5.00) 0.010
TVR, dyn*s/cm® 1,552.5+125.8 (1,447.0-1,612.5) 1,461.5+106.8 (1,375.0-1,540.0) <0.001
RM, % 57+6.4 (54-62) 54+5.4 (50-57) 0.003
Systolic DIP, % 11.0+£6.0 (7.1-14.8) 10.6+4.6 (7.3-13.5) 0.676
Diastolic DIP, % 14.0+6.9 (8.4-19.1) 17.546.0 (13.4-22.1) 0.005
LVMI, g/m27 33.02+8.17 (26.64-37.78) 28.12+5.90 (22.68-34.09) <0.001
LVMI, g/m? 74.59+17.92 (63.19-85.44) 70.83+13.98 (62.96—81.60) 0.210
LVMI Z-score —0.554+1.474 (-1.465-0.415) —1.334£1.455 (-2.510 to —0.050) 0.003
cfPWV, m/s 5.26+0.71 (4.77-5.63) 4.69+0.60 (4.20-5.07) <0.001
cfPWV Z-score —0.19+0.95 (-0.81-0.23) —0.96+0.80 (—1.49 to —0.30) <0.001
AoSBP, mm Hg 114.9+£8.6 (110.2-119.1) 100.7+7.7 (94.0-107.0) <0.001
AoDBP, mm Hg 83.5+8.1 (77.1-89.0) 74.2+6.4 (70.0-78.5) <0.001
AoMAP, mm Hg 98.317.7 (92.9-103.0) 86.8+6.6 (81.7-91.7) <0.001
Alx, % —6.78+11.86 (—15.84-1.10) -4.64+10.77 (—13.50-1.00) 0.254
Alx@HR75, % —6.47+11.85 (—14.75-2.53) —7.79+£10.09 (—13.75 to —2.20) 0.778
Buckberg SEVR 184.7+47.3 (151.5-209.1) 190.7433.5 (166.7-214.2) 0.147
ESP, mm Hg 105.5+9.1 (100.2-109.5) 92.7+7.7 (86.3-99.0) <0.001
cIMT, mm 0.48+0.06 (0.45-0.52) 0.46+0.04 (0.43-0.49) 0.067
cIMT Z-score 1.77£1.12 (1.04-2.58) 1.46+0.89 (0.67-2.07) 0.108
ET beta 3.3+0.7 (2.7-3.6) 3.0+0.6 (2.7-3.3) 0.451
ET Ep, kPa 45.9+11.5 (38.5-51.5) 37.548.2 (32.0-42.5) <0.001
ET AC, mm?/kPa 1.30+0.30 (1.11-1.46) 1.48+0.36 (1.18-1.73) 0.007
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Table 1 (continued)

Parameter Study group=SD (IQR) Control group+SD (IQR) p value
ET Al, % —-4.8+11.4 (-11.48-0.45) —6.0+£9.5 (-13.8 to —0.9) 0.814
ET PWVB, m/s 4.1+0.5 (3.8-4.3) 3.7+0.4 (3.5-4.0) <0.001
ET Dmax, MM 6.7510.62 (6.32-7.14) 6.4610.51 (6.07-6.76) 0.024
ET Dmin, mm 5.81+0.62 (5.33-6.10) 5.53+0.48 (5.24-5.76) 0.066
ET DATax, Ms 134.0+£32.3 (116.0-142.8) 134.2+17.4 (120.5-142.0) 0.102

SD, standard deviation; IQR, interquartile range; N/A, non-applicable; BMI, body mass index; WHR, waist-to-hip ratio; LDL, low-
density lipoprotein; HDL, high-density lipoprotein; eGFR, estimated glomerular filtration rate; PAC, plasma aldosterone con-
centration; PRC, plasma renin concentration; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; MLR,
monocyte-to-lymphocyte ratio; MNR, monocyte-to-neutrophil ratio; ACR, albumin-to-creatinine ratio; U, urine; Na, sodium; K,
potassium; UA, uric acid; Ca, calcium; P, phosphorus; creat, creatinine; SBP, systolic blood pressure; DBP, diastolic blood pressure;
MAP, mean arterial pressure; HR, heart rate; PP, pulse pressure; 24 h, 24-hour; ¢, central blood pressure; Alx@75-HR, augmentation
index normalized to heart rate of 75 beats per minute; PWV, pulse wave velocity; SV, stroke volume; CO, cardiac output; TVR, total
vascular resistance; RM, reflection magnitude; DIP, blood pressure night dipping; LVMI, the left ventricular mass index; cf, carotid-
femoral; Ao, central blood pressure (aortic); Alx, augmentation index; Buckberg SEVR, subendocardial viability ratio; ESP, end
systolic pressure; cIMT, common carotid artery intima-media thickness; ET, ECHO tracking; beta, stiffness index; Ep, pressure strain
elasticity modulus; AC, arterial compliance; Al, augmentation index; Dnax maximal diameter of common carotid artery;
Dmins Mminimal diameter of common carotid artery; DAT,,.x, acceleration time to common carotid artery maximal diameter.

for a significant rise in 24 h systolic BP and 24 h pulse These associations were consistent across models ad-
pressure. justed for different measures of body composition, in-
Concerning HMOD, the groups differed in LVMI  cluding waist and hip circumference.
[g/m2'7], LVMI Z-score, cfPWV and its Z-score, and central MicroRNA-27b was the best indicator for deter-
pressures AoSBP, AoDBP, AoMAP, and ESP, as well as in mining the presence or absence of hypertension among
arterial parameters and local stiffness of the common carotid ~ the subjects (Fig. 3). MicroRNA-133 was also a signif-
artery: ET Ep and ET-PVWB. No difference was found for icant predictor of hypertension in the studied children,
Alx, AIx@75-HR, Buckberg SEVR index, ET beta, ET AC,ET  though with a lower AUC.
AL ET Dpin, ET Dpao and ET DAT,,. (using Bonferroni Among the six microRNAs tested, in multivariate
correction and Benjamini-Hochberg FDR corrections). There analysis, microRNA-16 expression level was the best
was a trend towards a higher mean cIMT value in the SG.  marker for predicting the 24 h DBP Z-score at the time of
examination (Fig. 4, online suppl. Table S5). In the
MicroRNA Expression multivariate logistic regression model, high baseline
MicroRNA-27b expression was significantly higher expression of microRNA-16 was identified as an inde-
(p < 0.001) in the control group than in the study group pendent determinant differentiating patients with higher
both before and after exercise, and its expression after (>2.1) versus lower DBP Z-score values (Table 3).
physical exercise increased significantly only in the The study also revealed that microRNA-145 expres-
control group (Fig. 2). Similar relationships were ob- sion increased after exercise in both groups; however, no
served in microRNA-133a expression across the studied statistically significant differences were observed be-
groups: it was higher in the control group both before tween groups at baseline or post-exercise (Fig. 4). Cir-
and after exercise, and it increased after physical exercise culating levels of microRNA-16, microRNA-21, and
in the control group (Fig. 2). In multivariable linear microRNA-27a were comparable between the groups
regression analyses, hypertension status remained in- and remained unchanged following exercise.
dependently associated with both microRNA-27b and The most significant results of the univariate analysis of
microRNA-133a expression after adjustment for BMI associations between relative microRNA expression levels
Z-score, age, and sex. Specifically, hypertensive patients in SG and clinical and biochemical parameters are pre-
exhibited lower microRNA-133a and microRNA-27b sented in Figure 5 (the heatmap). MicroRNA-27a and
levels compared to controls (online suppl. S4 Table). microRNA-133a positively correlated with BMI Z-scores
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Table 2. Comparison of the studied parameters in the study group before and after the aerobic exercise

session
Parameter Before exercise After exercise p
mean=SD (IQR)
Uric acid, mg/dL 5.8+1.1 (5.1-6.6) 6.3+1.4 (5.2-7.3) <0.001
Creatinine, mg/dL 0.80%0.2 (0.66-0.95) 0.81+0.2 (0.67-0.93) 0.378
eGFR, mL/min/1.73 m?  108.7+18.3 (97.5-121.8) 107.6£19.7 (93.4-123.4) 0.287
Renin, mU/L 34.4421.6 (18.8-44.7) 36.1+21.3 (20.5-47.7) 0.324
Aldosterone, ng/dL 12.1+£7.8 (7.4-13.8) 13.8+6.5 (9.3-17.1) 0.054
PAC/PRC 0.40£0.2 (0.25-0.52) 0.45%0.2 (0.31-0.54) 0.081
ACR, mg/g 12.32422.0 (2.77-9.22) 8.47+10.4 (2.87-8.01) 0.424
U. Na/creat, mmol/mg 0.75+0.46 (0.39-1.00) 0.50+0.34 (0.26-0.60) 0.002
U. K/creat, mmol/mg 0.23£0.14 (0.16-0.26) 0.20+0.08 (0.14-0.24) 0.071
U. UA/creat, mg/mg 0.28+0.10 (0.21-0.34) 0.32+0.10 (0.25-0.38) 0.007
U. Ca/creat, mg/mg 0.07£0.05 (0.03-0.10) 0.08+0.06 (0.04-0.11) 0.166
U. P/creat, mg/mg 0.68+0.17 (0.53-0.78) 0.67+0.20 (0.53-0.79) 0.726
SBP, mm Hg 136.8+10.4 (131.0-145.5) 133.1£9.8 (127.0-140.0) 0.006
SBP Z-score 1.82+0.86 (1.34-2.38) 1.51+0.78 (1.02-2.04) 0.006
DBP, mm Hg 82.1+8.1 (76.0-88.0) 78.6+7.6 (72.5-84.5) <0.001
DBP Z-score 2.24+1.13 (1.44-3.06) 1.76+1.02 (0.98-2.44) <0.001
MAP, mm Hg 98.3+7.7 (92.9-103.0) 94.9+7.3 (89.7-100.0) <0.001
HR, 1/min 75.9+13.2 (66.9-84.3) 77.1£12.9 (68.4-83.1) 0.245
SBP 24 h, mm Hg 131.249.5 (124.0-137.5) 129.14£8.4 (123.5-135.0) 0.008
DBP 24 h, mm Hg 73.616.6 (68.0-78.0) 71.6+6.5 (67.0-75.5) <0.001
MAP 24 h, mm Hg 100.0£7.3 (94.0-105.0) 98.1+6.6 (93.5-102.0) 0.001
PP 24 h, mm Hg 57.1£6.9 (53.0-60.0) 57.0+7.1 (51.5-61.0) 0.851
HR 24 h, 1/min 73.549.1 (67.0-79.5) 78.0+9.3 (72.0-82.5) <0.001
cSBP 24 h, mm Hg 114.5+8.5 (108.0-119.5) 112.2+7.3 (107.5-116.5) 0.002
cDBP 24 h, mm Hg 76.0£6.8 (70.0-80.5) 74.2+6.7 (69.0-78.5) <0.001
Alx@75-HR 24 h, % 15.0+6.2 (10.0-18.5) 16.3+5.9 (12.5-20.0) 0.002
PWV 24 h, m/s 4.7+0.46 (4.0-5.0) 4.6+0.48 (4.0-5.0) 0.370
SV, mL 74.6+7.7 (71.0-80.5) 71.8+8.2 (67.0-77.5) <0.001
CO, L/min 4.79+0.41 (5.00-5.00) 4.89+0.37 (5.00-5.00) 0.033
TVR, dyn*s/cm® 1,552.5£125.8 (1,447.0-1,612.5)  1,491.9+94.0 (1,418.0-1,551.5)  <0.001
RM, % 57+6.4 (54-62) 55+6.6 (50-60) <0.001
Systolic DIP, % 11.0+6.0 (7.1-14.8) 10.6+6.7 (5.5-15.4) 0.941
Diastolic DIP, % 14.0+6.9 (8.4-19.1) 15.4+7.2 (11.1-20.6) 0.112
cfPWV, m/s 5.26+0.71 (4.77-5.63) 5.22+0.68 (4.89-5.63) 0.388
cfPWV Z-score —0.19+0.95 (-0.81-0.23) —0.25+0.90 (-0.75-0.16) 0.366
AoSBP, mm Hg 114.948.6 (110.2-119.1) 111.2+7.8 (105.4-116.6) <0.001
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Table 2 (continued)

Parameter Before exercise After exercise p
mean=SD (IQR)

AoDBP, mm Hg 83.5+8.1 (77.1-89.0) 80.1+7.8 (74.4-86.8) <0.001
AoMAP, mm Hg 98.31+7.7 (92.9-103.0) 94.9+7.3 (89.7-100.0) <0.001
Alx, % —6.78+11.86 (—15.84-1.10) —6.61£10.45 (-14.35-0.71) 0.864
Alx@HR75, % —6.47+11.85 (-14.75-2.53) —5.54+11.06 (—13.88-2.10) 0.365
Buckberg SEVR 184.7+47.3 (151.5-209.1) 181.0+50.7 (145.1-200.6) 0.291
ESP, mm Hg 105.5£9.1 (100.2-109.5) 101.6+7.8 (96.0-106.9) <0.001
ET beta 3.3+0.7 (2.7-3.6) 3.3£0.7 (2.7-3.6) 0.901
ET Ep, kPa 45.9+£11.5 (38.5-51.5) 44.6+11.0 (36.5-50.5) 0.223
ET AC, mm?/kPa 1.30+0.30 (1.11-1.46) 1.35+0.27 (1.19-1.51) 0.141
ET Al, % —4.8+11.4 (—11.48-0.45) —6.8+8.7 (-12.8 to —4.0) 0.120
ET PWV(, m/s 4.1+0.5 (3.8-4.3) 4.0+0.5 (3.7-4.3) 0.124
ET Dmax mm 6.75+0.62 (6.32-7.14) 6.81+£0.56 (6.44-7.13) 0.269
ET Dmins mm 5.81£0.62 (5.33-6.10) 5.84+0.56 (5.44-6.15) 0.426
ET DATmax MS 134.0+£32.3 (116.0-142.8) 126.4+22.8 (111.9-135.6) 0.082

SD, standard deviation; IQR, interquartile range; eGFR, estimated glomerular filtration rate; PAC, plasma
aldosterone concentration; PRC, plasma renin concentration; ACR, albumin-to-creatinine ratio; U, urine; Na,
sodium; K, potassium; UA, uric acid; Ca, calcium; P, phosphorus; creat, creatinine; SBP, systolic blood
pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; HR, heart rate; PP, pulse pressure; 24 h,
24-hour; ¢, central blood pressure; Alx@75-HR, augmentation index normalized to heart rate of 75 beats per
minute; PWV, pulse wave velocity; SV, stroke volume; CO, cardiac output; TVR, total vascular resistance; RM,
reflection magnitude; DIP, blood pressure night dipping; cf, carotid-femoral; Ao, central blood pressure
(aortic); Alx, augmentation index; Buckberg SEVR, subendocardial viability ratio; ESP, end systolic pressure;
ET, ECHO tracking; beta, stiffness index; Ep, pressure strain elasticity modulus; AC, arterial compliance; Al,
augmentation index; Dya, Maximal diameter of common carotid artery; D, minimal diameter of
common carotid artery; DAT,,,.x, acceleration time to common carotid artery maximal diameter.

(r = 0313, p = 0.019; r = 0485, p < 0.001), while
microRNA-133a positively correlated with waist and hip
circumference (r = 0.392, p = 0.003; r = 0.362, p = 0.006). As
for biochemical parameters, we found the following sig-
nificant correlations: between microRNA-133a and serum
sodium before exercise bout (r = —0.283, p = 0.034); be-
tween microRNA-145 and MLR (r = —0.268, p = 0.046).
MicroRNA-16, —27a, —27b, and -133a correlated negatively
with aldosterone after an exercise bout. Regarding urinary
indices, in the control group, post-exercise urinary sodium-
to-creatinine ratio was negatively correlated with
microRNA-16 (R = -0.311, p = 0.016) and microRNA-27a
(R =-0.264, p = 0.044). At baseline, a positive correlation
was observed between microRNA-133a and urinary uric
acid-to-creatinine ratio (R = 0.258, p = 0.049). In contrast
to the control group, no significant associations were found
in the hypertensive group.

MicroRNA in Children with Primary
Hypertension

68

Regarding BP before the exercise session, microRNA-16
correlated positively with peripheral and central office BP.
MicroRNA-21 and -145 correlated positively with ABPM BP
values. MicroRNA-27a correlated positively with office and
ambulatory DBP. Also, microRNA-21, -27a, -27b, and -133a
correlated negatively with Buckberg SEVR. No significant
correlations between microRNA particle expression levels
and the analysed indices of HMOD were observed.

Discussion

Our prospective, pre-post, observational, and hypothesis-
generating study is the first to analyse microRNA expression
in children with PH compared to healthy age- and sex-
matched peers. We found lower expression levels of
microRNA-27b and microRNA-133a in hypertensive
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Fig. 2. Alteration of analysed microRNAs between the groups and after a single training session. Individual
microRNAs are presented in the following subpanels: (a) microRNA-21, (b) microRNA-16, (c) microRNA-27a,

(d) microRNA-27b, (e) microRNA-133a, and (f) microRNA-145. PH, primary hypertension.
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Fig. 3. Heatmap (R-value) of correlations of microRNA expression levels in study group before exercise
(baseline) and analyzed parameters. P-values < 0.05 are presented with *. BMI - body mass index, MLR -
monocyte-to-limphocyte ratio, SBP - systolic blood pressure, DBP - diastolic blood pressure, MAP - mean
arterial pressure, Ao - central (aortic), Buckberg SEVR - subendocardial viability ratio, Na - sodium, 24h - 24-
hour, ¢ - central blood pressure, A - after exercise, B — before exercise.

children compared to the healthy group. In response to
physical exertion, the expression of microRNA-27b,
microRNA-133a, and microRNA-145 increased signifi-
cantly in healthy children, whereas in hypertensive
children, only microRNA-145 increased. Positive cor-
relations were observed between the expression of
microRNAs-16, -21, -27a, and -145 and numerous BP
indices. ROC analysis identified baseline microRNA-27b
expression as the best performing marker distinguishing
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children with PH in our cohort. Multivariate analysis
unmasked baseline microRNA-16 expression as the only
significant predictor of elevated diastolic BP. Concerning
HMOD, groups differed in LVMI, cfPWV, ET PWVp,
and ET Ep. Hypertensive children showed a significant
decrease in both office and ABPM measurements (pe-
ripheral and central) after exercise. In contrast, the CG
showed no changes in BP, except for an increase in
24 h SBP.
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Fig. 4. Diagnostic utility of microRNAs based on baseline expression. Individual microRNAs are presented in
the following subpanels: (a) baseline microRNA-27b expression, (b) receiver operating characteristic (ROC)
curve for baseline microRNA-27b, (c) baseline microRNA-133a expression, and (d) receiver operating
characteristic (ROC) curve for baseline microRNA-133a. PH, primary hypertension; AUC, area under the curve.

Table 3. Multivariate logistic regression model including high level of microRNA-16 on the baseline and
clinical data for PH severity based on >2.1 DBP Z-score

Variable OR Lower Upper p value
MicroRNA-16 high vs. low expression on baseline 4.556 1.130 18.376 0.033
Age 1.187 0.809 1.742 0.380
Gender 2.245 0.303 16.648 0.429
BMI 1.006 0.888 1.140 0.921
TVR 24 h 1.005 0.997 1.013 0.228

*Bolded p value indicates <0.05.
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Fig. 5. Boxplot and ROC curve for microRNA-16 baseline association on primary hypertension severity
based on 24h DBP Z-score for a cut-off of 2.1.DBP - diastolic blood pressure; PH - primary hypertension;

AUC - area under the curve.

When we launched in 2020 the ATHENA study, we
made the decision, based on the literature available at the
time, to select six microRNA molecules that, based on
experimental data and studies in adults, were associated
with the pathogenesis of hypertension and the devel-
opment of HMOD, and for which there was also evi-
dence suggesting that their expression levels may change
in response to physical exercise.

