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2. Wykaz skrotow

3’ UTR — 3’ untranslated region, region 3’, niepodlegajacy translacji

ADORAL — adenosine Al receptor, receptor adenozynowy Al

Ago — biatko argonaute

APLNR - apelin receptor, receptor apeliny

AUC — area under the curve, pole pod krzywa

BMI — body mass index, wskaznik masy ciata

C3aR1 — complement C3a receptor 1, receptor 1 sktadnika dopetniacza 3a

CCR5 — C-C motif chemokine receptor 5, receptor C-C chemokin typu 5
CXCL12 — C-X-C motif chemokine ligand 12, chemokinowy (z motywem C-X-C)
ligand typu 12

CXCL6 — C-X-C motif chemokine ligand 6, chemokinowy (z motywem C-X-C) ligand
typu 6

ELISA — enzyme-linked immunosorbent assay, metoda immunoenzymatyczna

FC — fold change, krotno$¢ zmiany

FDR - false discovery rate, spodziewany odsetek wynikow fatszywie dodatnich
GO — gene ontology, ontologia genéw

HbAlc — glycated hemoglobin, hemoglobina glikowana

HDL — high-density lipoprotein, lipoproteiny o wysokiej gestosci

IHD — ischemic heart disease, choroba niedokrwienna migénia sercowego

IPA — Ingenuity Pathway Analysis, program Ingenuity Pathway Analysis

KEGG — Kyoto Encyclopedia of Genes and Genomes, encyklopedia genéw i genomoéw
LDL — low-density lipoprotein, lipoproteiny o niskiej gegstosci

MIF — macrophage migration inhibitory factor, czynnik hamujgcy migracje
makrofagdw

MIRNA — microRNA, mikroRNA

MRNA — messenger RNA, matrycowe RNA

pri-miRNA — primary transcripts miRNA, pierwotny transkrypt miRNA
pre-miRNA — precursor miRNA, prekursorowe miRNA

RISC — RNA induced silencing complex, kompleks wyciszajacy

RNA — ribonucleic acid, kwas rybonukleinowy

ROC — receiver operating characteristic curve, krzywa charakterystyki

T2DM — type 2 diabetes mellitus, cukrzyca typu 2

TG —triglyceride, trojglicerydy

RT-gPCR — real-time polymerase chain reaction, reakcja tancuchowa polimerazy w
czasie rzeczywistym



3. Wstep

Cukrzyca typu 2 (T2DM) nalezy do chordb cywilizacyjnych i jest najczesciej
wystepujacym zaburzeniem metabolicznym [1, 2]. Charakteryzuje si¢ wspotistniejacymi
defektami w wydzielaniu insuliny oraz insulinoopornoscia, czyli obnizeniem lub brakiem
wrazliwosci tkanek obwodowych na dziatanie insuliny [3-5]. Wedlug najnowszych
ustalen Miedzynarodowej Federacji Diabetologicznej w 2021 roku 537 min o0s6b
cierpiato na cukrzyce i przewiduje sig, ze ta liczba wzro$nie nawet do 783 milionéw w
2045 roku [6]. Poczatki choroby czesto sg bezobjawowe, a dlugotrwata ekspozycja na
wysokie stezenie glukozy we krwi dramatycznie zwigksza ryzyko wystgpienia
dodatkowych powiktan. Najczestszym przewlektym powiktaniem cukrzycy jest choroba
niedokrwienna serca, inaczej zwana chorobg wiencowg (IHD — ischemic heart disease).
Schorzenie to stanowi obecnie glowng przyczyng $miertelno$ci na $wiecie i wedhug
szacunkow wiekszos¢ zgondéw wsrdd pacjentow z cukrzyca nastepuje na skutek
rozwiniecia si¢ tej choroby [7, 8]. Choroba niedokrwienna serca wynika z zaburzenia
rownowagi migdzy podaza krwi a zapotrzebowaniem na tlen w komoérkach migénia
sercowego, spowodowanego roznym stopniem niedroznosci tg¢tnic wiencowych.
Hiperglikemia, ktora towarzyszy pacjentom z cukrzyca, ma bardzo negatywny wptyw na
stan naczyn krwionosnych i prowadzi do uszkodzen w ich przekroju, co sprzyja
tworzeniu si¢ blaszek miazdzycowych. Cukrzyca, nasilajac procesy zapalne, przyspiesza
tworzenie si¢ blaszki miazdzycowej, ktora zweza $rednice naczyn wiencowych. Blaszka
miazdzycowa sklada si¢ gldwnie z osadow wapnia, makrofagow, ztogdw thuszczowych i
wioknika. Zwezajac $wiatto naczyn utrudnia ona przeptyw krwi wraz z substancjami

odzywczymi do serca i prowadzi do rozwoju IHD [9, 10].

Powiktania cukrzycy, takie jak IHD, rozwijaja si¢ znacznie wczesniej, zanim zostang
zdiagnozowane [11, 12]. Pomimo szybkiego postgpu w badaniach uktadu sercowo-
naczyniowego nie ma niezawodnego narzedzia do wezesnej diagnozy 1 identyfikacji os6b
zagrozonych jej rozwojem. Metody takie jak echokardiografia czy koronarografia moga
jedynie zdiagnozowac¢ chorobe na podzniejszym etapie [13]. Istnieje pilna potrzeba
wytypowania biomarkerow, ktore pomogtyby przewidzie¢ indywidualne ryzyko rozwoju
niedokrwienia serca. Czute i specyficzne biomarkery moglyby pomdc w opracowaniu
lepszych podejs¢ terapeutycznych, zapewni¢ skuteczniejsze monitorowanie postepu

choroby i umozliwi¢ wczesne rozpoznanie dysfunkcji serca.



Badania naukowe wskazuja, ze mediatory zapalne, takie jak CXCL12 i MIF,
odgrywaja istotng role w patologii IHD [14, 15]. MIF ulega silnej ekspresji w
makrofagach i komorkach srédbtonka na roznych etapach rozwoju blaszki miazdzycowej
[16]. Podwyzszony poziom MIF w osoczu moze stuzy¢ jako wczesny biomarker ostrego
niedokrwienia mig¢$nia sercowego i moze by¢ czynnikiem ryzyka przysztych zdarzen
wiencowych u pacjentow z IHD i T2DM. Wykazano, ze stgzenie CXCL12 w osoczu jest
dobrym predyktorem pojawienia si¢ choroby wienicowej [17]. Stezenie MIF i CXCL12
w surowicy jest jednak charakterystyczne nie tylko dla choroby niedokrwiennej serca, ale
takze dla innych stanéw zapalnych [15, 16]. Do diagnostyki choroby wienicowej nalezy
wytypowaé bardziej specyficzne biomarkery, ktore bytyby w stanie wykry¢ chorobg na

wczesnym, bezobjawowym etapie.