MicroRNA-133a is a promising molecule in the
pathogenesis of AH. It was found that the prorenin
receptor and angiotensinogen are targets of microRNA-
133a and that this microRNA may affect BP through this
pathway [41]. Studies on microRNA-133a typically show
reduced expression in hypertensive adults [42]. Our
study found similar results: lower microRNA-133a ex-
pression in hypertensive children compared with healthy
peers. Importantly, our cohort consisted of newly di-
agnosed patients without pharmacological treatment,
suggesting that microRNA-133a expression is reduced in
the early stages of hypertension and may be associated
with pathways relevant to its pathogenesis. Moreover,
microRNA-133a is highly expressed in the myocardium,
and this particle appears to play an important role in
hypertension-induced left ventricular hypertrophy
(LVH) [43]. In adults, a negative correlation between left
ventricular mass and risk of LVH was unmasked [17, 43].
MicroRNA-133a is also studied in exercise physiology.
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Its expression increases in athletes after endurance ex-
ercise [44]. In our study, microRNA-133a expression
increased after exercise, however, only in CG.
MicroRNA-133a belongs to the group of muscle mi-
croRNAs (originating from cardiomyocytes and skeletal
muscles), and its expression is thought to increase during
exercise by release from skeletal muscle [10]. Due to its
lower expression in PH patients and statistically sig-
nificant increase after physical exercise only in healthy
children, this molecule may be associated with a more
favourable cardiovascular profile. Even more impor-
tantly, the expression level of this microRNA was sig-
nificantly lower in the group of children with hyper-
tension, even after the exercise session. It may serve as a
marker for monitoring patient compliance with physical
activity and may be a potential target for future anti-
hypertensive drugs; however, further research and ob-
servation are certainly required to understand how this
molecule changes over longer periods of regular physical
exercise.

MicroRNA-27b is a key regulator of lipid metabolism
and plays a role in obesity and metabolic syndrome, with
reduced levels observed in obese patients [10]. It is also
involved in angiogenesis and is highly expressed in the
heart after myocardial infarction, influencing capillary
formation and fibrosis [45]. MicroRNA-27b expression
influences the angiogenic activity of endothelial cells by
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regulating among others Naal5 gene in a mouse model
[46]. Zhu et al. [47] found increased serum microRNA-
27b-3p expression in hypertensive and pre-eclamptic
patients. Wang et al. [48] reported higher levels in hy-
pertensive patients with LVH compared to those without
LVH and healthy subjects. It was also shown that ACE
gene expression and production of ACE are regulated by
both microRNA-27a and microRNA-27b [23]. Our
study revealed significantly higher microRNA-27b ex-
pression in healthy children compared to hypertensive
children. In our cohort, expression of microRNA-27b
was the strongest negative predictor of hypertension,
also in the ROC analysis. This suggests impaired up-
regulation in hypertensive children. Our findings align
with most exercise-related studies but contrast with adult
hypertension research showing lower microRNA-27b
levels. The discrepancy between our findings and
other studies may be due to differences in the age of
study participants. Additionally, our study utilized
plasma-based samples, whereas others used serum-based
measurements, which may include more cell-derived
microRNAs, such as those released from ruptured
platelets. Given microRNA-27b’s known role in angio-
genesis, another possible explanation is that our hy-
pertensive patients had relatively short disease duration
and had not yet undergone pharmacological treatment.
Another explanation may be that microRNA-27b levels
decrease in the early stages of hypertension but signif-
icantly increase in later stages of disease progression.
Studies on exercise-induced changes in microRNA-27b
expression are limited. Some reported a twofold increase
after regular aerobic exercise [10], while others found
decreased levels after high-intensity interval training in
women with polycystic ovary syndrome [49]. In our
cohort, microRNA-27b expression increased after
physical exercise in the control group. However, no such
effect was observed in the group of children with PH.
This may indicate an impairment in the mechanism
connected with microRNA-27b production at the be-
ginning of the development of PH. Further research is
needed to explore microRNA-27b’s role in hypertension.

Of note, we found no significant correlations between
BP, HMOD, and microRNA-27a. This particle is a po-
tent regulator of cardiomyocytes and VSMCs prolifer-
ation and apoptosis [50, 51]. In adults, expression of
microRNA-27a was lower in newly recognized hyper-
tensive patients compared to normotensive ones [42].
The fact that our study did not reveal such differences
may be due to the slightly different pathophysiological
basis of PH in adolescents and certainly warrants further
investigation in prospective studies.
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MicroRNA-145 is the most abundant microRNA in
VSMCs, where it helps maintain their contractile phe-
notype, and is also found in plasma and the endothelium
[52]. MicroRNA-145 targets numerous crucial pathways
involved in BP regulation, including ACE [52, 53].
Targeting the SLC7AI gene, which is involved in argi-
nine metabolism and nitric oxide production, is another
possible pathway underlying this particle’s role in the
pathogenesis of PH [54]. Most of the microRNA-145
studies have been conducted in newly diagnosed adults
with PH, showing decreased microRNA-145 expression
[28]. Our study also found a trend towards lower
microRNA-145 expression levels (p = 0.061) in hyper-
tensive children, which is consistent with the afore-
mentioned studies. Its expression increased after an
acute bout of bike exercise in both groups.

Numerous papers suggest the role of MicroRNA-16 in
the pathogenesis of both systemic and pulmonary hy-
pertension [55, 56]. One possible explanation is targeting
by microRNA-16 ADRAIA gene, encoding the alA-
adrenergic receptor [57]. Although we did not dem-
onstrate a correlation between microRNA-16 and the
parameters studied in this study, another study from the
ATHENA project revealed an association between in-
creased microRNA-16 expression and impaired left
ventricular global longitudinal strain [58]. This prom-
ising particle also requires further studies in a population
of adolescents with PH.

MicroRNA-21 appears to be a key molecule in the
pathogenesis of PH by influencing the TGF-f1 pathway
and the renin-angiotensin-aldosterone system, particu-
larly in VSMCs [59]. A recently published meta-analysis
of studies in adults clearly demonstrated that
microRNA-21 expression is higher in patients with
hypertension [60]. Furthermore, a positive correlation
between its expression and cIMT was demonstrated [16].
Our study is negative in this regard-in our cohort, there
was no association with BP or arterial damage. It is
possible that our results can be explained by differences
in the pathogenesis of PH in young people (most
commonly isolated systolic hypertension, a greater role
of sympathetic overdrive than activation of the RAA
system, and established vascular changes) [8]. This
difference also requires further investigation at the
molecular and clinical levels.

In our hypertensive patients, we found an increase in
both serum uric and uric acid urine excretion after an
exercise bout. Rise in serum uric acid is a well-known
phenomenon, reflecting increased purine metabolism
and ATP turnover, revealed in many adults studies [61,
62]. Conversely, most studies show exercise-induced
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inhibition of uric acid excretion caused by lactic acid
accumulation [63, 64]. Therefore, the increased renal
excretion of uric acid following exercise that we observed
is surprising. It is possible that a well-designed exercise
session did not generate excess lactic acid in our young
patients, so the negative feedback mechanism was not
triggered, and uric acid excretion increased simply as a
result of its overproduction. It should be emphasized
that, to the best of our knowledge, there are no reliable
data in the literature on urinary uric acid excretion after
exercise in children, let alone in children with
hypertension.

Exercise may promote sodium conservation by in-
creasing renal tubular sodium reabsorption and attenu-
ating volume-regulatory responses, thereby reducing uri-
nary sodium excretion in the post-exercise period [65]. The
lower post-exercise urinary sodium excretion in our hy-
pertensive group compared to controls may indicate more
active sodium-retaining mechanisms (according to Guy-
ton’s classic hypothesis on the pathogenesis of PH) [8].
This view might be supported by the increase in aldo-
sterone after exercise in SG, which approached statistical
significance, and by the negative correlations between both
renin and aldosterone, and urinary sodium excretion.
Nevertheless, this finding should also be seen as explor-
atory and hypothesis-generating.

In our study, post-exercise phosphate excretion was
significantly higher in the group of children with hy-
pertension. However, as our data show, excretion is also
higher (albeit not significantly, p = 0.098) before exercise.
Higher phosphate excretion may reflect, on the one
hand, a less healthy diet rich in highly processed foods in
patients with hypertension. On the other hand, the
significant difference after exercise may indicate greater
energy expenditure and higher ATP consumption in
patients with hypertension. The relationship between BP
and urinary phosphate excretion is complex and in-
consistent across studies [66]. One mechanism by which
a high phosphate diet negatively affects the cardiovas-
cular system is the generation of FGF23, which activates
the sympathetic nervous system and renin-angiotensin-
aldosterone system, increases vascular stiffness, and
causes LVH [67].

Previous research has demonstrated that microRNA-
145 expression decreases, while microRNA-27b ex-
pression remains unchanged following a 10-day fasting
period [68]. Another study reported upregulation of
microRNA-133a expression after a 28-day reduction of
total energy intake to 70% of daily requirements in
overweight males aged 60-75 years [69]. Additionally,
consuming a portion of extra-virgin olive oil was shown
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to significantly decrease microRNA-21 levels 2 h after
ingestion, with levels returning close to baseline after
6 h [70]. Notably, the majority of studies investigating
the influence of diet on circulating microRNA levels have
implemented a 12-h fasting period prior to blood
sampling [71]. In line with this approach, our study
adopted a similar fasting protocol to assess baseline and
post-exercise changes in microRNA levels. However, it is
important to emphasize that our investigation did not
aim to evaluate diet-related changes in microRNA ex-
pression among children with PH and their healthy
peers.

Last but not least, our study also provides valuable data
on BP and vascular parameters before and after a stan-
dardized aerobic exercise session. The findings are par-
ticularly useful given the homogeneous nature of the SG
(untreated children with PH without other comorbidities,
e.g., diabetes mellitus, coronary heart disease) and the CG,
which consists of healthy peers. A review by Falkner et al.
[2] summarized that while physical activity is known to
have beneficial health effects, its impact on BP in children
remains unclear. It ranges from a drop of 12 mm Hg in SBP
and 7 mm Hg in DBP to almost none, with an average of
around 2 mm Hg [29]. Our study adds important
knowledge about post-exercise BP changes, showing a
significant reduction in SBP and DBP in hypertensive
children (3.9 mm Hg and 3.3 mm Hg, respectively). At the
same time, no such effect was seen in the CG. This might
suggest different mechanisms of post-exercise BP changes
in normotensive and hypertensive patients. It should also
be emphasized that the observed effects are short-term and
reflect a single exercise session. These results pertain solely
to the effects of a single exercise session; therefore, no
inferences regarding long-term BP regulation or the impact
of habitual physical activity can be drawn from the
current data.

Limitations

We acknowledge a few limitations in our study. First,
all patients were from a single centre, with limited ethnic
and age diversity, making it difficult to generalize the
results. Second, the study is limited by a narrow focus on a
small set of preselected microRNAs (6) and by the in-
ability to perform global normalization of microRNA
expression. Therefore, future studies are necessary to
identify and validate the most stable reference microRNAs
in the paediatric population. Moreover, despite the strict
pre-analytical procedures that were applied, haemolysis
was assessed solely by visual inspection rather than by
molecular indicators (e.g., the microRNA-451a/micro-
RNA-23a-3p ratio)which should be acknowledged as a
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limitation of the study. However, our study also has key
strengths. It is the first to compare microRNA expression
in children with PH with that of healthy peers. We used a
well-established method for measuring microRNA ex-
pression, with all analyses conducted by a single inves-
tigator to reduce bias. Independent bodies reviewed the
study protocol, and a preliminary study was done and
published to validate the procedures. Additionally, we
thoroughly assessed the patients’ vascular phenotype and
BP and included a standardized intervention based on a
cardiopulmonary exercise test, with numerous parameters
evaluated.

Conclusions

MicroRNA-27b and microRNA-133a are underex-
pressed in children with PH. These molecules may be
useful as potential markers of hypertension in children and
may also be associated with a lower burden of
hypertension-related alterations. Clarifying the exact place
of these molecules in the pathogenesis of hypertension in
children requires further research. MicroRNA-16 may
serve as a marker of diastolic hypertension. Finally, our
study demonstrates a significant decrease in BP after a
standardized exercise session in hypertensive children,
highlighting the importance of exercise interventions for
managing hypertension in this population.
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Abstract

The role of circulating microRNAs in the pathophysiology of cardiac remodeling in primary
hypertension (PH) remains incompletely understood. Left ventricular global longitudinal
strain (LV GLS) is a sensitive marker of subclinical systolic dysfunction and can be used to
monitor early cardiac involvement in cardiovascular and renal diseases. To the best of our
knowledge, this is the first study to demonstrate an association between circulating miR-16
and LV GLS in children. The study aimed to evaluate the expression levels of miR-16-5p,
-21-5p, -27a-3p, -27b-3p, -133a-3p, and -145-5p in untreated children with PH and examine
their associations with LV GLS. 50 children with PH and 57 normotensive controls were
evaluated for circulating microRNA expression levels and echocardiographic parameters,
including LV GLS. Comprehensive anthropometric, biochemical, blood pressure, and
arterial indices were also assessed. Among the analyzed microRNAs, miR-16-5p exhibited a
positive association with LV GLS (R = 0.305, p = 0.031), whereas miR-27b-3p demonstrated a
negative association (R = —0.330, p < 0.001). Compared with controls, hypertensive children
exhibited significantly higher (i.e., less negative) LV GLS (r = 0.29, p = 0.002), indicating early
systolic dysfunction occurring already at an early stage of the disease. In conclusion, these
findings support the idea that specific microRNAs might play a differential role in early
myocardial functional alterations in pediatric PH. Higher miR-16 expression levels may be

Emiieciopndates associated with impaired myocardial deformation, potentially reflecting its involvement in
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1. Introduction

MicroRNAs are small, non-coding RNAs that regulate gene expression and influence
multiple, interconnected biological pathways [1,2]. Dysregulation of microRNAs has been
implicated in cardiovascular remodeling and the development of related cardiovascular
diseases [3]. Because they can be detected extracellularly, e.g., in plasma [4], circulating
microRNAs have emerged as promising biomarkers of cardiovascular stress and early
myocardial dysfunction [3].

Arterial hypertension (AH) in children is an increasing medical concern [5]. The
prevalence of childhood AH increases during early adolescence, peaking around puberty
(7.89% among teenagers aged 14 years) and subsequently declining in late adolescence
(3.28% at 19 years) [5]. There is growing evidence that elevated blood pressure often begins
in early life and continues into adulthood [6]. AH contributes to structural and functional
changes in the heart, kidneys, and blood vessels [7]. Therefore, early identification and
appropriate management are essential to prevent long-term cardiovascular complications.
Unlike in adults, where hard endpoints such as strokes and myocardial infarctions are
common, in children with primary hypertension, the presence of hypertension-mediated
organ damage (HMOD) is the most important indicator for initiating pharmacological
treatment [8]. Currently, left ventricular hypertrophy is considered the gold standard for
assessing HMOD [9]. However, researchers are still seeking additional early markers of
HMOD to improve prognosis and long-term treatment outcomes. One such marker may
be global longitudinal strain (GLS) of the left ventricle (LV), as assessed by speckle tracking
echocardiography (STE) [10].

MicroRNAs are increasingly recognized as key regulators and potential biomarkers of
hypertensive heart disease [3,11]. Several circulating miRNAs have been associated with
left ventricular hypertrophy (LVH) and subclinical myocardial remodeling in adults [12].

MiR-16-5p is a member of the miR-15 family. It is processed from the miR 15a/16-1
genomic cluster, which is located on human chromosome 13 [13]. Some studies have
shown that it may be linked to mechanisms relevant to cardiovascular injury caused
by hypertension, including the proliferation and migration of vascular smooth muscle
cells related to angiotensin II [14]. Another study has shown that miR-16-3p can lead to
the development of hypertensive heart disease by mediating sympathetic signaling in
cardiomyocytes and vascular smooth muscle through the x1A-adrenergic receptor, which
is encoded by the ADRA1A gene [15]. However, its exact role and whether it acts positively
or negatively has not yet been fully elucidated.

MiR-27b-3p has been implicated in hypertensive cardiac remodeling. In adults, cir-
culating miR-27b is elevated in patients with echocardiographic LVH and differentiates
hypertensive individuals with and without LVH [16]. Experimental studies further demon-
strate its involvement in pressure-overload-induced remodeling, although emerging data
suggest that miR-27b may also exert context-dependent regulatory effects on endothelial
function and myocardial adaptation [17].

Notably, miR-21 has been linked to interstitial fibrosis and, with miR-27a, to cardiac
hypertrophy signaling [18,19]. MiR-133a was found to be involved in the regulation of
cardiomyocyte hypertrophic responses, and miR-145 elicits a contribution to vascular
smooth muscle remodeling [20,21].

Thus, microRNAs have been implicated in key mechanisms of cardiovascular remod-
eling, including inflammation, fibrosis, endothelial dysfunction, and myocardial structural
adaptation. In the setting of chronic pressure overload, alterations in circulating microRNA
profiles may reflect early maladaptive or compensatory responses to vascular and my-
ocardial stress [22]. Such molecular changes may influence structural abnormalities and
be detectable through sensitive functional markers such as LV GLS (Figure 1) [22]. The
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Hypertension

relationship between circulating miR-16-5p and -27b-3p, and early myocardial dysfunction,
particularly indices of myocardial deformation such as GLS, remains largely unexplored.
Such data are virtually absent in children with PH. Given the increasing use of sensitive
echocardiographic strain imaging, integrative studies combining circulating microRNAs
with detailed myocardial phenotyping are urgently needed.

7} miR-27b :
Vascular & Myocardial Nte’e"“’i::;‘;'aﬁﬂg Cardiac Remodeling
Stress Detected by GLS

Figure 1. Conceptual model of hypertension-induced vascular stress, altered circulating microRNAs,
and subclinical myocardial remodeling detected by LV GLS based on Sessen [22].

Thus, the aim of our study was to evaluate the expression levels of selected miRs
(-16-5p, -21-5p, -27a-3p, -27b-3p, -133a-3p, and -145-5p) and the global longitudinal strain of
the left ventricle in untreated pediatric patients with primary hypertension and to compare
them with healthy peers.

2. Results

A total of 50 patients with primary hypertension and 57 healthy peers underwent
complete microRNA evaluation and echocardiographic examinations and were included in
the final analysis.

Table 1 summarizes the basic demographic, clinical, and biochemical parameters
of both groups. Additional parameters and their comparison between the hypertensive
and control groups, including p-values, are presented in Supplementary Table S1. The
groups did not differ in terms of age or gender. However, significantly more patients in the
study group had a family history of hypertension on their mother’s side. While patients
did not differ in height, significant differences were found in body weight, BMI, waist
and hip circumference, waist-to-hip ratio, ambulatory blood pressure measurement, and
serum uric acid concentration. All participants had normal kidney function, and there
were no differences between groups in terms of creatinine-based estimated glomerular
filtration rate.

Table 2 and Supplementary Table S1 present a comparison between the study and
control groups for measurements obtained during 24 h automated monitoring of arterial
pressure, central blood pressure, and vascular parameters. The groups differed significantly
in terms of 24 h measurements: systolic blood pressure (SBP), diastolic blood pressure (DBP),
mean arterial pressure (MAP), pulse pressure (PP), central systolic blood pressure (cSBP),
central diastolic blood pressure (cDBP), augmentation index corrected to 75 heartbeats
(AIx@75HR), cardiac output (CO), total vascular resistance (TVR), reflection magnitude
(RM), pulse wave velocity (PWV)—higher values in the group of patients with PH. No
differences were found in 24 h heart rate (HR) and stroke volume (SV). The study group
showed a significantly smaller nocturnal decrease in diastolic pressure, with no similar
effect on systolic blood pressure. All ambulatory parameters of central pressure (AoSBP,
AoDBP, AoMAP) were significantly higher in the group of patients with PH. In terms
of vascular parameters, the study group had higher carotid—femoral PWV (cfPWV) and
thicker carotid intima media thickness (cIMT); no differences between the groups were
found in ambulatory augmentation index (Aix) measurements.
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Table 1. Demographic, clinical, and basic biochemical characteristics of the study group and the
control group, and comparison between them.