Krazace mikroRNA (miRNA) pochodzace z surowicy moga stuzy¢ jako nowe,
potencjalne biomarkery do wczesnej diagnozy IHD oraz moga pomoc w identyfikacji
0s0b z predyspozycjami do jej rozwoju. MIRNA to krétkie (17-25 nukleotyddéw),
jednoniciowe, niekodujace, endogenne RNA, ktore odgrywaja zasadnicza role w
regulacji ekspresji genow. Uczestniczg w kluczowych procesach biologicznych, takich
jak proliferacja, r6znicowanie, angiogeneza, onkogeneza i apoptoza komoérek [18-20].
Proces powstawania miRNA jest ztozony z wielu etapéw rozpoczynajacych sie w jadrze
komorkowym, a konczacych si¢ w cytoplazmie. Geny kodujace miRNA sa
transkrybowane przez polimeraze II do pri-miRNA. Pri-miRNA jest przetwarzany na pre-
miRNA przy udziale rybonukleazy Drosha. Nastepnie pre-miRNA jest transportowany
przez eksportyne-5 z jadra do cytoplazmy komorki. Endonukleaza Dicer rozszczepia pre-
miRNA na krotkie dupleksy miRNA, ktore s3 p6zniej rozwijane przez nieznang helikazg.
Dojrzata ni¢ miRNA wigze si¢ z biatkiem Ago, tworzac kompleks. MiRNA moze
regulowaé ekspresj¢ genow targetowych (transkryptow docelowych) poprzez
przylaczenie si¢ do regionow 3'UTR mRNA. Efekt regulacyjny jest okreslany przez
stopien komplementarnosci pomigdzy sekwencja miRNA a regionem 3'UTR docelowego
MRNA. Gdy nie ma pelnej komplementarnosci, najczesciej dochodzi do repres;ji
translacji. Kiedy komplementarno$¢ nukleotydowa jest wysoka, dochodzi do degradacji
transkryptu, natomiast czesciowa komplementarno$¢ powoduje zahamowanie translacji
[21, 22]. Analizy bioinformatyczne przewiduja, ze niemal dwie trzecie genéw cztowieka

moze by¢ regulowana przez dziatanie miRNA [23]. Co wigcej, jedna czasteczka miRNA
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moze regulowac setki genow, a jeden gen moze by¢ regulowany przez dziesigtki miRNA
[24].

Zmiany w ekspresji miRNA s3 zwigzane z rozwojem roznych chorob, takich jak
nowotwory, choroby sercowo-naczyniowe czy zaburzenia metaboliczne. Uwaza sig, ze
profilowanie ekspresji miRNA moze postuzy¢ jako narzedzie diagnostyczne do
wczesnego wykrycia chorob, oceny stopnia ich zaawansowania oraz do zastosowania
spersonalizowanych podejs¢ terapeutycznych [25-27]. Czgsteczki miRNA majg bowiem
wiele cech, jakie powinien posiada¢ idealny biomarker. Wyrdzniajg si¢ przede wszystkim
wysoka stabilno$cig swojej struktury od momentu pobrania materiatu. Sg odporne na
dziatanie enzymow (np. RNAzy), cykle rozmrazania i zamrazania oraz zmiany pH, co
jest szczegdlnie wazne z punktu widzenia diagnostyki. Dodatkowym atutem, jaki
posiadaja te krotkie niekodujace fragmenty RNA, jest ich obecnos¢ w réznych ptynach
biologicznych, takich jak krew, osocze, surowica, §lina, ptyn mézgowo-rdzeniowy, mocz,
mleko a nawet tzy, co zapewnia tatwy i bardzo mato inwazyjny sposob ich pobierania.
Ponadto, mozna relatywnie tatwo analizowaé poziom ich ekspresji za pomoca niedrogich,
specyficznych i czutych testow. Wszystkie te cechy w polaczeniu ze specyficznoscia
tkankowa 1 mechanizmami lezacymi u podloza wielu choréb oraz korelacja profilu
miRNA z odpowiednimi genami powoduja, ze miRNA stanowig obiecujacy przedmiot
badan.

W badaniach nad krgzagcymi miRNA wykazano juz ich ogromny potencjal w
diagnostyce innych niz IHD powiktan T2DM, ktére zagrazaja zdrowiu i Zyciu pacjentow.
Do przewlektych zaburzen o charakterze makroangiopatii, ktére obejmuja uszkodzenia
duzych 1 Srednich naczynh krwionosnych, mozna zaliczy¢ roéwniez chorobe tetnic
obwodowych oraz choroby naczyniowo-mézgowe, w tym udar mézgu. Mikroangiopatie
wynikaja z uszkodzenia naczyn wlosowatych oraz drobnych tetnic i zyt. W przypadku
powiktan cukrzycy typu 2 najczgsciej zalicza si¢ tu retinopatie cukrzycows, nefropatig
cukrzycows i neuropatie cukrzycows [28-30]. Najnowsze badania dowodzg, ze miRNA
ma duzy potencjat, aby by¢ biomarkerem réwniez do diagnozowania tych powiktan.
Doktadny 1 uporzadkowany przeglad najnowszego piSmiennictwa z zakresu
zastosowania miRNA w diagnostyce przewlektych naczyniowych powiktan cukrzycy

znajduje si¢ w pracy przegladowe;:
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Bielska, A.; Niemira, M.; Kretowski, A. Recent Highlights of Research on MiRNAs as
Early Potential Biomarkers for Cardiovascular Complications of Type 2 Diabetes
Mellitus. Int. J. Mol. Sci. 2021, 22 (6), 3153. https://doi.org/10.3390/ijms22063153.

4. Cele pracy

Pomimo licznych doniesien na temat badan miRNA w chorobach uktadu krazenia i
w cukrzycy nie wytypowano do tej pory czutych i specyficznych biomarkerow, ktore
wlasciwie klasyfikowatyby pacjentow z T2DM i IHD oraz pacjentow z T2DM, ale bez
IHD. Gtownym celem przeprowadzonych badan byta identyfikacja charakterystycznego
profilu ekspresji miRNA w surowicy u pacjentow z T2DM i IHD oraz okreslenie
przydatnosci diagnostycznej poprzez opracowanie modelu regresji logistycznej z
uzyciem zidentyfikowanych miRNA o zréznicowanej ekspresji. Dodatkowym celem
byto okreslenie biologicznej funkcji tych miRNA poprzez identyfikacje genow
docelowych potencjalnie regulowanych przez wskazane czasteczki miRNA oraz

okreslenie ich biologicznej roli.