Parameter Study Group Control Group p
Age [years] 15.39 £ 1.90 (14.36-16.84) 15.25 £+ 1.55 (13.76-16.54) 0.424
Sex [male/female] 80.0%/20.0% 70.2%/29.8% 0.243
Hypertensive Mother 32.0% 8.8% 0.003
Hypertensive Father 46.0% 28.1% 0.055
Height [cm] 173.74 £ 8.82 (168.00-180.00) 171.91 £ 10.61 (166.00-180.00) 0.368
Height Z-score 0.71 4 1.06 (0.07-1.42) 0.61 + 0.99 (—0.07-1.20) 0.688
Weight [kg] 79.02 £ 19.60 (64.00-85.00) 61.77 £ 11.68 (55.00-69.00) <0.001
Weight Z-score 1.42 £+ 1.10 (0.69-2.20) 0.44 4+ 0.84 (0.02-1.03) <0.001
BMI 26.17 &+ 6.22 (22.21-27.94) 20.83 =+ 3.46 (18.67-22.35) <0.001
BMI Z-score 1.26 £ 1.06 (0.62-2.09) 0.16 + 1.07 (—0.42-0.83) <0.001
SPB [mmHg] 136.34 £ 10.42 (131.00-144.00) 118.68 £ 9.64 (113.00-125.00) <0.001
SBP Z-score 1.76 £ 0.84 (1.26-2.30) 0.23 + 0.82 (—0.34-0.80) <0.001
DBP [mmHg] 82.21 £ 7.88 (76.00-88.00) 72.86 £ 6.35 (69.00-77.00) <0.001
DBP Z-score 2.25 +1.10 (1.40-3.07) 0.99 + 0.82 (0.44-1.51) <0.001
Waist circumference [cm] 83.8 £ 14.3 (73.6-88.8) 71.1 £ 6.8 (67.5-74.5) <0.001
Hip circumference [cm] 100.3 4 12.0 (92.0-104.3) 91.4 + 8.3 (86.5-96.0) <0.001
WtH ratio 0.84 4+ 0.11 (0.78-0.88) 0.78 4+ 0.04 (0.75-0.81) <0.001
Uric Acid [mg/dL] 5.81 + 1.09 (5.10-6.30) 4.98 + 0.88 (4.50-5.70) <0.001
eGFR [mL/min/1.73?] 107.58 £ 18.00 (96.01-121.32) 106.96 £+ 17.51 (92.41-116.97) 0.854
miR-16-5p expression 5.77 £ 0.43 (5.60-6.09) 5.93 4+ 0.33 (5.77-6.13) 0.067
miR-27b-3p expression 5.05 £ 0.65 (4.70-5.46) 5.58 £ 0.69 (5.28-5.96) <0.001

BMI—body mass index; SBP—systolic blood pressure; DBP—diastolic blood pressure; WtH ratio—waist-to-hip
circumference ratio; eGFR—estimated glomerular filtration rate.

Table 2. 24 h blood pressure parameters and vascular parameters in the study group and the control
group, and comparison between them.

Parameter Study Group Control Group p
24 h SBP [mmHg] 131.60 £ 9.56 (124.00-138.00) 114.91 £ 6.92 (109.00-121.00) <0.001
24 h DBP [mmHg] 74.06 £ 6.51 (70.00-78.00) 66.00 £ 5.14 (64.00-69.00) <0.001
HR 24 h [1/min] 73.24 £ 9.07 (67.00-79.00) 71.21 £ 9.82 (63.00-79.00) 0.221
MAP 24 h [mmHg] 100.38 £ 7.26 (95.00-105.00) 88.44 £ 5.11 (85.00-92.00) <0.001
PP 24 h [mmHg] 57.02 £ 7.02 (53.00-59.00) 48.42 + 6.57 (44.00-52.00) <0.001
AoSBP [mmHg] 114.61 + 8.50 (110.40-118.20) 100.63 £ 7.83 (94.00-107.00) <0.001
AoDBP [mmHg] 83.59 £ 7.94 (77.29-89.00) 74.12 £ 6.44 (70.00-78.33) <0.001
AoMAP [mmHg] 98.18 + 7.48 (93.17-103.20) 86.74 + 6.73 (81.67-91.67) <0.001
cfPWV [m/s] 5.26 £ 0.65 (4.78-5.63) 4.71 £ 0.60 (4.20-5.07) <0.001
cfPWYV Z-score —0.20 & 0.85 (—0.80-0.19) —0.94 £ 0.80 (—1.44-—0.30) <0.001
IMT mean [mm] 0.49 +£ 0.05 (0.45-0.53) 0.46 £ 0.04 (0.43-0.49) 0.010
IMT Z-score 1.87 +1.08 (1.27-2.71) 1.41 + 0.85 (0.67-2.00) 0.020

24 h SBP—24 h mean systolic blood pressure; 24 h DBP—24 h mean diastolic blood pressure; HR 24 h—24 h
mean heart rate; MAP 24 h—24 h mean arterial pressure; PP 24 h—24 h pulse pressure; AoSBP—central (aortic)
systolic blood pressure; AoDBP—central (aortic) diastolic blood pressure; AoMAP—central (aortic) mean arterial
pressure; cfPWV—carotid—femoral pulse wave velocity; cfPWV Z-score—Z-score of carotid—femoral pulse wave
velocity adjusted for height and sex [23]; IMT mean—mean carotid intima-media thickness. IMT Z-score—carotid
intima-media thickness adjusted for height and sex [24].

Table 3 and Supplementary Table S1 show the comparison of echocardiographic
parameters between the control and study groups. Patients with PH were characterized
by higher left ventricular mass (LVM) and left ventricular mass index (LVMI), expressed
as g/m?7, as well as a higher LVMI Z-score. This group was also characterized by higher
LV GLS values and significantly lower early diastolic mitral annular velocity (E’) wave
of the septum and lateral wall. Additionally, the PH group had higher isovolumetric
relaxation time (IVRT). The ejection fraction of all subjects was normal, and the study
group did not differ significantly from the control group in this respect. The analysis
restricted to the study group revealed a significant positive correlation between miR-16-5p
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and LV GLS (R = 0.305; p = 0.031; Figure 2). Patients with higher miR-16-5p levels showed
correspondingly higher LV GLS values, suggesting a measurable association between this

microRNA and myocardial deformation parameters in hypertensive pediatric patients.

Table 3. Echocardiography-derived parameters with extended indices of systolic cardiac function in

the study and control groups, and a comparison between them.

Parameter Study Group Control Group P
LVM [g] 145.60 + 44.12 (110.76-165.03) 122.07 4 32.00 (103.40-142.60) 0.008
LVMI [g/m*7] 32.49 + 8.45 (26.05-36.67) 28.00 £ 5.94 (22.68-32.30) 0.005
LVMI [g/m?] 74.59 £ 18.69 (62.88-87.87) 70.66 £ 14.05 (62.96-79.90) 0.342
LVMI Z-score —0.66 &+ 1.52 (—1.64-0.28) —1.36 & 1.47 (—2.51--0.05) 0.014
LV GLS [%] —19.28 £ 3.02 (—21.30-—16.90) —20.99 £ 3.11 (—23.00-—19.70) 0.002
E-wave velocity [m/s] 90.19 £ 15.60 (79.30-100.00) 89.22 £ 13.09 (81.00-97.30) 0.776
A-wave 55.57 £ 9.67 (46.70-63.10) 53.05 & 11.70 (45.50-58.20) 0.103
E/A 1.67 £ 0.39 (1.39-1.92) 1.72 £ 0.27 (1.53-1.93) 0.159
E’ sept [cm/s] 12.73 4+ 2.34 (11.05-13.85) 14.46 £+ 2.35 (13.00-15.70) <0.001
A’ sept [cm/s] 7.44 £+ 1.74 (6.31-8.59) 7.56 + 1.75 (6.22-8.70) 0.959
E’ lat 17.25 + 3.68 (14.50-18.90) 19.10 +£ 2.95 (17.00-20.20) 0.004
A’ lat 7.52 £ 1.90 (6.20-8.81) 7.26 +1.78 (5.91-8.27) 0.340
E/E’ sept 7.23 £ 1.43 (6.12-7.95) 6.33 £ 1.28 (5.39-7.17) 0.001
E/E’ lat 5.34 4 0.96 (4.58-5.95) 4.77 £ 0.93 (4.03-5.34) <0.001
IVCT [ms] 69.64 £ 16.77 (58.00-79.00) 70.95 £ 15.38 (61.00-78.00) 0.965
IVRT [ms] 74.66 + 13.34 (63.00-86.00) 65.71 £ 14.47 (58.00-69.00) <0.001

LVM—Ileft ventricular mass; LVMI—left ventricular mass index LVMI; LV GLS—left ventricular global longitudinal
strain; E-wave velocity—early diastolic transmitral inflow velocity; A-wave—late diastolic transmitral inflow
velocity; E/A—ratio of early to late transmitral inflow velocities; E’ sept—septal early diastolic mitral annular
velocity; A’ sept—septal late diastolic mitral annular velocity; E” lat—lateral early diastolic mitral annular velocity;
A’ lat—lateral late diastolic mitral annular velocity; E/E’ sept—ratio of transmitral E-wave velocity to septal E’
velocity; E/E’ lat—ratio of transmitral E-wave velocity to lateral E’ velocity; IVCT—isovolumetric contraction
time; IVRT—isovolumetric relaxation time. Bold values indicate the primary study parameter (LV GLS).
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Figure 2. Relationship between global LV strain and relative miR-16-5p expression levels in children

with primary hypertension. The figure shows the unadjusted Spearman correlation. The independent

association was further confirmed in multivariable regression analysis (see Table 4). Blue circles

represent individual study participants included in the analysis. Solid lines are linear regression lines,
and dotted lines represent 95% confidence intervals.
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Table 4. Multivariate analysis of factors influencing global left ventricle strain in the group of
hypertensive children (generalized multiple regression; step-wise regression).

Analyzed B (SE) t p 95% CI for B Standardized 95% CI for 3
Parameter
Intercept (constant) —51.7 (6.79) —7.62 <0.001 —65.39 to —38.01 - -
RBC [x 100/uL] 2.40(0.79) 3.05 0.0039 0.81 to 3.98 0.375 0.13-0.62
24 h HR [1/min] 0.09 (0.04) 241 0.0202 0.02t0 0.17 0.297 0.05-0.54
miR-16-5p 2.24 (0.83) 2.70 0.0098 0.57 to 3.92 0.331 0.08-0.58
expression
B—unstandardized regression coefficient; SE—standard error; (—standardized regression coefficient;
Cl—confidence interval; 24 h HR—mean 24 h heart rate in ambulatory blood pressure monitoring; RBC—red
blood cell count. The intercept (constant) represents the expected GLS value when all covariates are set to zero.
Model derived using a generalized linear model with stepwise variable selection.
In the overall cohort, circulating plasma miR-27b-3p levels were inversely associated
with LV GLS values, suggesting that higher miR-27b-3p levels were associated with more
favorable myocardial deformation indices (Figure 3).
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Figure 3. Relationship between global LV strain and relative miR-27b-3p expression levels in all
children. The figure shows the unadjusted Spearman correlation. Blue circles represent individual
study participants included in the analysis. Solid lines are linear regression lines and dotted lines
represent 95% confidence intervals. LV—left ventricle.

No comparable correlations were identified for the other microRNAs assessed.

Additionally, LV GLS exhibited significant positive correlations with peripheral DBP,
DBP Z-score, 24 h HR, and all office central pressures (AoSBP, AoDBP, and AoMAP).
Furthermore, LV GLS was positively correlated with end-systolic pressure (ESP) and,
among biochemical variables, with serum uric acid and sodium concentrations (Figure 4).
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Figure 4. Unadjusted Spearman correlation matrix of the blood pressure, biochemical and echocardio-
graphic parameters (including global left ventricle strain) and microRNA in the group of hypertensive
children. Adjusted associations were subsequently evaluated using multivariable regression analysis.
GLS LV—Ileft ventricular global longitudinal strain; DBP—diastolic blood pressure; DBP Z-score—
Z-score of diastolic blood pressure; HR 24 h—24 h mean heart rate; AoSBP—central (aortic) systolic
blood pressure; AoDBP—central (aortic) diastolic blood pressure; AoMAP—central (aortic) mean
arterial pressure; ESP—estimated end-systolic pressure. * indicates statistically significant correlations
(p < 0.05).

No significant associations were found between age and any of the microRNAs ana-
lyzed (Spearman’s IRI < 0.10, all p > 0.49), nor for LV GLS (R = —0.039, p = 0.788).

A multivariable generalized multiple regression (GRM) analysis was performed on a
group of patients with primary hypertension. The statistically significant model (R? = 0.355;
F = 7.88; p = 0.00027) identified 24 h heart rate (24 h HR), red blood cell (RBC) count,
and miR-16-5p expression level (beta = 0.331, 95CI: 0.084-0.578, p = 0.010) as independent
determinants of LV GLS (Table 4). The achieved statistical power ranged from 0.657 to
0.849, depending on the predictor.

Partial Spearman correlation analysis adjusting for age, sex, BMI Z-score, and SBP
Z-score showed attenuation of the association (r = 0.24, p = 0.089). Further details of
unadjusted and adjusted analyses are provided in Supplementary Table S2.

3. Discussion

Our findings showed miR-16-5p was independently positively associated with LV GLS
in our cohort of hypertensive children, which persisted in multivariable regression analysis
adjusting for relevant clinical covariates, pointing to a potential link with subclinical
myocardial deformation. In between-group comparisons, miR-16-5p approached but did
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not reach conventional statistical significance. Previous studies have described miR-16-5p
as a contributing factor linked to adverse cardiovascular remodeling and complications in
various disease states, particularly in adult populations [15,25].

Furthermore, miR-27b-3p differed significantly between hypertensive and control
groups and was negatively correlated with LV GLS in the overall cohort. This may suggest
a potential protective role for this microRNA in the context of pediatric hypertension ([26]
and our yet unpublished data).

Overall, our outcomes suggest that microRNAs may be components of integrated
molecular signatures, in addition to isolated biomarkers. The emerging concept of thera-
nomiRNA proposes that selected microRNAs could provide diagnostic, prognostic, and
therapeutic value simultaneously in cardiovascular disease [27]. In pediatric hypertension,
microRNA panels, when combined with high-level analytical approaches such as machine
learning, may in the future improve risk stratification and identify early myocardial vul-
nerability and drug targets [28]. Given our results, miR-16-5p and miR-27b-3p should be
considered in such models.

However, due to the modest effect sizes and limited sample size in this study, these
observations require prudent interpretation. Validation in larger, multicenter cohorts
and investigation of expanded microRNA profiles are essential prior to considering
clinical implementation.

To the best of our knowledge, this is the first study in which an association between
circulating miR-27b-3p expression and LV GLS in children with PH has been demonstrated.
Although one previous study has reported elevated serum miR-27b levels in hypertensive
adults with established left ventricular hypertrophy compared to healthy controls [16],
our findings demonstrate higher circulating plasma miR-27b-3p expression in healthy
children and an inverse association with myocardial deformation, as assessed by LV GLS.
Interestingly, recent experimental and clinical study in chronic pressure overload states
suggests that sustained upregulation of miR-27b in cardiac tissue may alleviate—by tar-
geting the Mff/MAVS axis—myocardial injuries, which are characteristic of advanced
remodeling [29]. Moreover, another recent research has demonstrated that miR-27b can
counteract several harmful effects of TNF-«, such as endothelial dysfunction and mito-
chondrial redox imbalance; it has also been shown to reduce mitochondrial apoptosis and
downregulate FOXO1 expression, which can limit the effects of the Akt/FOXO1 signaling
pathway and reduce oxidative stress-driven cellular injury [26]. These ambiguous observa-
tions highlight the context- and stage-dependent functions of miR-27b in cardiovascular
regulation, supporting the idea that its biological role shifts from protective in the early
stages of disease to potentially detrimental in established hypertensive heart disease. This
apparent discrepancy may also reflect age-dependent regulation and developmental dif-
ferences in microRNA expression profiles between pediatric and adult populations. In
children with early-stage primary hypertension and largely preserved cardiac structure,
miR-27b may play a predominantly adaptive or compensatory role in maintaining myocar-
dial mechanics and preserving the left ventricle’s systolic function. However, it cannot
be unequivocally determined whether elevated miR-27b levels represent a compensatory
adaptive response or developmental regulation. Further studies are needed to clarify the
underlying mechanisms.

These findings further highlight the need for standardized and unified protocols for
microRNA assessment. Differences in biological matrices and methodologies, such as the
use of plasma in our study versus cardiomyocytes or serum in the above-cited reports,
may substantially influence measured expression levels and their clinical interpretation.
Therefore, they should be analyzed within a precise biological and clinical context.
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Like miR-27b, the biological role of miR-16-5p appears to be context-dependent [30,31].
Some results of experiments on animal models indicate that reducing miR-16 could have
a protective effect on the heart during conditions involving restricted blood supply and
stress [32]. In mentioned study using rats to model heart damage, stopping the action of
miR-16 has been found to reduce the death of heart muscle cells and lessen the heart’s
damage during ischemic state [32]. When applied to clinical practice, studies have shown
that circulating miR-16 is linked to a higher chance of a future myocardial infarction and
negative cardiovascular outcomes in adults, suggesting that it could be a useful tool for
assessing cardiovascular risk [33].

From a mechanistic perspective, miR-16 has been implicated in pathways related to
cardiomyocyte injury, including the regulation of endoplasmic reticulum stress, apoptotic
signaling and cellular survival cascades [34]. These pathways may contribute to impaired
myocardial mechanics and vulnerability to ischemic damage.

In our cohort, we found a positive correlation between circulating miR-16-5p levels
and LV GLS values and miR-16-5p expression was independent determinants of LV GLS in
multivariate model. This suggests that higher microR-16-5p expression is associated with
less negative (i.e., impaired) longitudinal myocardial deformation and potentially reflects
early alterations in left ventricular contractile mechanics in juvenile patients with PH.

LV GLS is an STE measure that quantifies the left ventricle’s longitudinal systolic
shortening and serves as a sensitive marker of subclinical ventricular dysfunction, often de-
tecting abnormalities before changes in conventional indices, such as ejection fraction [35].
Meta-analysis by Tadic et al. demonstrates that STE can detect subclinical systolic my-
ocardial dysfunction in hypertensive individuals, even when conventional parameters,
such as left ventricular ejection fraction (LVEF), remain within the normal range [36]. An-
other recent meta-analysis and pediatric cohort studies have consistently demonstrated
that LV GLS is less negative in hypertensive young people compared with normotensive
controls [10]. This supports the concept of early, subclinical impairment of the heart’s
longitudinal systolic mechanics in hypertensive children. Importantly, pediatric evidence
suggests that abnormalities in myocardial strain can be detected before overt left ventricular
hypertrophy develops, and that changes occur even when systolic function, as assessed
by LVEF and fractional shortening (FS), is fully preserved, highlighting GLS as a sensitive
marker of early hypertensive cardiac involvement [10].

Consistent with these observations, our study found significantly less negative LV
GLS values in children with primary hypertension than in healthy peers, suggesting that
myocardial strain analysis may provide additional value beyond conventional echocardio-
graphic measures. Collectively, these findings underscore that LV GLS is more sensitive
than LVEF for detecting subclinical myocardial dysfunction in hypertensive heart disease,
reflecting early impairment of longitudinal myocardial fiber mechanics that precedes a
measurable decline in LVEFE. From a clinical perspective, centers with access to strain imag-
ing may consider incorporating LV GLS into the recommended diagnostic work-up to
identify subclinical myocardial involvement, even in the absence of established HMOD.
This could potentially enable closer monitoring and earlier initiation or intensification of
pharmacological therapy in selected patients.

In addition to impaired systolic mechanics, our hypertensive pediatric cohort demon-
strated significantly lower early diastolic myocardial velocities (E) at both the septal and
lateral mitral annulus compared with controls, as well as a prolonged isovolumetric relax-
ation time (IVRT), indicating early diastolic dysfunction. These tissue Doppler imaging
(TDI) findings are consistent with previous reports in children with primary arterial hyper-
tension [37]. These observations support the presence of subclinical diastolic impairment
in the setting of elevated blood pressure. Furthermore, meta-analytic data in pediatric
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hypertension demonstrate that abnormalities in diastolic function parameters are common
in hypertensive children compared with normotensive controls, underscoring the substan-
tial burden of diastolic dysfunction even in the absence of overt systolic failure [38]. The
combination of reduced E’ velocities and prolonged IVRT observed in our cohort reinforces
the concept that childhood hypertension is associated with early alterations in myocardial
relaxation and filling dynamics. Early detection of these subclinical systolic and diastolic
abnormalities using STE and TDI may provide valuable prognostic information and guide
earlier therapeutic interventions to prevent progression to overt ventricular dysfunction.

Additionally, LV GLS was positively associated with blood pressure-related param-
eters, including DBP, AoSBP, AoDBP, and AoMAP, as well as with serum uric acid and
sodium concentrations. In a recent study involving a pediatric cohort with chronic kid-
ney disease (CKD), the association between reduced LV GLS and DBP appeared more
consistent than with SBP [35]. Consistent with these observations, in our study, LV GLS
was more closely associated with DBP than SBP, as significant correlations were observed
with peripheral office DBP but not with peripheral office SBP. All central blood pressure
parameters, including AoSBP, AoDBP and AoMAP, showed positive correlations with LV
GLS in our study, which may indicate a greater role for central pressure than peripheral
pressure, and for DBP than SBP, in the early changes that occur in the heart. It is noteworthy
that central blood pressure parameters were not assessed in the aforementioned study.
Therefore, our findings suggest that, in addition to assessing myocardial strain, evaluating
central hemodynamic parameters might provide further insight into strain-blood pressure
relationships during the early stages of hypertensive cardiac involvement.

Taken together, a mechanistic framework can link pediatric PH to early longitudinal
myocardial dysfunction through pathways involving neurohumoral factors and oxidative
stress. Pediatric PH is characterized by increased sympathetic activity and hemodynamic
overdrive, which may contribute to myocardial cellular stress, including oxidative and
endoplasmic reticulum stress [39,40]. Studies suggest that miR-16-5p is involved in stress
response and remodeling pathways, particularly in oxidative stress signaling and the
regulation of cardiomyocyte survival [34].

In this context, we can propose the following hypothesis: hypertension leads to
increased adrenergic drive and oxidative stress, which, in turn, upregulate miR-16-5p,
resulting in preferential impairment of longitudinal fibers and, subsequently, less negative
GLS (Figure 1). While our study’s cross-sectional design prevents us from inferring causality,
this framework might support the biological plausibility of using miR-16-5p as a biomarker
for early myocardial deformation abnormalities in pediatric PH. Further studies with a
larger cohort are needed to confirm this mechanistic framework in this context.

Limitations and Strengths

There are some acknowledged limitations to our study that must be addressed. Firstly,
the study has a narrow focus on a small set of six preselected microRNAs and is unable to
perform global normalization of microRNA expression. Another limitation of the study
is the absence of a formal pubertal staging assessment, as hormonal and developmental
changes during puberty may influence circulating microRNA profiles and cardiac func-
tional parameters. Although strict pre-analytical procedures were applied, hemolysis was
assessed only by visual inspection and not by molecular markers (e.g., the miR-451a/miR-
23a-3p ratio), which should be considered another limitation of the study. Furthermore, all
patients were from a single center, which had limited ethnic and age diversity. This makes
it difficult to generalize the results. Another limitation of the study was the lack of formal
assessment of LV GLS reproducibility. All measurements were performed by a single
experienced investigator using the same echocardiographic device, platform and software;
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however, intra-observer variability were not formally evaluated. Lastly, the relatively small
sample size of the hypertensive cohort (1 = 50) may have limited the statistical power of
adjusted correlation analyses. Although miR-16-5p remained independently associated
with LV GLS in the multivariable regression model, the partial correlation analysis showed
attenuation of the association. Finally, our study has several methodological limitations
related to the analytical framework of circulating miRNA quantification. Because relative
real-time PCR quantification was applied and normaliza-tion relied on exogenous spike-in
controls rather than validated endogenous reference miRNAs, the reported fold changes
should be interpreted as relative estimates of expres-sion differences rather than absolute
quantitative measurements. Consequently, the find-ings should be considered exploratory
and hypothesis-generating, requiring confirmation in independent cohorts using optimized
normalization strategies. However, in plasma-based circulating miRNA studies, univer-
sally stable endogenous reference miRNAs have not been consistently established yet - due
to the low abundance and high biological var-iability of circulating miRNAs. However,
the relatively homogeneous composition of our study cohort (untreated pharmacologi-
cally children with primary hypertension) is also a strength in a pioneering study that
has never been conducted before, as it reduces biological and clinical heterogeneity and
enhances internal validity. This is especially important when considering the abundance of
microRNA binding sites, their multidirectional effects, and the difficulties in interpreting
the results. Furthermore, our study has other key strengths. It is the first to compare
microRNA expression in children and its association with LV GLS. We used a commercially
available and reproducible methods to measure plasma microRNA expression, performed
according to the manufacturer’s instructions. All reactions were conducted in technical
triplicates, and a no-template control (NTC) was included on each plate. All analyses were
conducted by a single investigator to reduce bias. Independent bodies reviewed the study
protocol, and a preliminary study was conducted to validate the procedures. Additionally,
we thoroughly assessed the patients” vascular phenotype, blood pressure parameters and
performed a thorough echocardiographic examination, evaluating numerous indices.

4. Materials and Methods
4.1. Study Design and Study Group

The study was designed as a prospective, cross-sectional investigation conducted
according to a predefined protocol prospectively reviewed and approved by the Bioethics
Committee of the Medical University of Warsaw (KB-154/2020; 14 September 2020) and
externally peer-reviewed within the National Science Centre, Poland funding scheme
(2021/41/N/NZ5/04194). Patients were recruited from a single Pediatric Nephrology Cen-
ter from November 2021 to June 2023. The study group (SG) comprised untreated patients
with PH, while the control group (CG) consisted of children without hypertension who
were the same age and sex as the study participants and met the same exclusion criteria.

The inclusion criteria were as follows: a newly diagnosed case of untreated arterial
hypertension, in accordance with the recommendations of the European Society of Hyper-
tension (ESH) [41], verified using ambulatory blood pressure monitoring (ABPM) [42].
Additional eligibility criteria included a body height of at least 120 cm and written
informed consent.

Patients were excluded if they had: secondary hypertension (as assessed according
to the protocol described [43]), presented with significant cardiac (including heart failure),
renal or hepatic disease, active inflammatory conditions, or acute infections
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4.2. Laboratory Procedures
4.2.1. General Sample Handling

All blood samples collected during the study were taken on fasting (at least 10 h with-
out a meal) between 7-11 a.m. Blood samples were collected into 6 mL EDTA Vacutainer
tubes (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). They were centrifuged
at 3000 x g for 15 min at 4 °C within 10 min of blood collection, and the supernatant was
centrifuged again under the same conditions to remove any trace of blood cells. In addition,
hemolysis was visually inspected. Samples found to be hemolyzed were excluded from fur-
ther analysis. After centrifugation, the obtained plasma was carefully transferred into two
RNase- and DNase-free cryovials, each containing 1 mL of plasma, and immediately frozen
at —80 °C for further analysis. Plasma samples were handled only with extended, sterile,
double-filtered pipette tips free of RNase, DNase, PCR inhibitors, endotoxin, and DNA
(Eppendorf ep Dualfilter T.L.P.S., Hamburg, Germany) to protect against degradation of
microRNAs. There was no additional freeze-thaw cycle; all samples were used only once.

For miRNA extraction, plasma samples were thawed on ice, gently vortexed, and
centrifuged to remove any remaining debris. A fixed volume of 400 uL of plasma (mid-
dle part) was used for each miRNA isolation, ensuring standardization across all study
participants. At the final stage of the extraction procedure, total RNA was eluted using
100 pL of RNase/DNase-free water (molecular grade). This elution volume was consis-
tent for all samples processed. All isolation procedures were performed using mirVana
PARIS kits (Thermo Fisher Scientific, Waltham, MA, USA). RNA quantity, quality, and
purity were assessed using a NanoDrop Lite spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) (samples with an A260/280 ratio between 1.8 and 2.1 were considered
acceptable for further analysis). Reverse transcription was conducted with TagMan kits,
followed by real-time PCR using TagMan Advanced microRNA Assays (Thermo Fisher
Scientific, Waltham, MA, USA) and the LightCycler 480 II (Roche Diagnostics GmbH,
Mannheim, Germany). Absence of inhibition was confirmed by linear Ct shift across di-
lutions (Supplementary Table S3). To reduce technical variation, reactions were carried
out in triplicate, and mean cycle threshold values were used for analysis (intra-assay CV
1.0-1.9%). Replicates with SD > 0.5 Ct were excluded. Inter-assay reproducibility was
assessed using identical plasma samples analyzed on independent plates (CV 2.0-3.8%).
Serial di-lution experiments using pooled cDNA were performed to assess assay linearity,
working range, and potential inhibition (R? values ranging from approximately 0.96 to
0.99, slopes close to the expected value for efficient amplification (~3.3) and amplification
efficiencies ranged from approximately 85% to 106%). microRNA expression was calculated
using the 27A4CT method [44]. Expression values were log10-transformed before analysis
to improve normality.

4.2.2. Spike-In and Exogenous Normalization:

Given the absence of a validated housekeeping microRNA for normalization of mi-
croRNA content, we used Caenorhabditis elegans miR-39 (cel-miR-39) and miR-54 (cel-miR-
54) as spike-in controls—exogenous normalizers [45]. In addition, a randomly selected
miR-21-5p sample (reference sample) was included as an internal reference across all gPCR
runs to ensure inter-run comparability. Its expression did not differ significantly between
groups (p = 0.486; r = 0.07), confirming its stability and suitability as a reference gene.

After the addition of 2X Denaturing Solution to the plasma sample, the cel-miR-39 was
immediately added and thoroughly mixed. As a control for the reverse transcription step,
cel-miR-54 was incorporated into the RT Reaction Mix during the poly(A) tailing reaction
in place of an equal volume of RNase-free water, ensuring identical concentrations across
all samples.
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All microRNA sequences and accession numbers (https://www.mirbase.org/; ac-
cessed on 26 January 2026) are listed in Supplementary Table S4 for reference and further
analysis. The primers and probes sequences are part of the pre-formulated assay and are
not publicly disclosed by the manufacturer (Thermo Fisher Scientific, Waltham, MA, USA).

Our previous manuscripts provide a detailed description of the methodology used to
determine the parameters in Sections 4.3 and 4.4 [46,47]. The kits used (according to the
manufacturer’s instructions) for RNA isolation, reverse transcription, and qPCR, including
catalog numbers and manufacturers, are listed in Supplementary Table S5. Reporting of
real-time PCR experiments followed commonly recommended quality control princi-ples
described in the MIQE guidelines (Supplementary Table S6) [48].

4.3. Basic Clinical and Biochemical Parameters

The following clinical variables were recorded among study participants: age, sex,
duration of arterial hypertension, gestational age at birth, and birth weight. Current
height, weight, and body mass index (BMI) were measured and Z-scores calculated [48].
Biochemical indices were determined using routine laboratory techniques (dry chemistry;
VITROS 5600, Ortho Clinical Diagnostics, Raritan, NJ, USA) and included serum creatinine,
sodium, potassium, and uric acid levels. The albumin-to-creatinine ratio was measured in
a first morning urine sample. For children under 15 years old, the estimated glomerular
filtration rate (eGFR) was calculated using the Schwartz equation, and for those 16 years
and older, it was calculated using the CKD-EPI equation [49,50].

4.4. BP Measurements and Vascular Examinations

The following parameters were measured: SBP—Systolic Blood Pressure; DBP—Diastolic
Blood Pressure and Z-score [51]; MAP—Mean Arterial Pressure by Omron HBP-1320 (OM-
RON HEALTHCARE, Co., Ltd., Kyoto, Japan); 24 h: cSBP—Central Systolic Blood Pres-
sure; cDBP—Central Diastolic Blood Pressure; PP—Pulse Pressure; 24 h-PWV—24-Hour
Pulse Wave Velocity; TVR—Total Vascular Resistance; 24 h-Alx—24-Hour Augmenta-
tion Index; CO—Cardiac Output; SV—Stroke Volume; RM—Reflection Magnitude by
Mobil-O-Graph (I.LE.M. Industrielle Entwicklung Medizintechnik GmbH, Stolberg, Ger-
many); AoSBP—Aortic Systolic Blood Pressure; AoDBP—Aortic Diastolic Blood Pressure;
AoMAP—Aortic Mean Arterial Pressure; AIx7SHR—Augmentation Index at a Heart Rate
of 75/min; Buckberg-SERV—subendocardial viability ratio; ESP—end systolic pressure
by the Sphygmocor device (AtCor Medical Pty Ltd., Sydney, Australia); cIMT—common
carotid artery intima—-media by the Aloka Prosound Alpha 6 (Hitachi Aloka Medical, Mi-
taka, Japan). Both the cfPWV and the cIMT were presented as numerical values and
Z-scores [23,24].

4.5. Echocardiography Measurements

Echocardiographic assessments were conducted with an EPIQ CVx 5.0 ultrasound
machine (Philips Medical System, Andover, MA, USA) equipped with an X5-1 matrix
transducer. The frequencies of the sector array used in the study ranged from 2.1 to 4.2 MHz.
Two-dimensional guided M-mode, pulsed wave Doppler, tissue Doppler (TDI), and speckle
tracking echocardiograms were performed in parasternal short-axis and apical views.

Global left-ventricular deformation parameters were obtained using a semiautomated
method with the device mentioned above. Apical 4-, 2-, and 3-chamber views were acquired.
Endocardial contours were generated automatically, after which the operator could refine
the mitral annulus and apical reference points and adjust the reconstructed 3-dimensional
endocardial surface when necessary. Papillary muscles were considered part of the LV
cavity. The final value (LV GLS) was the average of the measurements from all three
apical projections.
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Left-ventricular mass (LVM) was calculated from M-mode echocardiographic mea-
surements, including interventricular septal thickness in diastole (IVSd), left-ventricular
end-diastolic diameter (LVEDd), and posterior wall thickness in diastole (LVPWd), using
the Devereux equation [52]. In accordance with the European Society of Hypertension
recommendations, left-ventricular mass index (LVMI) was obtained by dividing LVM (g)
by height raised to the power of 2.7 (Height 27 [m]) [41]. LVMI Z-scores were subsequently
derived using the reference equations proposed by Foster et al. [53].

4.6. Statistical Methods

The study was originally designed to evaluate circulating microRNA expression, and
the sample size was calculated a priori based on expected differences in microRNA levels
between groups, ensuring adequate statistical power for the primary microRNA-related
outcomes (statistical power 0.80, p = 0.05). The present GLS analysis represents a predefined
secondary analysis within this cohort.

The normality of continuous variables was assessed using the Shapiro-Wilk test.
Continuous data are presented as mean + standard deviation (SD) and interquartile range
(IQR), whereas categorical variables are expressed as percentages. Depending on data
distribution, comparisons were performed using Student’s t-test, Mann—Whitney U test,
Spearman’s rank correlation, or Pearson correlation. The x? test was applied to compare
categorical variables between groups. Multivariate analysis was conducted for patients in
the study group using a multivariable generalized multiple regression (GRM) model and
step-wise regression. Age, sex, BMI Z-score, SBP Z-score, 24 h HR, RBC count, and miR-16-
5p expression level were included as clinically relevant covariates. Variables that showed
significant correlations with LV GLS were included in the model, while variables with
intercorrelations exceeding |r| = 0.6 were excluded to avoid collinearity. p-values < 0.05
were considered statistically significant. Given the sample size (n = 50), the number of
predictors was restricted to reduce the risk of overfitting. Additionally, a post hoc power
analysis was performed for the multivariable regression model in the hypertensive study
group. Partial Spearman correlation analysis was performed to assess the association
between microRNA expression and LV GLS after adjustment for age, sex, BMI Z-score,
and SBP Z-score. Statistical analysis was performed using Dell Statistica 13.0 PL software
(TIBCO Software Inc., Palo Alto, CA, USA).

5. Conclusions

MiR-16-5p was independently associated with impaired left ventricular global lon-
gitudinal strain in children with primary hypertension. This finding may support a link
between molecular stress responses and early subclinical myocardial dysfunction in this
patient group. MiR-27b-3p differed significantly between the hypertensive and control
groups. It also correlated negatively with LV GLS in the overall cohort. This suggests that
distinct microRNAs may reflect opposite aspects of hypertension-related cardiac remodel-
ing. Both microRNAs should be considered in future theranomiRNA studies as possible
biomarkers and drug targets.

LV GLS was significantly reduced in pediatric primary hypertension and may serve
as a sensitive marker of early myocardial involvement whenever it is available in clinical
practice. However, given the cross-sectional design and modest sample size, these findings
should be interpreted cautiously and validated in larger prospective studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
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The following abbreviations are used in this manuscript:

PH Primary Hypertension

LV Left Ventricle

GLS Global Longitudinal Strain

STE Speckle-tracking Echocardiography
TDI Tissue Doppler Imaging

BMI Body mass index

SBP Systolic Blood Pressure

DBP Diastolic Blood Pressure

MAP Mean Arterial Pressure

cSBP Central Systolic Blood Pressure
cDBP Central Diastolic Blood Pressure
PP Pulse Pressure

24 h-PWV 24 h Pulse Wave Velocity

TVR Total Vascular Resistance

24 h-Alx 24 h Augmentation Index

CcO Cardiac Output

SV Stroke Volume

RM Reflection Magnitude

AoSBP Aortic Systolic Blood Pressure
AoDBP Aortic Diastolic Blood Pressure
AoMAP Aortic Mean Arterial Pressure
AIx75HR Augmentation Index at a Heart Rate of 75/min

Buckberg-SERV
ESP

Subendocardial viability ratio
End systolic pressure
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Abstract

Hypertension affects approximately 1.4 billion people worldwide. It is worth noting that it
is also found in approximately 4% of children, with about half of pediatric patients having
primary hypertension. Despite its widespread prevalence, the pathogenesis of primary
hypertension remains poorly understood. Among the many hypotheses, research into
epigenetic factors, primarily microRNA, has gained momentum in recent years. The role of
microRNA is to bind to mRNA and thus influence protein translation. It is postulated that
the main sites where microRNA influences blood pressure are the vascular wall, vascular
smooth muscle cells, and the kidney. Many microRNAs have been identified whose
importance in primary hypertension development has been demonstrated in experimental
and human studies. This article discusses in detail the significance of microRNA-16, -21,
-27a, -27b, -133a, and -145. It presents the current state of knowledge, as well as the
challenges, limitations, and uncertainties regarding the use of these fascinating molecules
as biomarkers and in potential therapy. MicroRNAs are an extremely promising area of
research into the pathogenesis of primary hypertension. However, we still do not know
whether they will prove to be a promising biomarker of primary hypertension.

Keywords: microRNA; epigenetic factors; primary hypertension; hypertension-mediated
organ damage; biomarker; children

1. Introduction
1.1. The Definition, Epidemiology and Etiology of Hypertension in the Developmental Period

The European Society of Hypertension (ESH) and the HyperChildNET group use
age-specific criteria to define pediatric arterial hypertension. In children aged 0-15 years,
blood pressure is assessed using percentile charts; in adolescents aged 1617 years, however,
adult thresholds are applied [1,2]. Arterial hypertension is diagnosed when systolic and/or
diastolic blood pressure is at or above the 95th percentile based on at least three separate
measurements, or at or above 140/90 mmHg in adolescents. Both the European and
American (American Academy of Pediatrics) guidelines define pediatric hypertension
using age-, sex- and height-specific percentiles, which distinguishes it fundamentally
from adult hypertension [3]. While these approaches are largely consistent, the American
guidelines apply lower thresholds (>130/80 mmHg) from the age of 13 years onwards
and are based on reference values derived from children of normal weight. In contrast,
European reference data are based on earlier population cohorts that did not explicitly
exclude overweight and obese individuals.
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According to estimates by the World Health Organization, AH occurs in 1.4 billion peo-
ple aged 30-79. An analysis of our local and national data from 2018 to 2022 indicates that
the number of patients with AH in Poland is stable and amounts to about 11 million—this
disease affects about 35% of adult Poles [4]. However, population-based studies, such as
the WOBASZ II survey, suggest a higher prevalence of approximately 42.7%, reflecting the
burden of both diagnosed and undiagnosed hypertension [5].

In the literature, the percentage of patients with hypertension in the developmental
period varies greatly and ranges from one to several percent, depending on the study and
measurement methodology. A 2019 meta-analysis of 47 publications and 186,630 partici-
pants, published in JAMA Pedjiatrics, reports a 4% prevalence of AH in the developmental
age group. The most common in developmental age is isolated systolic hypertension
(1.5% of the population, 37.5% of children with AH). In the cited meta-analysis, there were
no differences in AH incidence between boys and girls, nor were there differences by age.
Still, it was shown that AH was most common in children with obesity, in whom it occurred
with a frequency of 15.27%, followed by overweight children (4.99%), and least often in
children with normal body weight (1.90%) [6].

Data from other epidemiological studies indicate an increasing incidence of hyperten-
sion with the age of the children studied. The disease is infrequent in infancy and early
childhood, but during puberty its prevalence rises substantially, mostly among adolescent
boys. Polish data indicate that AH affects 9% of people aged 18, including as many as
16% of males, which is the same as the rate of AH in the third decade of life [7]. Tradi-
tionally, it was believed that secondary hypertension dominates in the developmental age,
unlike adults. However, large epidemiological data indicate that primary hypertension
(pHTN) may occur in up to half of pediatric patients with AH and can be diagnosed
in children in the first decade of life, especially those burdened with risk factors such
as obesity and a positive family history [8,9]. In a recently published analysis of 2008
patients of one tertiary Polish center, out of 1260 patients with confirmed hypertension,
pHTN was found in 49.3% of children, and pHTN secondary in the remaining 50.7% [10].
There is not the slightest doubt that pHTN is by far the most common etiology of AH in
adolescence. The likelihood of pHTN is greater among males, those aged > 12.5 years, over-
weight and obese children, and children with hyperuricemia [10]. In 15-20% of adolescents
with pHTN, metabolic syndrome is diagnosed [11]. Although pediatric pHTN shares
several pathophysiological mechanisms with adult hypertension, including genetic predis-
position and neurohormonal dysregulation, lifestyle-related factors such as obesity, poor
dietary habits, and physical inactivity appear to play an even more prominent role in the
pediatric population.