5. Material i metody

5.1 Podstawowa charakterystyka pacjentow

Ponad 600 pacjentom z Kliniki Kardiologii Inwazyjnej Uniwersytetu
Medycznego w Biatymstoku w latach 2002-2004 zlecono zabieg koronarografii celem
diagnostyki IHD. Podstawa zlecenia badania byly wskazania oparte na catoksztatcie
obrazu klinicznego (m.in. dolegliwosci dlawicowe, wynik echokardiograficznej proby
dobutaminowej, dysfunkcja skurczowa lewej komory serca z frakcja wyrzutowg <35%).
Badanie zostato wykonane na angiografie DFP60A firmy Toshiba. Zabieg byt wykonany
z dostgpu przez tetnicg udowa, a u pacjentdw z przeciwskazaniami przez tetnice
ramienng. Wiekszo$¢ pacjentdow podczas koronarografii miata podawany kontrast
jonowy, w niektorych przypadkach, np. u oséb z cukrzycg, zastosowano kontrast
niejonowy. Za zmiang miazdzycowg istotng angiograficznie uznawano zwezenie $wiatta
tetnicy wiencowej rowne lub wyzsze 70%, a w przypadku pnia lewej tetnicy wiencowe;j
zwezenie rowne lub wyzsze 50%. Dodatkowo pacjentom wykonano doustny test
obcigzenia glukoza w celu diagnostyki T2DM. Cukrzyce potwierdzono zgodnie z

wytycznymi Polskiego Towarzystwa Diabetologicznego [31]. Wyodrebniono dwie
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podgrupy pacjentéw z cukrzyca typu 2: zZ chorobg niedokrwienng serca (T2DM IHD; n =
24) i bez tego powiktania (T2DM; n = 20). Wyodrgbniono rowniez grupe osob z chorobg
niedokrwienng serca bez cukrzycy (IHD; n = 9) oraz grupe¢ kontrolng bez cukrzycy, bez
stanu przedcukrzycowego i bez choroby niedokrwiennej serca (n = 16). Kryteria
wylaczenia z badania obejmowaty: cukrzyce typu 1, utajong autoimmunologiczng
cukrzyce dorostych, inne powiktania cukrzycy (retinopatia, neuropatia, nefropatia,
choroba te¢tnic obwodowych, udar mozgu, choroba naczyniowo-mézgowa), przebyty
zawal serca, przezskorng angioplastyke wiencows, inne stany zapalne (reumatoidalne
zapalenie stawow, twardzina uktadowa), nowotwory, zakazenie ludzkim wirusem
niedoboru odpornosci lub wirusem zapalenia watroby typu C, niedawno przebyte zabiegi
operacyjne, spozywanie alkoholu oraz palenie tytoniu. Do dalszej analizy
zakwalifikowano 69 badanych. Probki krwi od pacjentéw po catkowitym wykrzepieniu
odwirowano przez 10 minut przy predkosci 3000 obrotéw/minute. Zebrano surowice i
przechowywano ja w temperaturze -80°C. Badanie uzyskato zgode Komisji Bioetyczne;j
Uniwersytetu Medycznego w Biatymstoku (numery zgod: R-1-002/583/2019,
APK.002.35.2021) 1 zostalo przeprowadzone zgodnie z zasadami Deklaracji Helsinskie;j.

5.2 Izolacja miRNA

Zestaw miRNeasy Serum/Plasma Advanced Kit (Qiagen, Niemcy) zostal uzyty
do ekstrakcji RNA przy uzyciu 200 pL surowicy od jednego pacjenta, zgodnie z
instrukcja producenta. Stezenie miRNA mierzono za pomocg zestawu Qubit microRNA
Assay Kit (Invitrogen, California, CA, Stany Zjednoczone) przy uzyciu fluorometru
Qubit 3.0.

5.3 Detekcja profilu miRNA

Do profilowania ekspresji miRNA przy uzyciu platformy nCounter przygotowano
lacznie 69 probek zgodnie z zaleceniami producenta (NanoString Technologies, Stany
Zjednoczone). Jako material wejSciowy wykorzystano 3 ng wyizolowanego miRNA.
Unikalne sondy poddano ligacji na 3’ koncu kazdego dojrzatego miRNA, zapewniajac
identyfikator dla kazdej czasteczki miRNA w probce. Sondy oznaczone sg 4 kolorami w
6 roznych kombinacjach. Po znakowaniu odbyla si¢ catonocna hybrydyzacja w

temperaturze 65°C do sond reporterowych 1 wychwytujacych, ktore pozwalaly na
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utworzenie kompleksu sond z targetem. Po hybrydyzacji probki byty umieszczone w
nCounter Prep Station w celu automatycznego oczyszczenia i unieruchomienia
kompleksow sonda-target na specjalnej kasecie w celu zebrania danych. Kazda probka
byla skanowana na analizatorze cyfrowym nCounter (NanoString Technologies, Stany
Zjednoczone) w celu zliczenia poszczegolnych fluorescencyjnych barkodow i okreslenia
ilosci oznaczanych czasteczek MIRNA obecnych w kazdej probce. Surowe dane byly
analizowane za pomocg oprogramowania nSolver 4.0 (NanoString Technologies, Stany

Zjednoczone).

5.4 Pomiar st¢zenia MIF 1 CXCL12 w surowicy

Stezenie biatek MIF i CXCL12 w surowicy pacjentow oznaczono W podwojnych
powtdrzeniach metoda immunoenzymatyczng (ELISA) (Quantikine Human M-CSF
Immunoassay; R&D systems, Abingdon, Wielka Brytania), zgodnie z zaleceniami

producenta.

5.5 Walidacja wynikow

Izolaty miRNA z surowicy od 22 pacjentow z grupy T2DM i od 26 z grupy T2DM
IHD zostaly poddane reakcji odwrotnej transkrypcji przy uzyciu zestawu miRCURY
LNA RT Kit (Qiagen, Niemcy), zgodnie z instrukcja producenta, na termocyklerze
Proflex (Thermo Fisher Scientific, Waltham, Stany Zjednoczone). Nastgpnie
przeprowadzono reakcje RT-qPCR z uzyciem specyficznych starterow i zestawu
miRCURY LNA SYBR Green PCR Kit (Qiagen, Niemcy). Eksperyment byt
przeprowadzony na ptytkach qPCR w dwoch powtdrzeniach na aparacie LightCycler 480
Real-Time PCR System (Roche, Szwajcaria). Przy uzyciu narzgdzia NormFinder [32]
wybrano 2 miRNA: miR-103a-3p i miR-199b-5p jako endogenne, referencyjne miRNA.
Obliczono wydajnos¢ reakcji dla kazdej pary starterOw poprzez przygotowanie Serii
rozcienczen matrycy. Wzgledne poziomy ekspresji badanych miRNA obliczono za
pomoca metody delta-delta Ct (2-AACt). Ct oznacza cykl progowy, w ktorym

fluorescencja przekracza poziom tha [33].
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5.6. Analiza statystyczna