In summary;, it should be stated that taking into account the above epidemiological
data, hypertension, and especially pHTN, is a significant health issue in the population of
children and adolescents.

1.2. The Underlying Factors Contributing to the Development of Primary Hypertension

The pathogenesis of pHTN in both adults and children is multifactorial and unclear.
Mean arterial pressure (MAP) is the product of cardiac output, which in turn is determined
by stroke volume and heart rate, and peripheral (arterial) resistance. Each of these elements
is strictly regulated by physiological mechanisms that ensure the normal, laminar flow
of blood ejected from the left ventricle during contraction to all tissues and organs [12].
The classic two theories of hypertension development are Guyton’s hypothesis, assuming
that pHTN is the result of increased blood volume (and thus cardiac output) due to an
increase in sodium renal reuptake (the so-called increased renal threshold for sodium),
and the Folkow hypothesis, indicating an increase in arterial wall tension (peripheral

100 https:/ /doi.org/10.3390/biom16050636


https://doi.org/10.3390/biom16050636

Biomolecules 2026, 16, 636

30f21

resistance) as the cause of hypertension. Rather, current concepts assume the involvement
of multiple factors that dynamically increase each of these elements, thereby raising blood
pressure (the so-called modified Page mosaic). According to the current knowledge, the
main mechanisms involved in the pathogenesis of primary hypertension in children and
adolescents were described in Table 1.

Table 1. Selected mechanisms involved in the pathogenesis of primary hypertension in children and
adolescents and the potential role of microRNAs.

Mechanism

Description/Pathophysiology Possible MicroRNA Involved

Increased sodium sensitivity

Excessive renal tubular sodium
reabsorption [13] (not specific
for children)
Sympathetic overdrive often associated

MicroRNA-19 [14] and
microRNA-RNA-485 [15]

Sympathetic nervous system overactivity

with obesity and metabolic syndrome
[16] (not specific for children but may be
particularly important in the

MicroRNA-146a/b [17], microRNA-155
[17] and microRNA-181a [18]

RAAS overactivation

Altered body composition

Early vascular aging

Immune system activation

pediatric population)
Increased activity of the
renin-angiotensin—aldosterone system
both systemically and locally, leading to
blood pressure elevation and, e.g., left
ventricular hypertrophy [19,20] (not
specific for children)

Increased fat mass with relative
deficiency of lean body mass and skeletal
muscle (sarcopenia) [24] (not specific for

children but may be particularly

important in the pediatric population)
Accelerated biological aging with early
vascular changes, including increased
arterial stiffness and wall thickening (not
specific for children but may be
particularly important in the
pediatric population) [26]
Chronic low-grade inflammation and
immune system overactivation leading to
blood pressure elevation and formation
of hypertension-mediated organ damage
[28,29] (not specific for children)

Numerous micro-RNAs (e.g.,
microRNA-16 [21], microRNA-21 [21,22],
microRNA-133a [21,23])

Numerous micro-RNAs (e.g.,
microRNA-21, microRNA-27a) [25]

Numerous micro-RNAs (e.g.,
microRNA-103, microRNA-107,
microRNA-128) [27]

MicroRNA-126 [30], microRNA-130a [30],
microRNA-146 [30] and
microRNA-199a [31]

1.3. Epigenetic Factors in the Pathophysiology of Primary Hypertension

Epigenetic mechanisms regulate human homeostasis by influencing the expression
of various genes. These mechanisms respond swiftly to environmental and health-
related changes, regulating gene expression or cellular processes independently of DNA
sequence changes.

There are three main proposed epigenetic mechanisms influencing blood pressure
regulation (Figure 1). They are described briefly below.

DNA methylation is the first epigenetic mechanism discovered. DNA chains are methy-
lated mainly at cytosine (5-methylcytosine is formed) in cytosine-guanine dinucleotides
(CpG). Human DNA is methylated non-symmetrically, with some areas heavily methy-
lated. These DNA regions are transcriptionally inactive (heterochromatin). Conversely,
some other DNA fragments are variably methylated depending on various exogenous
and endogenous factors, such as diet and physical exercise. Generally, when promoter
regions are heavily methylated, the gene is silent and not transcribed [32-34]. Recently,
another methylation mark, N6-methyladenine (6mA), was discovered [33]. The significance
of various factors, e.g., high-salt diet, and the level of methylation was unmasked in a
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mouse model [32]. Also, some human studies indicate a role for DNA methylation in the
development of arterial hypertension [35,36]. Interestingly, in the aforementioned Indian
study, methylation status differed between hypertensives with controlled and uncontrolled
hypertension, and folate concentration seemed to influence methylation levels [35].

Epigenetic mechanisms influencing blood pressure regulation

DNA methylation Non-coding RNA

DNA-level regulation | Chromatin regulation

microRNAs
IncRNAs
sRNAs

Blood pressure regulation

Figure 1. Epigenetic mechanisms influencing blood pressure regulation.

Histones are small, positively charged proteins that pack negatively charged DNA
into nucleosomes, finally forming chromatin. Histone modifications influence gene acti-
vation or silencing. There are many forms of histone modifications—mainly amino acid
modifications, e.g., lysine acetylation, lysine or arginine methylation, or serine or threonine
phosphorylation, or larger alterations, i.e., histone protein sumoylation and ubiquityla-
tion [37,38]. Human studies have shown a link between hypertension and the activity
of histone-modifying enzymes, such as histone deacetylases (HDACs). Furthermore, in
an animal model, treatment with HDAC inhibitors lowered blood pressure [37]. Lysine
demethylation of histones at the TWIST1 promoter in macrophages was found to induce
instability of the atherosclerotic plaque in another animal model [39].

The discovery of non-coding RNAs has opened an entirely new field of knowledge
regarding the post-transcriptional regulation of gene expression. Depending on their length,
non-coding RNAs are classified as short (<200 nt) and long (>200 nt). We currently know
of more than 10 types of non-coding RNAs. These molecules are crucial for regulation,
including basic housekeeping functions (ribosomal RNA—rRNA, transfer RNA—tRNA)
and intricate gene regulation (long non-coding RNA-IncRNA and microRNA). They are
implicated in numerous diseases, including cardiovascular diseases [40,41]. LncRNAs are
transcripts > 200 nt, including molecules called Xist and HOTAIR, which regulate gene
expression, chromatin remodeling, and epigenetic machinery. Animal models have shown
that IncRNAs are involved in multiple processes involved in blood pressure regulation, in-
cluding vascular smooth muscle cell (VSMC) proliferation and nitric oxide production [42].
It has recently been demonstrated that the IncRNA MALAT1 plays a role in the develop-
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ment of salt-induced hypertension, which opens up possibilities for targeting this RNA as
a potential approach to the prevention and treatment of hypertension [43].

The three principal epigenetic mechanisms—DNA methylation, histone modifications,
and non-coding RN As—contribute to the regulation of gene expression without altering
the DNA sequence. These processes collectively influence pathways involved in blood
pressure control. DNA—deoxyribonucleic acid; RNA—ribonucleic acid; IncRNAs—long
non-coding RNAs; sSRNAs—small RNAs.

1.4. The Biology of MicroRNAs

MicroRNAs (miRNAs) are small, single-stranded, 20-25 nucleotide-long, non-coding
RNAs found in humans, animals, plants, and even some viruses that are involved in post-
transcriptional regulation of gene expression, primarily by silencing target messenger RNAs
(mRNAs). The human genome encodes approximately 2600 pre-microRNAs (miRbase v.22,
accessed 18 March 2026). Discovered initially in C. elegans by Victor Ambros and Gary
Ruvkun (who won the 2024 Nobel Prize for this), these molecules are highly conserved
across plants and animals [44,45].

miRNAs are key regulators of numerous cellular processes, including cell proliferation
and development, cell differentiation, and signaling. MiRNAs bind to the 3’ untrans-
lated region (3'UTR) of target mRNAs, thus leading to inhibition of mRNA translation or
mRNA degradation. miRNA genes are transcribed using RNA polymerase II into primary
miRNA (pri-miRNA). Pri-mRNAs consist of approximately one thousand nucleotides with
a local stem-loop structure made of a stem, a terminal loop, and single-stranded RNA
segments at both the 5’ and 3’ ends. The nuclear microprocessor complex, composed of
Drosha protein and two DGCRS proteins, processes pri-miRNA into pre-miRNA. Pre-
miRNA is a molecule consisting of 65 nucleotides shaped in a hairpin and is subsequently
transferred from the nucleus to the cytoplasm by exportin 5 and Ran-GTP. There, it is
cleaved by a Dicer endonuclease, thus forming a mature, single-stranded miRNA. Of note,
other non-canonical mechanisms and pathways of synthesis of final mature miRNA have
been identified [46,47].

This mature particle is loaded into the RNA-Induced Silencing Complex (RISC). Ma-
ture miRNAs use the Argonaute (AGO) protein within the RISC to guide binding to
target mRNAs, usually through partial complementarity of the 5-miRNA end and the
3’ UTR of the target mRNA. This interaction results in mRNA silencing via destabilization
(degradation) by the endonuclease AGO activity or translational repression [46,47].

The entire process is briefly illustrated in Figure 2.

A fascinating yet challenging issue is that a single miRNA particle can target multiple
mRNAs, modulating complex gene networks. Conversely, the mRNA of a single gene
can be affected by numerous miRNAs [46]. Moreover, some microRNAs affect gene
expression through mechanisms such as transcriptional regulation. Single-nucleotide
polymorphisms (SNPs) within the 3'UTR regions of various genes may represent a key
mechanism underlying individual variability and the influence of microRNAs on various
diseases, as they alter genes’ ability to bind microRNAs and thereby either inhibit or
enhance this mechanism of gene expression [48].

MicroRNAs are crucial in development, cell growth, and apoptosis. Deregulation
of microRNA expression is linked to many diseases, primarily different malignancies,
where they function as tumor suppressors or oncogenes, as well as autoimmune diseases
(e.g., theumatoid arthritis) and different viral infections. MicroRNA particles were de-
tected in various compartments of the human body, including bodily fluids (e.g., plasma,
cerebrospinal fluid, urine), often protected within vesicles (exosomes) or associated with
proteins such as AGO2, and function as intercellular messengers [47,49-51].
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Figure 2. Simplified overview of canonical microRNA biogenesis.

MicroRNA biogenesis begins in the nucleus, where transcription from DNA by RNA
polymerase II generates a primary microRNA (pri-microRNA) with a characteristic hairpin
structure. This transcript is processed by the microprocessor complex, composed of Drosha
and DGCRS (DiGeorge syndrome critical region 8), to produce precursor microRNA (pre-
microRNA). Pre-microRNA is then exported to the cytoplasm in an Exportin-5/RanGTP-
dependent manner. In the cytoplasm, the RNase Il enzyme Dicer cleaves the pre-microRNA
to generate a microRNA:microRNA* duplex, of which typically only one strand becomes
functionally active. The mature microRNA is incorporated into the RNA-induced silencing
complex (RISC), where it associates with Argonaute (AGO) proteins. Within the RISC,
microRNA guides target recognition through partial complementarity, primarily involving
the seed region (nucleotides 2-8), typically located in the 3’ untranslated region (3’ UTR) of
target mRNAs. This interaction results in translational repression or mRNA degradation,
thereby regulating gene expression at the post-transcriptional level [46,47].

2. The Role of MicroRNAs in the Pathogenesis of Primary Hypertension
and Development of Hypertension-Mediated Organ Damage

Since the discovery of microRNAs, thousands of full-text manuscripts have been
published on the relationship between these molecules and arterial hypertension. Studies
have identified changes in microRNA expression levels in tissues, extracellular vesicles,
and circulation, examined different possible pathophysiological pathways (e.g., nitric
oxide synthase or renin—angiotensin—aldosterone system), and analyzed the connections
between miRNAs and sex, and ethnic differences, hypertension-mediated organ damage,
and virtually all possible aspects of hypertension [52,53].

Several of the most promising microRNAs that might serve as potential biomarkers for
primary hypertension or be associated with its pathogenesis were presented in Table 2 [52].
It should be emphasized that, despite the numerous limitations in the use of microRNAs
described later in this article, these molecules are quite stable in plasma or serum compared
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to other RN As, remaining bound either to extracellular vesicles (EVs) or to proteins, pri-
marily AGO2. MicroRNA can remain unchanged for several days at room temperature and
can even survive numerous freeze-thaw cycles [53].

The origin of serum/plasma microRNA is not fully understood, though a study
published in 2020 showed that plasma and serum microRNA expression patterns reflect

those in liver, spleen, fatty tissue, and pericardium [54].

Table 2. MicroRNAs affecting blood pressure and arterial hypertension, according to [35,36], with

our own modifications.

Proposed Target

MicroRNA (mRNA)

Mechanism of Action

Cardiovascular Effect

MicroRNA evaluated in the ATHENA study.

cyclins (CCND1, CCND3, CCNE1),
VEGFR2, FGFR1), ADRAI1A,
VEGFA, BCL2

Mitochondrial cytochrome b,
signaling pathways including
SMADs, FGFs/FGFRs

HMGCR, TGFBR2

microRNA-16

microRNA-21

microRNA-27a

FBW?7 /Snail pathway,
microRNA-27b SMAD-2/-3 pathway
HMGCR
. NOTCH signaling
microRNA-133a SOX4, SOX9

ACE, MRTE, SGRAP1, SGRAP2,

microRNA-145 SLC7A1, KLF4, KLF5, Mycocardin

Regulation of cell cycle and apoptosis,
including endothelial and vascular
smooth muscle cells and through
sympathetic nervous system
Regulation of fibroblast function,
cardiac cell growth, and vascular
smooth muscle cell proliferation
Regulation of cardiomyocyte and
vascular smooth muscle cell function

a “regulatory hub” in
lipid metabolism,

Protection against heart fibrosis
and hypertrophy

Overexpression in damaged arteries
(atherosclerotic plaque or aortic
aneurysm), expression in vascular
smooth muscle cells during
embryonic development

Rather the anti-proliferative effect on
pulmonary hypertension. The effect
on systemic hypertension may
be bidirectional [55,56].

Increase in blood pressure,
development of HMOD [57,58].

Protection against hypertension and
negative aortic alterations [59,60].
Contradictory data on the impact on
heart fibrosis, and the impact on the
risk of pHTN development [61,62].
Downregulated in left ventricular
hypertrophy and
primary hypertension [63,64].

Contradictory data may promote
arterial damage or act as a
compensatory factor
Elevation of blood pressure [64,65].

Other important microRNAs

microRNA-29a-3p/
-29b-3p

microRNA-30a/-30b/
-30c/-30d/-30e

Lysophospholipase 1, VEGF-A,
PDGFB, PTEN, TGFB2, SMAD3

SMAD1, RUNX2, vimentin

SIRT1, NOTCH1, BCL-2,

microRNA-34a SMAD4, TGF-B1

. FBXW7,CDHI1, NF2, PTEN,
microRNA-92a p21, MKK4
. SPRED1, PIK3R2, VCAM1,
microRNA-126 EGFL7, VEGF-A

microRNA-192-5p Na-K-ATPase 1, ZEB-1, ZEB-2

microRNA-181a Renin, SIRT1, SMAD?7, PDIA6

microRNA-195-5p NKCC2A, CCND1, CDK6, CDK2

let-7 microRNA family
(let-7a, let-7b, let-7¢,
let-7d, let-7e, let-7f, let-7g,
let-7i, mir-98, mir-202

CCND1, K-RAS, H-RAS,
N-RAS, HMGA2

Nitric oxide production

regulation of angiogenesis

Induction of senescent cell phenotype
through downregulation of SIRT1 in
endothelial and vascular smooth
muscle cells
Induction of endothelial and vascular
smooth muscle cell injury, reduction
in nitric oxide production

Influences endothelial function (e.g.,
inhibition of expression of VCAM1)

Increases sodium urinary excretion

Renin-angiotensin-aldosterone
system
Increases sodium, potassium, and
chloride tubular reabsorption in the
thick ascending limb of the loop
of Henle

Regulation of a pro-inflammatory
NF-«B pathway in endothelial cells

Downregulation leads to an elevation
in blood pressure [66].
microRNA-30a and -30e elevated
in hypertension, -30d—lowered in
hypertension [53].

Elevated in human and animal
models of hypertension and in
atherosclerotic plaques [67].

Elevated in people
with hypertension [25].

Conflicting results—associations
found both with elevated and lowered
blood pressure [68].
Downregulation increases
blood pressure [52].
Downregulation increases
blood pressure [52].

Downregulation increases

blood pressure [69].

Elevated in people with hypertension
in selected studies [25,70]

The question remains open as to how microRNAs influence blood pressure and can
induce the progression from normotension to primary hypertension.
The first proposed mechanism (according to Folkov’s concept) is an effect on smooth
muscle tone, thereby increasing peripheral resistance. This may be a mechanism of direct
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effect on VSMCs or via angiotensin II or nitric oxide. This seems to be the mechanism of
action of microRNA-143, microRNA-145, microRNA-29a-3b, and microRNA-29b-3b.

The second proposed mechanism is the effect on the kidney and increased sodium
retention in the renal tubule (the hypertension mechanism proposed by Guyton), and again
through direct action, e.g., on the NKCC2a co-transporter (sensitive to loop diuretics) in the
nephron (Henle’s) loop, and indirectly through various elements of the renin—angiotensin—
aldosterone system. MicroRNA-133a, microRNA-181a, and microRNA-195-p appear to act
on the kidney.

In this way, microRNAs fit into the classic concepts of the development of pHTN in
humans. However, it is now believed that Guyton and Folkow’s concepts are extreme
models that more closely correspond to monogenic forms of hypertension (Liddle’s syn-
drome on the one hand and Bilginturan’s syndrome on the other) than to the complexity of
primary hypertension’s pathogenesis. pHTN can more readily be explained using Page’s
modified mosaic model [12]. And in this context, microRNAs should be considered as one
of the players—possibly key ones—but ones that interact dynamically with other systems
(including the sympathetic nervous system and the RAA system) mentioned in Section 3.

In 2020, we launched the ATHENA (ArTerial HypErtension PAthogenesis—microRNA
as a missing link in the disease development in children) project. The study aimed to eval-
uate the expression levels of microRNA particles in children with primary hypertension
and their correlation with clinical and biochemical data, blood pressure, and hypertension-
mediated organ damage (HMOD) [64]. We selected 6 molecules as promising candidates
potentially involved in the regulation of blood pressure. The selection was based on data
from adult studies and preceded by an in-depth analysis of the available literature. Since
then, many studies have been published confirming the importance of these molecules in
the development of primary hypertension and organ damage. The complex and intercon-
nected mechanisms of action of these microRNAs are summarized in Figure 3.

Network of promising microRNAs in Pediatric Hypertension

Protective / regulatory Pro-hypertension Bidirectional
microRNA-27a microRNA-133a microRNA-21 microRNA-16a microRNA-27b microRNA-145
1 VSMC phenotype 4 fibroblasts VSMC proliferat o 1 contractile VSMC
: § heart remodelin I 4 (IEIOE Lo I | fibrosis
SWilchicoukiflon fhean e 1 VSMC proliferation o S LU CLS t vesT:uIlar remodelin et
1 vascular remodeling VLS A, RAAS 1 apoptosis EVES g 1 in atherosclerotic plaques
1 RAAS normalization | heart fibrosis f | angiogenesis LVH - | HTN and aortic aneurysm
\\ J / / THTN « 18P
Targets  ~ %) ()@

VSMCs Fibroblasts Vessel wall Kidney

I

‘ ( | Vascular remodeling ]

/l\.

il sti 1 BP - T
T HMOD - Arterial stiffness hemodynamic burden "\\ /‘ T st “mpa"ed)
complications = Heart phenotype

Figure 3. Network of selected, promising circulating microRNAs involved in pediatric hyperten-
sion, demonstrating heterogeneous and context-dependent effects on vascular smooth muscle cells,
fibroblasts, vessel wall remodeling, and the renal regulatory system. These interactions contribute
to vascular remodeling, hypertension-mediated organ damage (HMOD), increased blood pressure
(BP), and impaired left ventricular global longitudinal strain (LV GLS). VSMCs—vascular smooth
muscle cells; RAAS—renin-angiotensin-aldosterone system; LVH—Ieft ventricular hypertrophy;
HTN—hypertension.
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2.1. MicroRNA-16

MicroRNA-16 is a potent suppressor of cancer growth and a key regulator in the
cell cycle and is frequently downregulated in neoplasms such as chronic lymphocytic
leukemia. MicroRNA-16 is located on chromosome 13q14. It inhibits cell proliferation
by targeting cyclins (CCND1, CCND3, CCNE1) and CDK6, and modulates immune re-
sponses, angiogenesis, and neuronal function. MicroRNA-16 is a well-documented tumor
suppressor. Reduced expression (downregulation) is observed in various malignancies,
including chronic lymphocytic leukemia, prostate cancer, and ovarian cancer, often acting
to stop the G1/S phase transition. Its main mechanisms of action include regulating the
cell cycle by inhibiting the expression of genes that promote cell division, such as Cyclin
D1 (CCND1) and CDK6. MicroRNA-16 also plays a role in inflammatory responses by
improving insulin sensitivity and influencing the translation of programmed cell death
ligand 1 (PD-L1), thereby affecting macrophage polarization [55,71].

This molecule seems to be involved in the development and progression of pulmonary
arterial hypertension [72]. What is more, experimental data suggest that microRNA-16
may be involved in blood pressure regulation by modulating sympathetic signaling. In a
mouse model, it was demonstrated that microRNA-16 directly targets the ADRA1A gene,
which encodes the a1 A-adrenergic receptor. Inhibiting microRNA-16 increased ADRA1A
expression and was associated with reductions in systolic and diastolic blood pressure, as
well as attenuating myocardial apoptosis and fibrosis [73]. This indicates a potential role
for microRNA-16 in hypertensive cardiac remodeling.

Additionally, microRNA-16 has recently been linked to subclinical myocardial de-
formation in children. Notably, our recently published data demonstrated an association
between increased circulating microRNA-16-5p and impaired left ventricular global longi-
tudinal strain (LV GLS) in children with pHTN [56]. This suggests that microRNA-16-5p
may be a potential biomarker of early subclinical myocardial dysfunction. Furthermore,
previous experimental studies have demonstrated the involvement of microRNA-16 in the
renin—angiotensin II system [74]. In the aforementioned study, angiotensin II was found
to downregulate the expression of microRNA-16, and silencing it was found to enhance
the proliferation of vascular smooth muscle cells, suggesting a protective role in vascular
remodeling. This apparent discrepancy may reflect the tissue- and context-specific effects of
microRNA-16, as well as its potential role as a compensatory biomarker rather than a direct
mediator of pathological processes. In particular, the activation of the renin—angiotensin—
aldosterone system (RAAS) in hypertension may initially lead to the downregulation of
microRNA-16 at the tissue level. The observed increase in circulating microRNA-16, mean-
while, could represent a systemic compensatory response aimed at counteracting vascular
remodeling and hypertrophic signaling. However, further investigation is required to
confirm this.

Additionally, some reports indicate altered expression of microRNA-16 in patients
with essential hypertension or hypertension-associated chronic kidney disease [53,75,76].
However, the direction and magnitude of these changes are still inconsistent across studies.
Overall, the current evidence base supports the potential involvement of microRNA-16 in
pathways relevant to arterial hypertension, particularly in the regulation of the sympathetic
nervous system and as mentioned above, cardiovascular remodeling. However, further
well-designed clinical studies are required to clarify its significance in human disease.

2.2. MicroRNA-21

MicroRNA-21 acts as a potent oncogene (“oncomiR”) by regulating gene expression
and suppressing apoptosis. Although this molecule is frequently overexpressed in numer-
ous cancer types, it is also becoming an increasingly significant area of interest in the study
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of cardiovascular and inflammatory diseases. Known as an “oncomiR,” microRNA-21
promotes tumor growth, invasion, and metastasis by targeting tumor suppressor genes,
including PTEN and PDCD4. MicroRNA-21 is upregulated in most cancers, including
breast, lung, and glioblastoma, and inhibits apoptosis [57].

In the cardiovascular system, microRNA-21 regulates fibroblast function, cardiac cell
growth, and vascular smooth muscle cell proliferation. It was found that microRNA-21
controls numerous signaling pathways, including mTOR, NF-«B, and TGF-31. These
pathways are related to cell (also VSCM) proliferation, injury repair, and fibrosis.

Some studies have shown that microRNA-21 may play a cardioprotective role. On
the other hand, other papers revealed that this particle expression level is high in patients
with myocardial infarction and may act as a promoter of fibrosis and heart dysfunction.
One cannot exclude the dual role of this microRNA in the pathogenesis of cardiovascular
diseases, depending on the cell, body fluid, and clinical circumstances [77].

Accumulating current evidence indicates that microRNA-21 is closely involved in the
pathogenesis of pHTN, particularly through its contribution to vascular dysfunction and
cardiovascular remodeling [78]. MicroRNA-21 influences the TGF-$1/SMAD? and RAAS
pathways, affects the immune response, and, through these mechanisms, may be a key
player in pHTN pathogenesis.

Notably, it has been demonstrated that microRNA-21 regulates key processes such as
fibrosis, hypertrophy, inflammation, and cell survival [79]. Moreover, the aforementioned
processes play a central role in the development of vascular stiffness and HMOD, includ-
ing arterial and heart damage [63,80]. MicroRNA-21 negatively affects VSMC biology.
Proatherogenic stimuli induce microRNA-21 expression in VSMCs and their differentiation
into lipid-accumulating cells [81]. Not to mention, microRNA-21 overexpression was found
in atherosclerotic plaques [67] and correlated with common carotid artery intima-media
thickness (cIMT) [58].

A recent study showed higher levels of microRNA-21 expression in individuals with
resistant hypertension compared to normotensives and newly diagnosed hypertensives.
In this study, the expression of microRNA-21 correlated positively with blood pressure
and aldosterone concentration [82]. Another study has shown that circulating levels of
microRNA-21 are correlated with aldosterone, blood pressure, and HMOD, such as albu-
minuria [83]. These findings further support that microRNA-21 expression reflects the
activation of the RAAS, hemodynamic load, and early HMOD in pHTN. Interestingly, a
meta-analysis including 12 articles, involving 546 cases and 436 controls, on the relation-
ship between microRNA-21 and arterial hypertension was published. The pooled results
revealed that the expression levels of microRNA-21 were significantly elevated in hyper-
tensives compared with normotensives [84]. Unfortunately, there are still some conflicting
data. A prospective 5-year Japanese study failed to demonstrate that microRNA-21 predicts
the development of pHTN [59].

Considering the above, elevated circulating levels of microRNA-21 have been associ-
ated with disease severity and adverse cardiovascular outcomes, supporting its potential as
a biomarker reflecting ongoing vascular injury and remodeling. Therefore, microRNA-21
may serve not only as a mechanistic regulator but also as a clinically relevant marker for
monitoring disease progression and early cardiovascular involvement, perhaps in pediatric
patients with pHTN as well.

In summary, microRNA-21 appears to be closely associated with pHTN and may be a
promising biomarker. This may be the most important microRNA molecule in this disease
entity. Prospective and interventional studies are undoubtedly needed.
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2.3. MicroRNA-27a and MicroRNA-27b

MicroRNA-27a and microRNA-27b belong to a larger microRNA cluster
(microRNA-23a~27a~24-2) located on human chromosome 19 and chromosome 9
(C9orf3 gene, 9g22.1), respectively. This cluster is a crucial post-transcriptional regula-
tor of gene expression, involved, e.g., in cancer biology [85]. MicroRNA-27a seems to act
alongside microRNA-21, as a potent oncogene (“oncomiR”) or, inversely, may suppress
tumor growth, depending on the specific tissue and cancer type. It promotes proliferation
and invasion in cancers such as gastric, breast, ovarian, and laryngeal carcinoma. On the
other hand, it can inhibit growth and metastasis in renal cell carcinoma, esophageal squa-
mous cell carcinoma, and colon cancer. In addition, microRNA-27a is a critical regulator
of cholesterol biosynthesis by targeting the HMGCR gene. It also negatively regulates
adipocyte (fat cell) differentiation by suppressing PPARy. In addition, microRNA-27a is
essential for maintaining bone homeostasis. It functions as a negative regulator of osteoclast
differentiation; its loss can lead to severe osteoporosis [86,87].

Like microRNA-27a, microRNA-27b plays an essential role in regulating lipid home-
ostasis and is often referred to as a “regulatory hub” in lipid metabolism. The expression
level of microRNA-27 b is commonly altered in various forms of dyslipidemia [61].

MicroRNA-27a and microRNA-27b have also numerous potential roles in the cardio-
vascular system. MicroRNA-27a regulates cardiac function [88] and cardiomyocyte apopto-
sis [89], and also affects vascular smooth muscle cell proliferation and migration [90]. An
experimental Chinese study showed that exercise training in spontaneously hypertensive
rats increased microRNA-27a levels in the aortas, restoring disturbed renin—angiotensin—
aldosterone system biology and, at least in part, explaining the protective effect of exercise
on aortic function and structure [60]. Suzuki et al. reported that the expression level
of circulating microRNA-27a may predict the occurrence of hypertension (“a negative
biomarker”). Serum microRNA-27a was significantly lower in newly hypertensive subjects
than in normotensive subjects [59].

As for microRNA-27b, it can promote myocardial fibrosis by modulating the
FBW?7/Snail pathway [62]. Conversely, another study revealed that microRNA-27b ame-
liorated atrial fibrosis and atrial fibrillation by inactivating the Smad-2/3 pathway via
targeting ALKS. The latter results suggest an anti-fibrotic potential of this molecule in the
heart. It was even proposed as a target for the therapies of heart failure [91]. An interesting
human study showed that serum microRNA-27b expression levels were elevated in sub-
jects with AH and left ventricular hypertrophy (LVH) compared to hypertensive patients
without LVH and in normotensives. The authors concluded that the expression level of
microRNA-27b is a potential biomarker for left ventricular hypertrophy [92].

DROSHA is a class 2 ribonuclease Il enzyme, which, together with DGCRS, is involved
in an initial step in microRNA processing. DROSHA participates in many other pathways
of RNA maturation and degradation. DROSHA plays a role in vascular smooth muscle
cell proliferation and differentiation, thus potentially influencing arterial tonus and blood
pressure [93]. The SNP rs10719, located within microRNA-27b, is associated with the
risk of pHTN. Chinese authors reported that rs10719 prevents the interplay between
microRNA-27b and DROSHA, which may underlie the association between this SNP and
the risk of pHTN [94].

2.4. MicroRNA 133a

MicroRNA-133a is encoded by two genes, miR-133a-1 and miR-133a-2, which are
placed on chromosomes 18 and 20. It is a muscle-enriched (“myomiR”) that regulates
cardiac and skeletal muscle development and also inhibits the growth of various can-
cers. The expression of microRNA-133a is very high in the myocardium and is crucial
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for heart development and function, where it suppresses cardiomyocyte apoptosis and
regulates gene expression [95]. It is downregulated during heart hypertrophy and acts
as an anti-apoptotic factor in damaged cardiomyocytes, making it a potential therapeutic
target. Also, a MicroRNA-133a/b complex, by influencing the Notch signaling path-
way, promotes atherosclerotic plaque formation and adverse alterations (e.g., fibrosis) in
the myocardium [63].

The study by Akerman revealed elevated plasma expression levels of microR-133a
in individuals with hypertension compared to those with normal blood pressure [96].
Also, Koval et al. investigated plasma microRNA-133a levels in patients with primary
hypertension. In their study, plasma microRNA-133a levels were lower in patients with
AH than in healthy individuals. The authors have also reported significantly diminished
microRNA-133a expression levels in the plasma of subjects with LVH compared with
patients with normal heart structure. The authors identified no additional determinants
(e.g., comorbidities) of plasma microRNA-133a expression levels. The authors concluded
that reducing plasma levels of miR-133a is essential in the development of pHTN and in the
pathological remodeling of the heart [97]. In another study by the same group analyzing
hypertensive patients, the expression of microRNA-133a was decreased in patients with
left ventricular diastolic dysfunction. It was negatively correlated with left ventricular
mass index [98].

Kontaraki et al. unmasked similar results. They also reported that patients with arterial
hypertension had diminished microRNA-133a expression (5.06 £ 0.50 vs. 13.20 + 2.15,
p < 0.001) than healthy controls. In hypertensive patients, a significant negative correlation
was observed between miR-133a expression levels and the indexed left ventricular mass
(r=-0.431, p <0.001) [99].

Furthermore, in our previous study, changes in microRNA-133a expression after exer-
cise were positively correlated with LVMI [64]. However, this association was not observed
in the full cohort. Our currently unpublished preliminary data also suggest that children
with pHTN have lower baseline and post-exercise levels of microRNA-133a, along with a
blunted exercise-induced response, compared to healthy controls. The results also showed
a positive correlation between microRNA-133a expression and BMI Z-scores, as well as
measures of adiposity (waist and hip circumference). This indicates a potential, albeit
currently limited, role for miR-133a as a biomarker of myocardial hypertrophy in pHTN.

2.5. MicroRNA-145

The primary role of microRNA-145 is to suppress tumor growth by regulating the
expression of genes such as c-MYC. It acts as a molecular brake, often reducing the ex-
pression of proteins that promote cancer progression, such as MUC1, or stemness, such
as OCT4 [100,101].

Beyond cancer, microRNA-145 is the most abundant microRNA in vascular smooth
muscle cells (VSMCs), essential for maintaining their stability and playing an important
role in VSMC differentiation. The expression of microRNA-145 is also found in plasma and
the endothelium, highlighting its significance in the cardiovascular system. MicroRNA-145
targets crucial pathways and molecules in the cardiovascular system, including angiotensin-
converting enzyme (ACE) or myocardin-related transcription factor B [102]. Additionally,
microRNA-145 plays a central role in maintaining the contractile phenotype of VSMCs
by regulating key transcription factors, including KLF4, myocardin, and SRF [103]. A
loss of microRNA-145 expression can lead to a switch in phenotype from contractile to
synthetic and proliferative, which contributes to vascular remodeling, increased arterial
stiffness, and impaired regulation of vascular tone [104,105]. Thus, these mechanisms
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directly link microRNA-145 dysregulation to blood pressure control and the development
of hypertension.

From more clinical perspective, Santovito et al. examined material obtained during
endarterectomy from patients with AH and found very high levels of microRNA-145 expres-
sion in atherosclerotic plaques [106]. Experimental data suggest that microRNA-145 might
play a harmful role in the pathogenesis of both systemic and pulmonary hypertension [107].

Another experimental study investigated the microRNA-145 in spontaneously hy-
pertensive rats (SHR). The expression of microRNA-15 in the aorta was higher in the
SHR group than in healthy animals. In rat vascular endothelial cells (RVECs), in which
microRNA-145 was silenced, the expression of solute carrier family 7 member 1 (SLC7A1)
and phosphorylated endothelial nitric oxide synthase rose. A dual-luciferase reporter
assay confirmed the hypothesis that SLC7A1 is directly targeted by microRNA-145. The
authors concluded that microRNA-145 might be a crucial player in the development of
arterial hypertension.

In our group, microRNA-145 showed a distinct pattern, suggesting a possible ben-
eficial effect in children with pHTN [64]. In our study, the expression of this microRNA
increased after a single exercise session and was negatively correlated with blood pressure
and HMOD. The explanation of our findings may be found in an experimental study by
Li et al. The authors revealed that microRNA-145 negatively regulated the production of
GATA-binding protein 6 (GATA®6), thereby attenuating cardiomyocyte hypertrophy in the
experimental model [65].

Our results are consistent with Ozkan’s study. The authors found that downregula-
tion of microRNA-145 was an independent predictor of arterial hypertension. Renalase
concentration also showed a positive correlation with microRNA-145 expression [108].

3. Potential Therapeutic and Diagnostic Implementations

Non-coding RNAs can be a new therapeutic measure in the treatment of both rare
and common diseases. The use of antisense RNA—interfering with mRNA (small interfer-
ing RNA)—allows protein production to be inhibited despite increased gene expression.
SiRNA-based drugs are now approved medications for many rare entities, including pri-
mary hyperoxaluria type 1 [109]. Clinical trials are also conducted in hypertensive patients.
Zilebesiran is a siRNA that targets angiotensinogen mRNA, thereby inhibiting its hepatic
synthesis for up to half a year after a single injection. Once animal studies confirmed
its safety and efficacy comparable to those of oral RAS blockers, human clinical trials
were conducted.

The study of zilebesiran in humans had 3 parts. In the first part, hypertensive subjects
randomly received either a single subcutaneous injection (doses from 10 to 800 mg) or
a placebo and were observed for 24 weeks. Another part evaluated the efficacy of the
800 mg single dose of zilebesiran on blood pressure, depending on salt intake. In the
final part, participants received the 800 mg zilebesiran injection in combination with
irbesartan. The drug was effective in lowering blood pressure for a whole 24-week period
with only mild side effects (transient injection-site reactions). No patients experienced
hypotension, hyperkalemia, or deterioration in kidney function [110]. Elevated RAAS
activity is crucial in certain clinical circumstances, such as hypovolemic shock. For these
situations, a REVERSIR technology was developed. REVERSIR uses short, high-affinity,
single-stranded oligonucleotides designed to reverse siRNA-mediated RNA interference
in vivo [79] rapidly. We are deeply convinced that siRNA technology could revolutionize
antihypertensive therapies, especially for non-adherent patients, thereby substantially
reducing the impact of non-adherence on health care costs [111].
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4. Gaps in Current Knowledge

While microRNA research has advanced significantly—highlighted by the 2024 Nobel
Prize in Physiology or Medicine—several critical knowledge gaps and technical bottlenecks
remain. Firstly, many discovered microRNAs lack specific biological functions and the
gene networks they regulate. Also, there is a general lack of data on microRNA expression
at the cell level. Researchers often do not know if a microRNA and its predicted target are
ever present in the same cell at the same time. In addition, many circulating microRNAs
identified as “biomarkers” are not disease-specific (e.g., hypertension-specific). The same
microRNA may be up- or downregulated in multiple unrelated conditions and in response
to different stimuli, e.g., food or exercise. The results of the microRNA studies on the
same entity are highly inconsistent, often due to small sample sizes, varying subject
characteristics, and different isolation and evaluation protocols. As miRNAs are found in
the nucleus, mitochondria, and endoplasmic reticulum, the precise mechanisms by which
they are transported to these organelles remain unclear. It also remains an open question
whether the specific functions of individual microRNAs are conserved across species,
particularly in non-model organisms. Standardizing detection for short, highly homologous
sequences remains difficult. Current methods are prone to bias during isolation and struggle
with single-nucleotide specificity [50,112].

Finally, there are numerous bioinformatic limitations. Namely, analyzing the relation-
ships between hundreds of candidate microRNAs and their targets is often impossible.
There is a lack of integrated, automated software that efficiently extracts these functions
from complex gene networks.

5. Limitations of Using MicroRNA in Clinical Practice as Biomarkers or
Therapeutic Targets

Using microRNAs as disease markers or therapeutic goals holds significant potential,
but numerous limitations hamper their translation into everyday clinical practice. These
include technical challenges in measurement, lack of standardization, poor target specificity,
and issues with delivery and stability [113].

First, to reliably select biomarkers for diseases such as pHTN, one should not preselect
based on a single study; rather, conduct a preliminary profiling analysis. Such an analysis
should be carried out on a smaller group (a pilot study) comprising at least 10 individuals,
including both those with and without hypertension. Based on the results obtained,
potential microRNAs should be selected for verification by real-time quantitative reverse
transcription polymerase chain reaction (qQRT-PCR) in two large groups (hypertensive vs.
normotensive), with sample sizes estimated using statistical methods [53].

While miRNAs are rather stable in biofluids (serum, plasma, urine), several obsta-
cles prevent their routine use as biomarkers. First, pre-analytical variability represents a
major source of bias. Circulating miRNA levels are highly sensitive to sample collection,
processing, and storage conditions. There is no consensus on protocols for sample type
(serum, plasma, etc.), sample collection, handling, storage, and isolation. These issues lead
to significant variability and discrepancies across published studies. Further limitations
include the lack of standardization in RNA isolation and quantification methods. A variety
of extraction kits, protocols and input volumes can produce inconsistent results. Different
quantification methods (qQRT-PCR, RNA sequencing, microarrays) often yield opposite
results. In addition, there is a lack of universally accepted normalizers (internal controls)
for measuring circulating microRNA levels. Although endogenous reference miRNAs are
frequently utilized in studies of tissue and cells, their stability in plasma or serum remains
uncertain. Consequently, many studies rely on exogenous spike-in controls to monitor
extraction and reverse transcription efficiency. However, these controls do not account
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for biological variability between samples. Alternative approaches have been proposed,
such as global mean normalization or normalization to plasma volume, but none have
been universally accepted. It should be noted that global mean normalization usually
necessitates the measurement of a sufficiently large number of miRNAs to ensure stable
estimation of the average expression level, which could restrict its applicability in studies
focusing on a small panel of selected miRNAs.

Notably, the analytical validation of RT-qPCR assays is frequently inadequately docu-
mented. Key parameters such as amplification efficiency, dynamic range, and intra- and
inter-assay variability are not consistently evaluated, nor is the presence of PCR inhibitors.
This may limit the interpretability of quantitative results. The validity of relative quantifica-
tion methods, such as the 224C4 approach, depends on the assumption that amplification
efficiencies are comparable between targets and reference controls, a factor that is not
always verified.