Na podstawie podobnych wczesniejszych eksperymentoéw i danych pilotazowych
z NanoString nCounter miRNA Expression Assay obliczono minimalng liczbg probek w
grupie w celu wykrycia 1,5-krotnej réznicy w relatywnym poziomie ekspresji miRNA
pomiedzy badanymi grupami [34]. Zastosowano pakiet R RNASeqPower [35]
wykorzystujac dane statystyczne obejmujace uzyskane zliczenia i wspdlczynniki
zmienno$ci dla poszczegdlnych grup. Oszacowano, ze do uzyskania 80% mocy testu
potrzebnych jest 12 probek na grupe, natomiast do uzyskania 90% mocy testu 16 probek.
Prezentowane grupy sktadaty si¢ z 20 probek w grupie T2DM i 24 w grupie T2DM IHD,
co pozwolito na uzyskanie ponad 90% mocy testu przy p=0,05. Analiz¢ statystyczna
przeprowadzono przy uzyciu programu STATISTICA w wersji 13.1 (StatSoft, Tulsa,
Oklahoma). Test Shapiro-Wilka wykazal, ze badane parametry nie miaty rozktadu
normalnego. W celu zbadania statystycznej roznicy w parametrach klinicznych pomiedzy
grupami wykonano test ANOVA Kruskala-Wallisa. Ekspresje miRNA analizowano przy
uzyciu oprogramowania nSolver 4.0 (NanoString Technologies, Stany Zjednoczone),
normalizujac dane wzgledem kontroli pozytywnych procesu ligacji. Progowa wartos¢
zliczen zostata ustawiona na 20. Wartosci p zostaly skorygowane przy uzyciu korekty
FDR dla wielokrotnych poréwnan. Poziom istotnos$ci statystycznej ustalono na FDR <
0,05. W celu wskazania potencjalnych transkryptow docelowych oraz $ciezek
sygnatowych, w ktorych sg one zaangazowane, wykorzystano program IPA (Qiagen,
Niemcy). Do wygenerowania sieci interakcji biatko-biatko uzyto internetowej bazy
STRING  (http://string-db.org),  programu  Cytoscape w  wersji  3.7.2
(http://cytoscape.org/), wraz z dodatkiem cytoHubba. Przeprowadzono rowniez analize
funkcjonalng przy uzyciu internetowych baz danych KEGG (Kyoto Encyclopedia of
Genes and Genomes); g:Profiler (https://biit.cs.ut.ee/gprofiler/gos) oraz Metascape
(https://metascape.org). Wspolczynnik korelacji rang Spearmana (r) zostal wyznaczony
w celu oszacowania wspotzaleznosci pomigdzy zidentyfikowanymi miRNA a
parametrami klinicznymi. Przyjeto, ze r > 0,8 wskazuje na silng, a r > 0,3 na umiarkowang
korelacj¢. Poziom istotno$ci statystycznej ustalono na p < 0,05. Do oceny wartosci
diagnostycznej miRNA zastosowano analiz¢ ROC. Pole powierzchni pod krzywa zostato
obliczone dla kazdego badanego miRNA 1 badanych biatek. Model regresji logistyczne;j
dla potaczonych miRNA zostat stworzony przy uzyciu oprogramowania Weka 3.8.6 (The

University of Waikato, Hamilton, Nowa Zelandia).
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6. Wyniki

6.1 Podstawowa charakterystyka pacjentow

Badane grupy sktadaty si¢ z 24 pacjentow z cukrzyca typu 2 i chorobg
niedokrwienng serca (T2DM IHD) i 20 pacjentéw z cukrzycg typu 2 bez tego powiktania
(T2DM). Dziewigciu pacjentdw cierpiato tylko na chorobg niedokrwienng serca (IHD).
Szesnastu pacjentow stanowito grup¢ kontrolng bez cukrzycy, z prawidlowa tolerancja
glukozy i ujemnym wynikiem koronarografii. W grupach T2DM IHD jak i T2DM nie
stwierdzono istotnych r6znic w parametrach, takich jak czas trwania cukrzycy, ptytki
krwi, fibrynogen, BMI, poziom HbAlc, poziom glukozy na czczo, cisnienie tg¢tnicze,
stezenie cholesterolu, stezenie TG, LDL 1 HDL. Charakterystyke kliniczng pacjentow
wilaczonych do tego badania podsumowano w tabeli 1. Badani w obu grupach chorych na
cukrzyce byli leczeni standardowymi schematami 1 przyjmowali doustne leki
hipoglikemizujace. Pacjenci byli leczeni pochodnymi biguanidu (42% T2DM i 50%
T2DM IHD, p > 0,05) oraz pochodnymi sulfonylomocznika (58% T2DM i 68% T2DM
IHD, p > 0,05).

6.2 Poziom krazacych miRNA

Probki wyizolowanego RNA z surowicy od wszystkich badanych grup zostaty
poddane analizie ekspresji 798 miRNA przy uzyciu platformy nCounter. Analiza
wykazata 14 czasteczek miRNA roznigcych sie poziomem ekspresji pomigdzy grupa
T2DM IHD a T2DM. Wszystkie miRNA mialy wyzsza ekspresje w grupie pacjentdw
T2DM IHD w poréwnaniu do grupy T2DM (|FC| > 1.5, FDR < 0.05). Migdzy profilem
miRNA pacjentéw z T2DM IHD a grupa bez T2DM i bez IHD znaleziono 155 miRNA
ze zmienionym poziomem ekspresji. Dodatkowo wykazano 155 miRNA réznigcych si¢
ekspresja pomiedzy grupa T2DM i grupa bez T2DM i bez IHD. Analizujac profile
miRNA pomiedzy grupa T2DM IHD i grupa IHD wskazano az 221 miRNA o zmienione;j
ekspresji. Wszystkie te porownania pozwolily na wytypowanie 6 miRNA o zmienionej
ekspresji charakterystycznych tylko dla pacjentow z cukrzycg i chorobg niedokrwienng
serca (tabela 2). Dane uzyskane za pomocg platformy nCounter zostaty zdeponowane w

bazie Gene Expression Omnibus (GEO) pod numerem GSE185845.
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6.3 Analiza funkcjonalna

Analiza w programie IPA wykazala 489 potencjalnych genoéw targetowych,
ktorych ekspresja regulowana jest przez 6 wyodrebnionych miRNA. Do zwizualizowania
potaczen pomigdzy testowanymi miRNA i genami targetowymi wykorzystano program
Cytoscape w wersji 3.9.0 (rycina 1). Narzedzie IPA umozliwilo identyfikacje 36
zmienionych kanonicznych $ciezek sygnalizacyjnych, gdzie gtdéwne z nich zostaty
zaprezentowane na rycinie 2. Wykorzystanie bazy STRING i programu Cytoscape z
rozszerzeniem cytoHubba postuzyto do wizualizacji oddziatywan biatko-biatko,
potencjalnych genéw targetowych i do identyfikacji 10 kluczowych genéw (ang. hub
genes), ktore w sieciach majg najwigcej potaczen z innymi genami (rycina 2). STRING
jest internetowg bazg danych znanych i przewidywanych interakcji biatko-biatko
opartych m.in. na najnowszych przegladach literaturowych oraz informacjach z innych
baz danych (KEGG, Pfam i InterPro). Analiza ontologii genéw GO oraz $ciezek KEGG
zidentyfikowala §ciezki 1 procesy, w jakie zaangazowane sg badane geny targetowe.
Ontologia genow sklada si¢ z gtdownych domen: procesow biologicznych, funkcji
molekularnych i elementéw komoérkowych. Powyzsze analizy wskazaty terminy takie
jak: rozwoj uktadu krazenia, $mieré¢ komorkowa, sygnalizacja pomigdzy komorkami,
wigzanie enzymow, wigzanie jonoéw wapnia, wigzanie czynnika transkrypcyjnego, szlaki
zwigzane z chorobami uktadu krazenia 1 rozwojem cukrzycy, aktywacja ptytek krwi,

lipidy i miazdzyca, szlaki metaboliczne (rycina 5).

6.4 Poziom stezenia MIF i CXCL12 w surowicy

Nie zaobserwowano istotnych statystycznie r6znic pomigdzy koncentracja biatek

MIF a CXCL12 w surowicy w badanych grupach (p > 0,05).

6.5 Korelacja miRNA z danymi klinicznymi

Korelacja rang Spearmana zostata wykorzystana do oceny zwiagzku badanych
mIiRNA z parametrami klinicznymi (rycina 6). Analiza wykazata umiarkowang korelacjg
pomigdzy poziomem fibrynogenu a miR-1224-5p, miR-3147, miR-5196-3p+miR-6732-
3p i miR-615-3p (r = 0,38; r = 0,40; r = 0,41; r = 0,36 odpowiednio; p < 0,05). Liczba
ptytek krwi byta ujemnie skorelowana z miR-548b-3p (r = -0,4; p < 0,05). Bardzo silna
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pozytywna korelacja zostata wskazana pomigdzy wszystkimi badanymi miRNA.
Najsilniejsza z nich wystapita pomigdzy miR-5196-3p+miR-6732-3p i miR-3147 (r =
0,81; p<0,001). Nie znaleziono znaczacych korelacji miedzy poziomami MIF i CXCL12

a poziomami miRNA.

6.6 Ocena warto$ci diagnostycznej badanych miRNA

Przeprowadzono analiz¢ krzywej ROC w celu sprawdzenia przydatnosci
diagnostycznej badanych miRNA (rycina 7). Wartosci AUC byly wyzsze niz 0,800 w
przypadku miR-1224-5p, miR-3147, miR-5196-3p+miR-6732-3p i miR-615-3p. Wynik
AUC dla miR-548b-3p byt rowniez wysoki (AUC = 0,779). Wartosci AUC dla MIF i
CXCLI12 byty mniejsze niz 0,500 (AUC = 0,5 okresla granice przydatnosci

diagnostycznej testu).

6.7 Model regresji logistycznej

W celu zbadania mozliwego wzrost wartosci diagnostycznej, przy jednoczesnym
uwzglednieniu Kilku miRNA, opracowano modele regresji logistycznej przy uzyciu
oprogramowania Weka 3.8.6 (The University of Waikato, Hamilton, Nowa Zelandia)
[36]. Parametry modeli i standardowe miary jakos$ci zestawiono w tabeli 3. Najwyzsze
AUC uzyskano dla kombinacji miR-3147 i miR-615-3p (AUC = 0,935). Model ten miat
wyzszg warto$¢ diagnostyczng w porownaniu do najwyzszego AUC dla miRNA

stosowanego oddzielnie.

6.8 Walidacja wynikow

Do walidacji wynikow uzyskanych przy uzyciu platformy nCounter zastosowano
reakcje tancuchowej polimerazy z analizg ilosci produktu w czasie rzeczywistym (real-
time gqPCR). Do walidacji wybrano miRNA o najbardziej zmienionej ekspresji i
najwyzszym AUC: miR-615-3p oraz miR-3147. Walidacj¢ przeprowadzono w dwoch
grupach: 22 pacjentow z T2DM i 26 pacjentoéw z T2DM IHD. Wyniki uzyskane z
uzyciem platformy nCounter zostaty potwierdzone technika RT-gPCR. Oba miRNA
mialy podwyzszong ekspresj¢ u pacjentow T2DM IHD w poréwnaniu z pacjentami z

T2DM bez choroby wiencowej (rycina 8).
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Tabela 1. Podstawowa charakterystyka pacjentéw. 2 istotnie statystycznie rézne od grupy kontrolnej;

istotnie statystycznie rozne od grupy IHD * p<0,05; ** p<0,01; *** p<0,001; **** p<0,0001;

pacjenci (n = 16)
grupa kontrolna

mediana (Q1-Q3)

pacjenci (n =9)
IHD

mediana (Q1-Q3)

pacjenci (n = 20)
T2DM

mediana (Q1-Q3)

pacjenci (n = 24)
T2DM IHD

mediana (Q1-Q3)

wiek [lata]

czas trwania T2DM
[lata]

BMI [kg/m?]

plytki krwi
[10%/uL]

fibrynogen [mg/dL]

leukocyty [10%/uL]

glukoza na czczo
[ma/dL]

HbALc [%]

skurczowe ci$nienie
tetnicze [mmHg]

rozkurczowe
ci$nienie tetnicze
[mmHg]

cholesterol [mg/dL]

TG [mg/dL]

LDL [mg/dL]

HDL [mg/dL]

52,32 (49,88 -
55,91)

24,62 (22,19 -
25,66)

227,50 (163,00 -
268,00)

333,50 (272,00 -
352,00)

6,45 (5,49 - 7,30)

89,00 (85,00 -
91,00)

5,50 (5,50 - 5,65)

120,00 (115,00 -
130)

80,00 (70,00 -
80,00)

194,00 (162,00 -
209,00)

109,00 (86,00 -
153,00)

112,00 (92,00 -
132,00)

49,00 (40,00-
62,00)

54,85 (50,57 -
61,20)

27,73 (26,47 -
30,39)""

221,00 (195,00 -
248,00)

362,00 (296,00 -
413,00)

7,51 (5,60 - 8,90)
90,00 (84,00 -
100,00)
5,50 (5,30 - 5,70)

120,00 (110,00 -
140,00)

80,00 (80,00 -
100,00)

176,00 (163,00 -
196,00)

134,00 (109,00 -
183,00)

106,00 (102,00 -
117,00)