Furthermore, the biological variability and heterogeneity of circulating microRNAs
complicate final analysis and conclusions. These molecules originate from multiple tis-
sues and are present in various forms, such as protein-bound fractions and extracel-
lular vesicles, potentially reflecting distinct biological processes. Consequently, differ-
ences observed between studies may be influenced by disease-related mechanisms and
methodological inconsistencies.

Finally, many reported microRNA biomarkers are not disease-specific and are fre-
quently detected in multiple, different, or overlapping entities. For instance, as already
mentioned, microRNA-21 is upregulated in numerous cancers (colorectal, lung, breast,
prostate, etc.), and in cardiovascular diseases, which limits its value as a disease-specific
biomarker. Additional factors, such as hemolysis, may falsely elevate plasma or serum
microRNA levels, as many microRNAs are abundant within cells. Patient-related factors
such as age, sex, ethnicity, diet, comorbidities, and medications can significantly affect
circulating microRNA expression levels [114,115].

Given that in adults, hypertension is rarely the only condition affecting a patient and
often occurs in conjunction with metabolic syndrome, atherosclerosis, and, not infrequently,
type 2 diabetes and chronic kidney disease, it is difficult to unequivocally demonstrate
a link between a specific microRNA and elevated blood pressure alone. Therefore, it
seems crucial to study a population as free of comorbidities as possible. In this regard,
the ATHENA study, which reliably assesses the expression of selected microRNAs in
children and adolescents with primary hypertension—with secondary forms, CKD, and
DM excluded—and includes a detailed evaluation of clinical data and HMOD, offers hope
for identifying genuine associations between microRNAs and primary hypertension [64].

Although siRNAs (RNA-based therapeutics that induce sequence-specific silencing
of target mRNA) are slowly entering clinical practice, it is not as easy with drugs that
affect microRNA. Developing microRNA-targeted medications faces numerous challenges.
Because a single miRNA particle targets numerous mRNAs, therapeutic modulation of a
single miRNA-based drug may cause unintended, broad-spectrum gene silencing in non-
target tissues, leading to unforeseen sequelae. Delivering microRNAs to specific tissues
(e.g., kidneys, heart, or cancer cells) remains a major bottleneck. Unmodified microRNAs
are rapidly degraded by nucleases in the bloodstream and are cleared by the kidneys.
In addition, some microRNA-based treatments have been found to trigger an immune
response, leading to the activation of inflammatory cytokines. Finally, many miRNA
inhibitors or mimics show really moderate efficacy in early clinical trials, with none, for
example, having progressed to Phase III by now [116,117].
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6. Conclusions

Recent years have brought significant progress in research into the pathogenesis of
primary hypertension on the one hand, and the role of small non-coding RNAs, including
microRNAs, in numerous human pathologies on the other. While the contribution of
individual genes does not appear significant, post-transcriptional changes in microRNAs
may open a new avenue of research into primary hypertension. Although the current
evidence on microRNAs in pediatric primary hypertension is inconsistent, this variability
likely reflects their context- and tissue-specific roles rather than a lack of biological relevance.
In this context, microRNAs can be considered not only as promising biomarkers, but also as
dynamic regulators of the vascular, renal, and cardiac pathways involved in blood pressure
control. Our review highlights their dual role as both potential biomarkers and context-
dependent regulators, which may explain the inconsistencies observed across studies.

Thus, microRNAs can be both valuable biomarkers and therapeutic targets. The most
promising molecules have already been selected. However, the pleiotropic and context-
dependent effects of microRNAs—where they may exert beneficial actions in one tissue
while being detrimental in another or have different roles across disease stages—make
identifying the appropriate therapeutic target in the right place and at the right time a key
challenge for future research.

In our opinion, studying children is particularly valuable, as there are fewer environ-
mental factors to consider that have accumulated during their lifetime, making it easier
to derive conclusions. This makes it easier to identify microRNA involvement in the de-
velopment of diseases such as primary hypertension. Future research should focus on
standardized methodologies, larger, well-characterized pediatric cohorts, and longitudinal
studies, to better define the clinical utility and translational potential of microRNAs in
primary hypertension.
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8. Omowienie

Przedstawiony cykl publikacji dotyczy znaczenia wybranych krazacych mikroRNA w
patogenezie nadcis$nienia tetniczego pierwotnego u dzieci 1 mtodziezy oraz ich zwigzku z
warto$ciami ci$nienia tetniczego, wczesnymi zmianami sercowo-naczyniowymi i odpowiedzig
organizmu na wysitek fizyczny. Badania przeprowadzono w grupie dzieci i mtodziezy z
nieleczonym farmakologicznie nadcisnieniem t¢tniczym pierwotnym oraz w grupie zdrowych
rowiesnikow.

W pierwszej publikacji przedstawiono wyniki pilotazowego badania obejmujacego 22
dzieci z nadci$nieniem tetniczym pierwotnym. Gtownym celem tej czesci projektu byta
weryfikacja zastosowanego protokotu badawczego oraz wstepna ocena zaleznos$ci pomigdzy
zmianami ekspresji wybranych mikroRNA po wysitku fizycznym a parametrami ci$nienia
tetniczego, przerostem lewej komory oraz wyktadnikami uszkodzenia naczyn. Wykazano
dodatnig korelacje pomigdzy wzrostem ekspresji mikroRNA-133a po wysitku a wartosciami
indeksu masy lewej komory (r = 0,491; p = 0,020). Ponadto wzrost ekspresji mikroRNA-145
byt zwiazany z nizszymi warto$ciami ci$nienia tetniczego, mniejsza grubo$cia kompleksu
intima—media tetnicy szyjnej wspdlnej oraz nizszymi wartosciami predkosci fali tetna
(odpowiednio: r = —0,428; p=0,047; r = —-0,449; p = 0,036; r = —0,430; p = 0,046; r = —0,557,
p = 0,007; r = —0,455; p = 0,033). Uzyskane wyniki sugerowaly potencjalny udzial tych
czasteczek w procesach prowadzacych do rozwoju nadci$nieniowego uszkodzenia
narzadowego 1 stanowity podstawe do przeprowadzenia dalszych badan w wigkszej grupie
pacjentow.

W drugiej publikacji przedstawiono giéwne wyniki badania ATHENA dotyczace
podstawowej ekspresji wybranych krazacych mikroRNA oraz zmian ich ekspresji po
pojedynczej sesji standaryzowanego wysitku aerobowego. Do badania wlaczono 56 dzieci z
nadci$nieniem tetniczym pierwotnym oraz 59 zdrowych réwiesnikéw. Chiopey stanowili 75%
grupy badanej, co jest zgodne z obserwowang w populacji pediatrycznej przewaga pici meskiej
wsrdd pacjentdow z nadci$nieniem tgtniczym pierwotnym, szczegdlnie w okresie dojrzewania.
Na uwage zastuguje roéwniez wysoki odsetek pacjentow z otyloscia, ktorzy stanowili 41%
badanej grupy. Moze to czgsciowo wynika¢ z prowadzenia rekrutacji w okresie bezposrednio
po pandemii COVID-19, kiedy zaobserwowano istotny wzrost czestosci otytosci wsrdd dzieci
i mlodziezy. W pracy wykazano istotnie nizsza ekspresj¢ mikroRNA-27b oraz mikroRNA-133a
u pacjentdOw z nadci$nieniem t¢tniczym w porownaniu do zdrowych rowiesnikoéw. Ponadto

stwierdzono, ze pojedyncza sesja wysitku aerobowego prowadzi do istotnego obnizenia
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wartosci cisnienia tetniczego jedynie u dzieci z NTP oraz wplywa na ekspresj¢ wybranych
mikroRNA — r6znie u dzieci z nadci$nieniem i u dzieci zdrowych. W grupie dzieci zdrowych
po wysitku obserwowano wzrost ekspresji mikroRNA-27b, mikroRNA-133a oraz mikroRNA-
145, natomiast u pacjentow z nadci$nieniem istotny wzrost dotyczyt jedynie mikroRNA-145.
Analizujac za$ warto$ci cisnienia, po pojedynczej, standaryzowanej sesji wysitku aerobowego
u pacjentéw z nadci$nieniem tetniczym stwierdzono istotne obnizenie gabinetowego cisnienia
tetniczego (SBP: 136,8 vs 133,1 mm Hg; DBP: 82,1 vs 78,6 mm Hg), 24-godzinnego ci$nienia
tetniczego (SBP: 131,2 vs 129,1 mm Hg; DBP: 73,6 vs 71,6 mm Hg) oraz 24-godzinnego
ci$nienia centralnego (cSBP: 114,5 vs 112,2 mm Hg; cDBP: 76,0 vs 74,2 mm Hg), natomiast
w grupie kontrolnej nie obserwowano hipotensyjnego efektu wysitku, a odnotowano nawet
niewielki, ale istotny statystycznie, wzrost 24-godzinowego skurczowego ci$nienia tetniczego.
Zaobserwowano rowniez liczne istotne statystycznie (p<0,05) dodatnie korelacje ekspresji
mikroRNA-16, -21, -27a 1 -145 z parametrami ci$nienia tetniczego mogace wskazywac na ich
udziat w mechanizmach zwigzanych z rozwojem NTP. Ekspresja mikroRNA-16 korelowata z
warto$ciami Z-score skurczowego i rozkurczowego cisnienia t¢tniczego (odpowiednio r =
0,268 i r=0,279), a takze z wartosciami centralnego ci$nienia skurczowego, rozkurczowego i
sredniego (odpowiednio r = 0,295, r = 0,296 i r = 0,303). Ekspresja microRNA-21 korelowata
dodatnio z 24-godzinnymi wartosciami SBP Z-score, DBP Z-score 1 MAP Z-score
(odpowiednio r = 0,337, r = 0,409 i r = 0,373). Najsilniejsze zaleznos$ci z parametrami ABPM
wykazano jednak dla microRNA-145, ktérego ekspresja korelowata z 24-godzinnymi
warto$ciami SBP Z-score, DBP Z-score i MAP Z-score (odpowiednio r = 0,414, r=0,5111ir=
0,478). Ponadto analiza wieloczynnikowa wykazala, Zze wyjSciowa ekspresja mikroRNA-16
byla jedynym niezaleznym czynnikiem zwigzanym z wyzszymi warto$ciami 24-godzinnego
rozkurczowego cis$nienia tgtniczego (DBP Z-score >2,1). Analiza ROC wykazata umiarkowang
warto$¢ predykcyjng wyjsciowej ekspresji mikroRNA-16 w identyfikacji pacjentow z DBP Z-
score >2,1 (AUC =0,770; p = 0,003), przy czutosci 79% 1 swoistosci 64%. Dodatkowo analiza
ROC réwniez wykazala, ze mikroRNA-27b charakteryzowato si¢ najlepsza zdolnoscig
réznicowania dzieci z nadci$nieniem tetniczym od zdrowych réwiesnikéw, co moze
wskazywa¢ na jego potencjalng przydatnos¢ jako biomarkera choroby. Nie stwierdzono
natomiast istotnych zalezno$ci pomie¢dzy analizowanymi mikroRNA a klasycznymi
wyktadnikami nadci$§nieniowego uszkodzenia narzgdowego.

W trzeciej publikacji oceniono zaleznosci pomig¢dzy ekspresjag wybranych mikroRNA a
parametrami deformacji mig¢snia sercowego ocenianymi metoda echokardiografii $ledzenia

markerow akustycznych (ang. speckle-tracking echocardiography — STE). Do analizy
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wlaczono 50 dzieci z nadci$nieniem tetniczym pierwotnym oraz 57 zdrowych rowiesnikow.
Wykazano, ze dzieci z nadci$nieniem cechujg si¢ istotnie wigkszymi (mniej ujemnymi)
warto$ciami globalnego odksztalcenia podtuznego lewej komory (GLS: —19.28% =+ 3.02 vs.
—20.99% =+ 3.11), pomimo zachowanej frakcji wyrzutowej, co moze $wiadczy¢ o obecnosci
wczesne] subklinicznej dysfunkcji skurczowej miesnia sercowego. Ponadto stwierdzono
obnizone warto$ci predkosci wezesnorozkurczowego ruchu pierscienia mitralnego (E’) oraz
wydluzenie czasu relaksacji izowolumetrycznej (IVRT) u dzieci z NTP, sugerujace
wspotistnienie wezesnych zaburzen funkcji rozkurczowej w tej grupie pacjentéw. Wykazano
réwniez istotne zaleznos$ci pomiedzy ekspresja mikroRNA-16 (r=0,305, p=0,031) i mikroRNA-
27b (r=0,330, p<0,001) a wartosciami GLS. W analizie wieloczynnikowej ekspresja
mikroRNA-16 byla niezaleznym czynnikiem zwigzanym z wyzszymi warto$ciami GLS.
Uzyskane wyniki sugeruja, ze ocena GLS moze stanowi¢ warto§ciowe uzupehnienie
klasycznych parametréw echokardiograficznych w identyfikacji wczesnych, subklinicznych
zaburzen funkcji migsnia sercowego u dzieci z nadci$nieniem tetniczym pierwotnym.

Czwarta publikacja miata charakter pracy przegladowej i stanowita podsumowanie
aktualnej wiedzy dotyczacej roli mikroRNA w patogenezie nadci$nienia te¢tniczego
pierwotnego u dzieci. Szczegdlng uwage poswigcono czasteczkom analizowanym w badaniach
wlasnych: mikroRNA-16, mikroRNA-21, mikroRNA-27a, mikroRNA-27b, mikroRNA-133a
oraz mikroRNA-145. Oméwiono ich potencjalny udziat w regulacji aktywnosci uktadu renina—
angiotensyna—aldosteron, funkcji srodbtonka, przebudowie naczyn, rozwoju przerostu mig$nia
sercowego oraz nadci$nieniowego uszkodzenia narzadowego. Istotnym elementem pracy byta
roOwniez analiza ograniczen badan nad mikroRNA, ktére moga wplywaé na interpretacje
uzyskiwanych wynikéw oraz utrudnia¢ poréwnywanie rezultatow migdzy poszczegdlnymi
badaniami. Omoéwiono mi¢dzy innymi wpltyw rodzaju analizowanego materialu biologicznego
(osocze, surowica, tkanki lub komorki), obecnosci mikroRNA w réznych frakcjach
biologicznych (wolno krazacych, zwigzanych z biatlkami lub transportowanych w
pecherzykach zewnatrzkomodrkowych) oraz znaczenie zmienno$ci przedanalitycznej zwigzanej
z pobieraniem, przetwarzaniem i przechowywaniem probek.

Zwrocono réwniez uwage na brak standaryzacji metod izolacji i oznaczania mikroRNA,
wynikajacy ze stosowania roznych zestawow odczynnikdw, platform analitycznych oraz metod
normalizacji wynikéw. Oméwiono znaczenie walidacji metod laboratoryjnych, w tym oceny
wydajnosci amplifikacji, powtarzalnosci oznaczen (ang. intra- 1 inter-assay variability) oraz
wptywu potencjalnych inhibitorow reakcji PCR. Przedstawiono réwniez problem hemolizy,

ktéra moze prowadzi¢ do sztucznego zawyzania stezenia niektorych krazacych mikroRNA.
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Podkreslono ponadto, ze wigkszo$¢ mikroRNA wykazuje dzialanie plejotropowe i
uczestniczy jednoczes$nie w regulacji wielu procesow biologicznych oraz w rozwoju ré6znych
chorob. Ogranicza to ich swoisto$¢ jako biomarkerow nadci$nienia tg¢tniczego i utrudnia
jednoznaczng interpretacje obserwowanych zmian ekspresji. Wskazano réwniez, ze ekspresja
mikroRNA moze zaleze¢ od wieku, pici, pochodzenia etnicznego, wspotistniejacych chordb,
stosowanych lekow oraz innych czynnikéw srodowiskowych.

W pracy oméwiono takze mozliwe kierunki dalszych badan, podkreslajac znaczenie
stosowania ujednoliconych procedur laboratoryjnych, walidacji wynikow w niezaleznych
kohortach oraz prowadzenia badan w dobrze scharakteryzowanych populacjach pacjentow,
szczegblnie w wieku rozwojowym.

Lacznie uzyskane wyniki wskazuja, ze wybrane mikroRNA mogg odgrywac istotng role
we wczesnych etapach rozwoju nadcis$nienia t¢tniczego pierwotnego u dzieci. Szczegdlne
znaczenie moga mie¢ mikroRNA-16, mikroRNA-27b oraz mikroRNA-133a, ktorych ekspresja
byta zwigzana z obecnoscig nadcis$nienia tetniczego, odpowiedzig na wysilek fizyczny lub
wezesnymi wykladnikami przebudowy sercowo-naczyniowej. Brak istotnych zaleznosci
pomiedzy ekspresja badanych mikroRNA a klasycznymi wyktadnikami nadci$nieniowego
uszkodzenia narzadowego oraz aktywno$cig ukladu renina—angiotensyna—aldosteron w
gléwnym badaniu moze wskazywac, ze analizowane czasteczki odzwierciedlajg wczesniejsze
etapy rozwoju choroby, poprzedzajace wystgpienie utrwalonych zmian narzadowych.
Uzyskane wyniki uzasadniaja potrzebe dalszych badan nad wykorzystaniem mikroRNA jako
potencjalnych biomarkeréw nadci$nienia tetniczego pierwotnego w wieku rozwojowym.

Nalezy takze podkresli¢ kilka ograniczen przedstawionego cyklu prac. Po pierwsze,
badania przeprowadzono w jednym o$rodku, na grupie niezroznicowanych etnicznie chorych
w podobnym wieku, co moze ogranicza¢ mozliwo$¢ uogoélniania uzyskanych wynikoéw na cala
populacj¢ dzieci z NTP. Po drugie, cz¢$¢ analiz miata charakter przekrojowy, co uniemozliwia
jednoznaczne okreslenie zaleznos$ci przyczynowo-skutkowych miedzy badanymi markerami a
rozwojem nadcis$nienia tetniczego oraz jego narzgdowymi powiklaniami.

Istotnym ograniczeniem badan dotyczacych mikroRNA byl brak dilugoterminowej
obserwacji klinicznej pozwalajacej oceni¢ ich warto$¢ prognostyczng oraz mozliwosé
przewidywania progresji choroby i rozwoju nadci$nieniowego uszkodzenia narzadowego.
Ponadto analiza obejmowala wybrane mikroRNA wskazane na podstawie dostepnych danych
literaturowych, a nie petne profilowanie transkryptomiczne.

W badaniach oceniajacych funkcje uktadu sercowo-naczyniowego zastosowano

nowoczesne metody obrazowania i oceny hemodynamicznej; cz¢§¢ analiz miata charakter
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eksploracyjny, a liczba ocenianych parametréw byta duza w stosunku do liczebnosci grup —
obliczonej na zmiany w obrgbie mikroRNA. Ponadto nie wszystkie potencjalne czynniki
zaktocajace, takie jak poziom aktywnosci fizycznej przed badaniem, nawyki zywieniowe, w
tym spozycie sodu, czy status socjoekonomiczny, mogly zosta¢ uwzglednione w analizach
statystycznych.

Wreszcie, badania prowadzono w okresie nast¢pujacym bezposrednio po pandemii
COVID-19, ktora mogta wplywac na czestos¢ wystgpowania otylo$ci, poziom aktywnos$ci
fizycznej oraz inne czynniki ryzyka sercowo-naczyniowego w populacji pediatryczne;.

Pomimo wymienionych ograniczen przedstawione prace dostarczaja nowych danych
dotyczacych roli mikroRNA oraz wczesnych zmian sercowo-naczyniowych w patogenezie
nadci$nienia tetniczego pierwotnego u dzieci i miodziezy. Wskazuja rowniez na korzystny
wpltyw pojedynczej sesji wysitku fizycznego na wartosci ci$nienia tg¢tniczego, zardwno
obwodowego, jak 1 centralnego u dzieci z NTP. Ze wzgledu na ich charakter uzyskane wyniki
nalezy interpretowaé przede wszystkim jako generujace hipotezy badawcze (ang, hypothesis-
generating), a nie jako dowod istnienia zalezno$ci przyczynowo-skutkowych. Potwierdzenie
obserwowanych zaleznosci wymaga dalszych badan prowadzonych w wigkszych,
wieloosrodkowych kohortach oraz z wykorzystaniem dlugoterminowej obserwacji pacjentow.
Wskazane sg takze badania profilowe pozwalajace na wytypowanie innych obiecujgcych

czasteczek mikroRNA, ktore moglyby postuzy¢ jako biomarkery w tej grupie chorych.
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9. Whnioski

1. Dzieci z nadcisnieniem tetniczym pierwotnym cechujg si¢ odmiennym profilem ekspresji
wybranych krgzacych mikroRNA w porownaniu ze zdrowymi roéwiesnikami, co moze
wskazywacé na udzial mechanizmow epigenetycznych w patogenezie nadcis$nienia tgtniczego w
wieku rozwojowym. Ekspresja mikroRNA-27b oraz mikroRNA-133a jest obnizona u dzieci z
nadci$nieniem tetniczym pierwotnym.