35,00 (33,00 -
45,00)

57,50 (52,33 - 65,17)

7,00 (4,00 -10,00)

32,19 (28,63 - 36,41)™

222,00 (197,00 - 243,00)

352,00 (315,00 - 381,00)

7,16 (5,40 -8,47)

122,00 (118,00 -
165,00)7™" ™"

6,20 (5,70 - 7,50)%"b*

140,00 (120,00 —
155,00)*"

80,00 (80,00 - 90,00)

58,33 (53,4 - 64,58)

5,00 (2,00-10,00)

31,24 (27,68 -
33,20)7

225,00 (186,00 -
322,00)

416,00 (354,00 -
482,00

7,32 (6,38 - 9,30)

129,00 (104,00 -
176,00)""

7,60 (6,20 -
8180)3***‘h***

140,00 (130,00 —
155,00)2*"

85,00 (80,00 - 90,00)

198,50 (172,00 - 224,00)

124,00 (90,00 - 202,00)

118,50 (102,00 - 135,00)

46,00 (41,00 - 57,00)"

179,50 (138,00 -
211,00)

179,00 (109,00 -
206,00)

102,00 (66,00 - 133,00)

39,00 (34,00 - 50,00)

Tabela 2. MiRNA o podwyzszonej ekspresji w grupie T2DM THD w pordéwnaniu do grupy T2DM.

miRNA FC p-value FDR
miR-615-3p 2,45 0,00000497 0,00
miR-3147 2,35 0,00000200 0,00
miR-1224-5p 1,68 0,00001305 0,00
miR-5196-3p + MiR-6732-3p 1,56 0,00040774 0,01
miR-548b-3p 1,55 0,0002042 0,01
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Rycina 1. Sie¢ powigzan pomigdzy wytypowanymi miRNA i ich potencjalnymi genami targetowymi.
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Rycina 2. Najwazniejsze $ciezki kanoniczne istotnie zmienione u pacjentdéw T2DM IHD w poréwnaniu

do grupy T2DM.
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Rycina 3. Sie¢ interakcji biatko-biatko genéw docelowych dla testowanych miRNA. Za wskaznik
interakcji obrano warto$¢ 0,9 wskazujac na wysokie prawdopodobienstwo, ze asocjacja jest prawdziwa. W
celu zwigkszenia przejrzystosci rycina pozbawiona jest genow, ktore nie wykazywaly interakcji z zadnym
innym genem z analizowanej grupy.

Rycina 4. Sie¢ potaczen 10 kluczowych gendéw (ang. hub genes).
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Rycina 5. Analiza ontologii genéw targetowych istotnie zmienionych miRNA. Wykres punktowy
przedstawia 10 najistotniejszych kategorii w procesach biologicznych, funkcjach molekularnych,
komponentach komérkowych i $ciezkach KEGG zwiazanych z chorobami uktadu krazenia i cukrzyca.
Kolory weztow zilustrowano od czerwonego do niebieskiego w kolejnosci malejacej wartosci p-value
skorygowanej przez FDR. Rozmiary wegzlow sa przedstawione w zaleznosci od liczby genoéw
zaangazowanych w dang kategorig. O$ X przedstawia stosunek genow, a o§ y terminy ontologii genow lub

sciezek KEGG.
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Rycina 6. Korelacja rang Spearmana pomi¢dzy badanymi miRNA, biatkami i parametrami klinicznymi.
Kolor niebieski oznacza korelacj¢ dodatnia, a czerwony ujemna.
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Rycina 7. Wyniki analizy ROC przeprowadzonej w celu oceny wartosci wybranych miRNA (A) i biatek

(B) jako diagnostycznych biomarkerow.

Tabela 3. Zestawienie podstawowych parametrow modelu regresji logistycznej. PD — prawdziwie

dodatnie, FU — falszywie ujemne.

. stala . .
model PD FU precyzja AUC regresii wspoélczynnik
x1 = miR-3147 x1=-9,03
0,864 0,147 0,866 0,935 28,56
X2 = miR-615-3p x2 =-6,87
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x1 = miR-548b-3p x1=-7,06
0,841 0,166 0,841 0,929 20,3
X2 = miR-615-3p x2=-7,22
x1 =miR-3147 x1=-6,49
X2 = 548b-3p 0,886 0,12 0,887 0,927 26,78 %2 = -3.09
x3 =615-3p x3 =-6,54
x1 = 1224-5p x1=-8,78
0,795 0,204 0,797 0,906 20,68
X2 = 615-3p X2 =-5,87
x1 = miR-3147 x1 =-6,69
X2 = miR-615-3p X2 =-6,47
x3 = 1224-5p x3 =-2,06
0,795 0,212 0,795 0,881 28
x4 = 548b-3p x4 =-2,27
x5 = 5196-3p+miR-6732- x5 = 0,55
3p
A B
miR-615-3p miR-3147
4 * 4+
*
© © !
g3 g 3
g 2
o 27 o 21
T T M
0 T T 0 T T
T2DM T2DM + IHD T2DM T2DM + IHD

Rycina 8. Wzgledna ekspresja miR-615-3p (A) i miR-3147 (B) w surowicy w grupie pacjentow z T2DM i
z T2DM IHD. Kazdy stupek przedstawia $rednig geometryczng + blad standardowy $redniej stosunku
ekspresji miRNA i miRNA referencyjnego (miR-103a-3p i miR-199b-5p). Zastosowano test U Manna-

Whitneya; *p < 0,05.
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7. Dyskusja

Cukrzyca typu 2 jest zlozonym zaburzeniem metabolicznym, w ktore
zaangazowanych jest wiele gendéw i $ciezek sygnalowych. Liczne badania donosza, ze
T2DM jest niewatpliwym czynnikiem ryzyka pojawienia si¢ IHD oraz innych powiktan
naczyniowych [37]. Opracowanie nowych biomarkerow, ktore identyfikowatyby osoby
z cukrzycg narazone na rozwdj choroby wiencowej, mogloby usprawni¢ diagnostyke
takich pacjentow zanim pojawig si¢ pierwsze objawy niedokrwienia serca. Niekodujace
czasteczki miRNA pochodzace z pltynéw ustrojowych moga peti¢ role takich
biomarkerow. Istniejg badania potwierdzajace wazng role miRNA w rozwoju powiktan
cukrzycy [38-40]. Wykazano, ze miRNA biorg udzial w podziatach komérkowych, w
réznicowaniu komorek, apoptozie, angiogenezie, regulacji szlakéw metabolicznych i
zapalnych [41]. Te mate niekodujace czasteczki RNA moga rowniez regulowac procesy
wydzielania insuliny, réoznicowania komoérek f wysp trzustkowych oraz metabolizmu
glukozy i lipidow [40].

W celu odkrycia unikalnego profilu miRNA u pacjentow T2DM IHD uzyto
innowacyjnej platformy nCounter firmy NanoString, ktora daje mozliwos$¢ doktadnego
profilowania duzej liczby miRNA w jednej reakcji. Gtéwna zaleta wybranej metody jest
jej wysoka czutos¢ 1 specyficznos¢ dzieki czgsciowemu zautomatyzowaniu procesu oraz
omini¢ciu etapu amplifikacji, ktory moze generowac bledy [42, 43]. Byto to pierwsze
badanie przy uzyciu technologii NanoString poszukujagce nowych, nieinwazyjnych
biomarkeréw do wezesnego wykrywania IHD u pacjentéw z T2DM.

Prezentowane badania wskazaly 6 czasteczek miRNA, ktore miaty zwickszong
ekspresje w grupie pacjentow T2DM IHD. Sposrod badanych miRNA, miR-615-3p i
miR-3147 miaty najwyzsze FC i AUC (odpowiednio FC = 2,45 i 2,35; AUC = 0,877 i
0,858). MiR-615-3p byto juz wczesniej uwzgledniane w badaniach jako biomarker
ostrego zawalu mie$nia sercowego [44]. Najnowsze opracowanie wskazuje, ze
nadekspresja tego miRNA dziata tagodzaco na uszkodzenia w linii kardiomiocytow
spowodowane stresem oksydacyjnym, ktory ma istotne znaczenie w chorobie wiencowe;.
W badaniu nie uwzglgdniano jednak wptywu cukrzycy [45]. MiR-3147, miR-1224-5p,
miR-5196-3p, miR-6732-3p i miR-548b-3p nigdy wczesniej nie byly opisywane w
kontekscie T2DM czy choréb uktadu krazenia. Moze $wiadczy¢ to o ich wysokim
potencjale do pelienia roli nowych, specyficznych biomarkerow choroby

niedokrwiennej serca u pacjentow z T2DM.
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Dzigki analizie przeprowadzonej w programie IPA przedstawiono sie¢ zaleznosSci
pomiedzy miRNA i okreslonymi genami oraz wyznaczono regulowane przez nie 489
genow targetowych. Niektore ze wskazanych gendéw kluczowych, takie jak C3aR1,
CCR5, CXCL6, ADORA1 czy APLNR, sg silnic powigzane z procesami dotyczacymi
zaburzen sercowo-naczyniowych i z cukrzyca [46-53].

Wyniki wykazaty, ze jedng z najwazniejszych zmienionych Sciezek kanonicznych u
pacjentow z grupy T2DM IHD bylta $ciezka zwigzana z sygnalizacjg endoteliny-1.
Endotelina-1 jest biatkiem o wtasciwo$ciach wazokonstrykcyjnych i ma istotny udziat w
patogenezie nadcisnienia tetniczego, miazdzycy, przerostu naczyn i cukrzycy [54]. U
pacjentow z T2DM wystepuje zwigckszona aktywno$¢ wazokonstrykcyjna indukowana
przez endoteling-1 [55]. Udowodniono rowniez, ze p38 MPAK peti kluczowg role w
proliferacji i apoptozie kardiomiocytow oraz uczestniczy w regulacji przerostu serca [56].
Biosynteza mineralokortykoidow oraz glikokortykoidéw naleza do kolejnych $ciezek
kanoniczych, ktore moga by¢ zaangazowane W rozwoj choroby niedokrwiennej serca,
szczegolnie na etapie rozwoju miazdzycy [57, 58]. Kolejng wskazang w analizie sciezka
kanoniczng jest szlak pentozofosforanowy, ktory jest istotnym szlakiem dla metabolizmu
glukozy i uczestniczy w patogenezie T2DM [59, 60]. Analiza wytypowata rowniez szlak
sygnalizacji apelinowej kardiomiocytow jako jedng z gléwnych zmienionych $ciezek
kanonicznych w poréwnywanych grupach. Apelina jest bialkiem bioragcym udziat w
regulacji ci$nienia tg¢tniczego, uczestniczy w procesie angiogenezy i ma znaczenie
kardioprotekcyjne. Dodatkowo uwaza sig¢, ze apelina wydzielana przez tkanke ttuszczowa
moze przyczyniac si¢ do zaburzen zwigzanych z otytoscig i cukrzycg. Ma rowniez wpltyw
na takie procesy jak wychwyt glukozy, lipoliz¢ czy oksydacj¢ kwasow ttuszczowych
[53]. Warto dodac, ze gen kodujacy receptor apeliny byt wskazany jako jeden z genow
kluczowych w analizie gendéw targetowych. Zidentyfikowane S$ciezki kanoniczne
odgrywajg istotng rol¢ w mechanizmach prowadzacych do rozwoju chordb sercowo-
naczyniowych. Pozwala to przypuszczaé, ze wyznaczone W tym badaniu miRNA
odgrywaja istotng role¢ w regulacji genéw zwigzanych z chorobami uktadu sercowo-
naczyniowego.

Warto podkresli¢, ze nie znaleziono statystycznie istotnej korelacji pomiedzy
poziomem miRNA a parametrami klinicznymi, takimi jak wiek, BMI, leukocyty, glukoza
na czczo, HbAlc, rozkurczowe cis$nienie krwi, poziom cholesterolu, trojglicerydow czy
LDL. Wynika¢ to moze z faktu, ze parametry te nie sg specyficzne tylko dla choroby

wiencowej. Jednakze wykazano dodatnig korelacj¢ pomigdzy poziomem fibrynogenu a
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miR-1224-5p, miR-3147, miR-5196-3p+miR-6732-3p oraz miR-615-3p. Wymienione
miRNA nie byly wczesniej opisywane jako zwigzane z tym biatkiem. W badaniach
epidemiologicznych i1 klinicznych podwyzszony poziom fibrynogenu we krwi jest
niezaleznym czynnikiem ryzyka chordb sercowo-naczyniowych [61, 62]. Udowodniono
réowniez, ze miRNA moga regulowaé produkcje fibrynogenu [63]. Zaobserwowano
umiarkowang negatywna korelacj¢ migdzy miR-548b-3p a poziomem ptytek krwi.
Zwigzek miRNA z ptytkami krwi w rozwoju choroby niedokrwiennej serca zostat
wczesniej udowodniony i opisany w licznych pracach [64-67]. Silna lub umiarkowana
dodatnia korelacja pomigdzy poziomami wszystkich miRNA moze sugerowaé, ze nalezg
one do grupy miRNA, w ktorej wszystkie zaangazowane sg w deregulacje mechanizmow
odpowiedzialnych za powiktania cukrzycy.