2. U nieleczonych dzieci z nadci$nieniem tetniczym pierwotnym ekspresja mikroRNA-16,
mikroRNA-21, mikroRNA-27a i mikroRNA-145 koreluje dodatnio z warto$ciami ci$nienia
tetniczego, co moze sugerowac udziat tych czastek w patogenezie nadcisnienia tetniczego
pierwotnego. Wysoka ekspresja mikroRNA-16 jest zwigzana z wyzszymi wartosciami ci$nienia
tetniczego rozkurczowego 1 moze stanowi¢ potencjalny biomarker ci¢zkos$ci nadci$nienia u
dzieci.

3. U dzieci z nadci$nieniem t¢tniczym pierwotnym brak jest korelacji pomigdzy klasycznymi
parametrami uszkodzenia narzagdowego a ekspresja czasteczek mikroRNA-16, mikroRNA-21,
mikroRNA-27a, mikroRNA-27b, mikroRNA-133a 1 mikroRNA-145.

4. MikroRNA-16 moze stanowi¢ potencjalny biomarker wczesnego uszkodzenia skurczowego
lewej komory serca, co moze wskazywa¢ na udziat tej czasteczki we wczesnych etapach
przebudowy uktadu sercowo-naczyniowego u dzieci z nadci$nieniem tgtniczym pierwotnym.
5. Pojedyncza sesja standaryzowanego wysitku aerobowego prowadzi, inaczej niz u zdrowych
rowiesnikow, do istotnego obnizenia warto$ci ci$nienia tetniczego u dzieci z nadci$nieniem
tetniczym pierwotnym oraz wplywa na ekspresj¢ wybranych mikroRNA, co podkresla
potencjalne znaczenie aktywnos$ci fizycznej w modulacji mechanizméw zwigzanych z

rozwojem nadcis$nienia tetniczego w wieku rozwojowym.

125



10. Zgoda Komisji Bioetycznej

Komisja Bioetyczna
przy Warszawskim Uniwersytecie Medycznym

Tel.: 022/57 - 20 -303 ul. Zwirki i Wigury nr 61
Fax: 022/ 57 - 20 -165 02-091 Warszawa
i ‘:7( (/\_l 809 - k"‘\ ’ e-mail: komisja.bioetyczna@wum.edu.pl
T puny www.komisja-bioetyczna.wum.edu.pl

KB/.[...../2020

Komisja Bioetyczna przy Warszawskim Uniwersytecie Medycznym
w dniu 14 wrze$nia 2020 r. po zapoznaniu si¢ z wnioskiem:

Dr hab. n. med. Malgorzata Panczyk-Tomaszewska
Katedra i Klinika Pediatrii i Nefrologii,
ul. Zwirki i Wigury 63a, 02-091 Warszawa

dotyczacym: wyrazenia opinii w sprawie badania pt.: ,,Patogeneza nadcisnienia tetniczego-mikroRNA
jako brakujace ogniwo w rozwoju nadcisnienia tetniczego u dzieci.”

wyraza nastepujacsg
opinig

Uwagi Komisji — verte

Komisja dziala na podstawie art.29 ustawy z dnia 5.12.1996r. o zawodzie lekarza /Dz.U.nr 28/97
poz.152 wraz z pbéin.zm./, zarzgdzenia MZiOS z dn.11.05.1999r. w sprawie szczegolowych zasad
powolywania i finansowania oraz trybu dzialania komisji bioetycznych /Dz.U.nr 47 poz.480/,
Ustawy prawo farmaceutyczne z dnia 6 wrzesnia 2001r. (Dz.U.Nr 126, poz. 1381 z pézn. zm.) oraz
Zarzadzenie nr 56/2007 z dnia 15 pazdziernika 2007r. w sprawie dzialania Komisji Bioetycznej
przy Warszawskim Uniwersytecie Medycznym /Regulamin Komisji Bioetycznej przy
Warszawskim Uniwersytecie Medycznym/.

Komisja dziala zgodnie z zasadami GCP .

*niepotrzebne skresli¢
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strona podpisowa do uchwaly Komisji Bioetycznej przy Warszaws kim
Uniwersytecie Medycznym nr KB/......... A z dnia 14 wrzeSnia 2020r.
1
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11. Finansowanie badan

Projekt bedacy podstawa niniejszej rozprawy doktorskiej byt realizowany dzieki
finansowaniu uzyskanemu zaréwno w ramach Grantu Mtodego Badacza Warszawskiego
Uniwersytetu Medycznego (nr 1WI/1/M/MBM/N/21), ktory umozliwil przeprowadzenie
badania pilotazowego (Publikacja 1), jak i grantu zewnetrznego Narodowego Centrum Nauki
przyznanego w konkursie PRELUDIUM 20 (nr 2021/41/N/NZ5/04194), finansujacego
realizacje gtownego projektu badawczego (Publikacje 2 1 3).
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12. Oswiadczenia wspolautorow publikacji
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(miejscowosé, data)

Piotr Skrzypczyk

OSWIADCZENIE

Jako wspélautor pracy pt MicroRNA-133a and MicroRNA-145 May Be Involved in the
Development of Hypertension-Mediated Organ Damage in Children with Primary
Hypertension—A Preliminary Study o$wiadczam, iz mdj whasny wkiad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji obejmowal wspéttworzenie koncepcji badania, udziat w opracowaniu metodyki,
walidacje uzyskanych wynikéw, wspotudzial w analizie formalnej danych, realizacje czesci
badawczej projektu, zapewnienie zasobow niezbgdnych do przeprowadzenia badan,
przygotowanie i redakcj¢ manuskryptu, nadzor merytoryczny nad realizacjg projektu oraz

wspétudziat w pozyskaniu finansowania.

Wkiad lek. Michata Szyszki w powstawanie publikacji obejmowat wspottworzenie koncepcji
badania, udzial w opracowaniu metodyki, przygotowanie narzgdzi wykorzystywanych do
analizy danych, gromadzenie i opracowanie danych badawczych, przeprowadzenie analiz
statystycznych, realizacj¢ czgsci badawczej projektu, przygotowanie pierwszej Wwersji
manuskryptu, udziat w redakeji i korekcie publikacji, opracowanie materialow graficznych
oraz koordynacje prac zwigzanych z przygotowaniem publikacji. Ponadto lek. Michal

Szyszka uczestniczyt w pozyskaniu finansowania niezbgdnego do realizacji projektu.
Jednoczeénie wyrazam zgode na wykorzystanie w/w pracy jako czes$¢ rozprawy doktorskiej

lek Michata Szyszki.

(podpis oswiadczajgcego)
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Warszawa, 10.07.2026
(miejscowosc, data)

Ceren Eyileten

OSWIADCZENIE

Jako wspodtautor pracy pt ATHENA Study — The Role of Circulating Plasma MicroRNAs
in Pediatric Patients with Untreated Primary Hypertension: Baseline Expression and Exercise-
Induced Changes os$wiadczam, 1z m¢j wilasny wklad merytoryczny w przygotowanie,
przeprowadzenie 1 opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi:
udzial w opracowaniu metodyki badania, przygotowaniu i walidacji zastosowanych narzedzi
analitycznych, przeprowadzeniu analizy formalnej, udzial w przygotowaniu materialow
graficznych przedstawiajagcych wyniki badan, przygotowaniu 1 redakcji manuskryptu,

sprawowaniu nadzoru merytorycznego.

Wkiad lek. Michata Szyszki w powstawanie publikacji obejmowal opracowanie koncepcji
pracy, wspotudzial w przygotowaniu metodyki badania, opracowanie 1 obstuge narzedzi
wykorzystywanych w analizie danych, przygotowanie pierwszej wersji manuskryptu,
wspotudziat w redakeji i korekcie publikacji, opracowanie materiatow graficznych oraz udziat
w pozyskaniu finansowania projektu. Ponadto lek. Michat Szyszka bral aktywny udziat w
koordynacji prac zwigzanych z przygotowaniem publikacji i odpowiadal za przygotowanie jej

ostatecznej wersji od strony technicznej i redakcyjne;.

Jednoczes$nie wyrazam zgodg na wykorzystanie w/w pracy jako cze$¢ rozprawy doktorskiej lek

Michata Szyszki.

(podpis oswiadczajacego)
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(miejscowosc, data)

Jolanta Matyszko

OSWIADCZENIE

Jako wspotautor pracy pt ATHENA Study — The Role of Circulating Plasma MicroRNAs
in Pediatric Patients with Untreated Primary Hypertension: Baseline Expression and Exercise-
Induced Changes o$wiadczam, iz mdj wlasny wklad merytoryczny w przygotowanie,
przeprowadzenie 1 opracowanie badan oraz przedstawienie pracy w formie publikacji
obejmowal: udziat w interpretacji wynikéw, przygotowanie i redakcje manuskryptu, krytyczna
analiz¢ jego tresci, koordynacje procesu publikacyjnego oraz sprawowanie merytorycznego

nadzoru nad przygotowaniem publikacji.

Wkiad lek. Michala Szyszki w powstawanie publikacji obejmowal opracowanie koncepcji
pracy, wspotudzial w przygotowaniu metodyki badania, opracowanie i obsluge narzedzi
wykorzystywanych w analizie danych, przygotowanie pierwszej wersji manuskryptu,
wspotudzial w redakeji 1 korekcie publikacji, opracowanie materialow graficznych oraz udziat
w pozyskaniu finansowania projektu. Ponadto lek. Michal Szyszka bral aktywny udzial w
koordynacji prac zwigzanych z przygotowaniem publikacji i odpowiadat za przygotowanie jej

ostatecznej wersji od strony technicznej i redakcyjne;j.

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czg¢s¢ rozprawy doktorskiej lek

Michala Szyszki.
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(Navsaewe, 0806 LG

(miejscowoss, data)

Karolina Skubisz

OSWIADCZENIE

Tako wspolautor pracy pt ATHENA Study — The Role of Circulating Plasma MicroRNAs
in Pediatric Patients with Untreated Primary Hypertension: Baseline Expression and Exercise-
Induced Changes o$wiadozam, iz m6j wilasny wkiad merytoryczny w przygotowanie,
przeprowadzenie 1 opracowanie badan oraz przedstawienie pracy w formie publikacji
obejmowal wspdludzial opracowaniu metodologii badah, udzial w przygotowaniu. 1
przeprowadzeniu analiz ekspresji mikroRNA metodg qPCR, opracowywanie wynikow badah
molekularnych, przygotowanie danych do dalszych analiz oraz udziat w redakcji manuskryptu.

Wkiad lek. Michata Szyszki w powstawanie publikacji obejmowat opracowanie koncepcji
pracy, wspbhudzia} w przygotowaniu metodyki badania, opracowanie i obstuge narzedzi
wykorzystywanych w analizic danych, przygotowanie pierwszej wersjii manuskryptu,
wspotudzial w redakcji i korekcie publikacji, opracowanie matcriatéw graficznych oraz udziat
w pozyskaniu finansowania projektu. Ponadto lek. Michat Szyszka brat aktywny udzial w
koordynacji prac zwigzanych z przygotowaniem publikacji i odpowiadal za przygotowanie jej

ostatecznej wersji od strony technicznej i redakcyjnej.
Jednoczesnie wyrazam zgodg na wykorzystanie w/w pracy jako cz¢$¢ rozprawy doktorskiej lek

_ Michata Szyszki.

(podpis oswiadczajacego)
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(miejscowosc, data)

Radostaw Pietrzak

OSWIADCZENIE

Jako wspotautor pracy pt ATHENA Study — The Role of Circulating Plasma MicroRNAs
in Pediatric Patients with Untreated Primary Hypertension: Baseline Expression and Exercise-
Induced Changes oswiadczam, iz mdj wlasny wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji
obejmowat udzial w realizacji czegéci badawczej projektu, wykonywanie i opracowywanie
badan echokardiograficznych wykorzystanych w analizie, interpretacje wynikow badan

kardiologicznych oraz udziat w redakceji i korekcie manuskryptu.

Wkiad lek. Michata Szyszki w powstawanie publikacji obejmowal opracowanie koncepcji
pracy, wspotudzial w przygotowaniu metodyki badania, opracowanie i obstuge narzedzi
wykorzystywanych w analizie danych, przygotowanie pierwszej wersji manuskryptu,
wspotudziat w redakcji i korekcie publikacji, opracowanie materiatéw graficznych oraz udziat
w pozyskaniu finansowania projektu. Ponadto lek. Michat Szyszka brat aktywny udzial w
koordynacji prac zwiazanych z przygotowaniem publikacji i odpowiadat za przygotowanie jej

ostatecznej wersji od strony technicznej i redakeyjne;.
Jednocze$nie wyrazam zgode na wykorzystanie w/w pracy jako czes¢ rozprawy doktorskiej lek

Michata Szyszki.

(podpis oswiadczajacego)
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(miejscowosc¢, data)

Dr hab. n. med. Hubert Krysztofiak
Instytut Medycyny Doswiadczalnej i Klinicznej
im. M. Mossakowskiego PAN

OSWIADCZENIE

Jako wspotautor pracy pt ATHENA Study — The Role of Circulating Plasma MicroRNAs
in Pediatric Patients with Untreated Primary Hypertension: Baseline Expression and Exercise-
Induced Changes o$wiadczam, iz méj wlasny wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji
obejmowat: udzial w opracowaniu metodyki badania zwigzanej z oceng wydolnosci fizycznej
i protokotem wysitkowym zastosowanym w badaniu, zapewnienie zasobéw niezbgdnych do
realizacji projektu, konsultacje merytoryczne dotyczace interpretacji wynikow oraz udziat w
redakcji 1 korekcie manuskryptu..

Wkilad lek. Michata Szyszki w powstawanie publikacji obejmowal opracowanie koncepcji
pracy, wspdtudzial w przygotowaniu metodyki badania, opracowanie i obsluge narzedzi
wykorzystywanych w analizie danych, przygotowanie pierwszej wersji manuskryptu,
wspotudziat w redakeji i korekcie publikacji, opracowanie materialow graficznych oraz udziat
w pozyskaniu finansowania projektu. Ponadto lek. Michat Szyszka bral aktywny udziat w
koordynacji prac zwigzanych z przygotowaniem publikacji i odpowiadal za przygotowanie jej

ostatecznej wersji od strony technicznej i redakcyjne;.

Jednoczes$nie wyrazam zgode na wykorzystanie w/w pracy jako czes¢ rozprawy doktorskiej lek
Michata Szyszki.

/
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D angn, 072.022000

(miejscowosc, data)

Piotr Skrzypczyk

OSWIADCZENIE

Jako wspétautor pracy pt ATHENA Study — The Role of Circulating Plasma
MicroRNAs in Pediatric Patients with Untreated Primary Hypertension: Baseline Expression
and Exercise-Induced Changes o$wiadczam, iz méj wilasny wklad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji stanowi: udzial w opracowaniu metodyki badania, przygotowaniu i walidacji
zastosowanych narzedzi analitycznych, przeprowadzeniu analizy formalnej, zapewnieniu
zasobow niezbednych do realizacji projektu, przygotowaniu i redakcji manuskryptu,
sprawowaniu nadzoru merytorycznego nad projektem, koordynacji jego realizacji oraz

wspdtudzial w pozyskaniu finansowania.

Wkiad lek. Michala Szyszki w powstawanie publikacji obejmowat opracowanie koncepcji
pracy, wspotudzial w przygotowaniu metodyki badania, opracowanie i obstuge narzedzi
wykorzystywanych w analizie danych, przygotowanie pierwszej wersji manuskryptu,
wsp6tudzial w redakeji i korekcie publikacji, opracowanie materialow graficznych oraz udziat
w pozyskaniu finansowania projektu. Ponadto lek. Michat Szyszka bral aktywny udzial w
koordynacji prac zwigzanych z przygotowaniem publikacji i odpowiadal za przygotowanie jej

ostatecznej wersji od strony technicznej i redakcyjne;.

Jednoczesénie wyrazam zgode na wykorzystanie w/w pracy jako czgs¢ rozprawy doktorskiej
lek Michata Szyszki.

- , U
(podpis o$wiadczajacego)
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(miejscowosé, data)

Radostaw Pietrzak

OSWIADCZENIE

Jako wspotautor pracy pt Circulating miR-16 as an Early Biomarker of Subclinical
Myocardial Strain Impairment in Pediatric Primary Hypertension oswiadczam, iz moj wiasny
wkiad merytoryczny w przygotowanie, przeprowadzenie 1 opracowanie badan oraz
przedstawienie pracy w formie publikacji obejmowat: udziat w opracowaniu metodyki badania.
przygotowanie narzedzi wykorzystywanych do analizy danych, walidacje wynikoéw, realizacje
czg$ci badawczej projektu, udziat w opracowaniu i interpretacji wynikow badan
echokardiograficznych, udziat w redakcji i korekcie manuskryptu oraz sprawowanie nadzoru

merytorycznego nad realizacja projektu.

Wkiad lek. Michala Szyszki w powstawanie publikacji obejmowal wspottworzenie koncepcji
badania, udzial w opracowaniu metodyki, przygotowanie i obstuge narzedzi
wykorzystywanych do analizy danych, gromadzenie i opracowanie danych badawczych,
przeprowadzenie analiz statystycznych, realizacje czgsci badawczej projektu, interpretacje
wynikdw, przygotowanie pierwszej wersji manuskryptu, udzial w redakcji i korekcie
publikacji, opracowanie materialow graficznych, koordynacje prac zwiazanych z
przygotowaniem publikacji oraz wspétudzial w pozyskaniu finansowania niezbgdnego do

realizacji projektu.
Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czgs$c rozprawy doktorskiej lek

Michata Szyszki.

(podpis oswiadczajacego)
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(s, 05.Ce. O

(miejscowosc, data)

Klaudia Obsznajczyk

OSWIADCZENIE

Jako wspotautor pracy pt Circulating miR-16 as an Early Biomarker of Subclinical
Myocardial Strain Impairment in Pediatric Primary Hypertension o$wiadczam, iz moj wlasny
wklad merytoryczny w przygotowanie, przeprowadzenie i1 opracowanie badan oraz
przedstawienie pracy w formie publikacji obejmowal udzial w realizacji czgsci badawczej
projektu, wykonywanie i opracowywanie wykonanych badan echokardiograficznych
wykorzystanych w analizie, konsultacje merytoryczne dotyczace interpretacji wynikow
echokardiograficznych oraz gromadzenie danych wykorzystanych w analizie i przygotowanie
manuskryptu.

Wkiad lek Michata Szyszki w powstawanie publikacji obejmowat wspottworzenie koncepcji
badania, udziat w opracowaniu metodyki, przygotowanie i obstuge narzedzi
wykorzystywanych do analizy danych, gromadzenie i opracowanie danych badawczych,
przeprowadzenie analiz statystycznych, realizacj¢ czgsci badawczej projektu, interpretacje
wynikow, przygotowanie pierwszej wersji manuskryptu, udzial w redakcji i korekcie
publikacji, opracowanie materiatow graficznych, koordynacj¢ prac zwigzanych z
przygotowaniem publikacji oraz wspotudzial w pozyskaniu finansowania niezbednego do

realizacji projektu.
Jednocze$nie wyrazam zgode na wykorzystanie w/w pracy jako czgs¢ rozprawy doktorskiej lek

Michata Szyszki.

(pod[;is oé’m adczajacego)
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Wectsne, 08062026

(miejscowosé, data)

Karolina Skubisz

OSWIADCZENIE

Jako wspétautor pracy pt Circulating miR-16 as an Early Biomarker of Subclinical
Myocardial Strain Impairment in Pediatric Primary Hypertension o$wiadczam, iz méj whasny
wkiad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badafh oraz
przedstawienie pracy w formie publikacji obejmowat wspéhudzial opracowaniu metodologii
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publikacji, opracowanie materiatéw graficznych, koordynacje prac zwiazanych z
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wykorzystywanych do analizy danych, gromadzenie i opracowanie danych badawczych,
przeprowadzenie analiz statystycznych, realizacj¢ czesci badawczej projektu, interpretacje
wynikow, przygotowanie pierwszej wersji manuskryptu, udzial w redakcji i korekcie
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przedstawienie pracy w formie publikacji obejmowal wspottworzenie koncepcji badania,
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wynikow, przygotowanie pierwszej wersji manuskryptu, udzial w redakcji i1 korekcie
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