Krzywa ROC ilustruje zalezno$¢ pomiedzy czulo$cig i swoisto$cig diagnostyczna
oraz opisuje wartos¢ diagnostyczng badanych parametréw [68]. W przeprowadzonych
badaniach najwyzsze wartosci AUC zaobserwowano dla miR-615-3p i miR-3147.
Ponadto inne badane miRNA (miR-1224-5p, miR-5196-3p, miR-6732-3p oraz miR-
548b-3p) rowniez wykazaly wysoka warto$¢ diagnostyczng. W wielu przypadkach
wigkszg moc diagnostyczng mozna uzyska¢ w przypadku badania panelu miRNA w
poréwnaniu do pojedynczej czasteczki mIRNA [69, 70]. Stworzony model regresji
logistycznej sktadajacy si¢ z panelu miR-3147 i miR-615-3p wykazat wigksza
doktadno$¢ diagnostyczng niz miRNA badane osobno. Zastosowanie panelu
diagnostycznego miR-615-3p i miR-3147 przy identyfikowaniu pacjentow z T2DM IHD
moze by¢ korzystne jako wsparcie diagnostyczne. Panel zwigksza precyzyjnosé i
wiarygodno$¢ testu, przez co moze przyczyni¢ si¢ do podejmowania szybkich i trafnych
decyzji dotyczacych postepowania z pacjentem. Wartosci AUC dla MIF i CXCL12 byty
nizsze niz 0,500, co dyskwalifikuje te dwa biatka jako dobre narzedzie diagnostyczne
pacjentow z cukrzycg z IHD. Nalezy uwzgledni¢ fakt, ze cukrzyca jest rowniez stanem
zapalnym, a nieswoiste parametry zapalne, takie jak MIF czy CXCL12, moga by¢
podwyzszone zarowno u pacjentdéw z chorobg wiencowa, jak i z cukrzyca bez powiktan
naczyniowo-sercowych.

W celu wytworzenia klasyfikujacego modelu diagnostycznego mozliwego do
stosowania w praktyce, do walidacji oceny poziomu ekspresji miR-615-3p i miR-3147
zastosowano technike¢ RT-QPCR. Analiza wykazata znaczaco zwigkszong ekspresje miR-
615-3p | miR-3147 w surowicy pacjentow T2DM IHD, co potwierdza wiarygodno$é

wynikow uzyskanych za pomoca platformy nCounter.
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Podsumowujac, prezentowane badania wskazaty profil miRNA, ktory odréznia grupe
pacjentow T2DM IHD od pacjentow T2DM. Wyniki nasuwaja wniosek, ze wytypowane
miRNA mogtoby by¢ bardzo dobrym narz¢dziem do diagnozowania niedokrwienia serca
wsrod pacjentow z T2DM lub mogloby wskaza¢ pacjentow predysponujacych do
rozwoju tego powiktania. Dzieki wykryciu choroby na poczatkowym jej etapie mozliwe
statoby si¢ wdrozenie wczesnego leczenia i podjecie dziatan zapobiegajacych rozwojowi
choroby. Oznaczanie profilu miRNA jest obiecujacym narzedziem w diagnostyce
réwniez innych powiktan T2DM. Niezbedna jest jednak kontynuacja badan na wigkszych
grupach pacjentéw oraz walidacja otrzymanych wynikéw innymi, wystandaryzowanymi
metodami, aby moc rzetelnie wskazac na biomarkery innych powiktan cukrzycy zarowno
mikro-, jak i makronaczyniowych. W celu unikni¢cia btgdnych wynikow, badacze
nieustannie powinni dazy¢ do normalizacji i standaryzacji pobierania i przechowywania
probek, izolacji oraz dalszej detekcji miRNA. Do tej pory najwigcej prac skupiato si¢ na
okresleniu diagnostycznej roli czasteczek miRNA w surowicy, jednak w dalszych
badaniach warto skoncentrowa¢ uwage na miRNA z jeszcze tatwiej dostgpnych

materialow, takich jak $lina, tzy czy mocz.

8. Whnioski

1. Podwyzszona ekspresja szesciu MiRNA pochodzacych z surowicy (miR-615-3p,
miR-3147, miR-1224-5p, miR-5196-3p, miR-6732-3p i miR-548b-3p) stanowi
specyficzny profil charakterystyczny tylko dla grupy pacjentow T2DM IHD.

2. Czasteczki miR-615-3p i miR-3147 miaty najbardziej podwyzszong ekspresj¢ w
surowicy pacjentow T2DM IHD w poréwnaniu do pacjentow T2DM bez IHD.

3. Analizy bioinformatyczne wykazaly, ze wytypowane miRNA oraz geny przez nie
regulowane uczestnicza w $ciezkach i procesach prowadzacych do dysfunkcji
uktadu krazenia 1 rozwoju IHD u pacjentow z T2DM.

4. Wszystkie wytypowane czasteczki miRNA majg wysoka czuto$¢ oraz wysoka
swoistos¢ I potencjalnie moga shuzy¢ jako nowe, nieinwazyjne biomarkery do
wczesnego wykrywania IHD u pacjentow z T2DM.

5. Klasyfikujacy model diagnostyczny, utworzony z uzyciem modelu regresji
logistycznej na podstawie poziomu ekspresji tylko dwoch czasteczek miRNA,
miR-615-3p oraz miR-3147, ro6znicuje pacjentow T2DM z IHD od pacjentow
T2DM, ale bez IHD, z wyzsza swoistoscig 1 czulo$cig niz kazde miRNA ze
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zrdznicowang ekspresja, analizowane pojedynczo. Zastosowanie zestawu
sktadajacego si¢ jedynie z dwdch biomarkerow miRNA jest ogromng szansg na
stworzenie nieinwazyjnego testu diagnostycznego do szybkiej i efektywnej
diagnostyki powiktan sercowo-naczyniowych u pacjentow z T2DM. Jest to
szczegblnie korzystne w aspekcie prowadzenia diagnostyki w badaniach
przesiewowych oraz wdrozenia skutecznego leczenia na bardzo wczesnym etapie

choroby.
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Abstract: Type 2 diabetes mellitus (T2DM) and its complications pose a serious threat to the life
and health of patients around the world. The most dangerous complications of this disease are
vascular complications. Microvascular complications of T2DM include retinopathy, nephropathy,
and neuropathy. In turn, macrovascular complications include coronary artery disease, peripheral
artery disease, and cerebrovascular disease. The currently used diagnostic methods do not ensure
detection of the disease at an early stage, and they also do not predict the risk of developing
specific complications. MicroRNAs (miRNAs) are small, endogenous, noncoding molecules that are
involved in key processes, such as cell proliferation, differentiation, and apoptosis. Recent research
has assigned them an important role as potential biomarkers for detecting complications related
to diabetes. We suggest that utilizing miRNAs can be a routine approach for early diagnosis and
prognosis of diseases and may enable the development of better therapeutic approaches. In this paper,
we conduct a review of the latest reports demonstrating the usefulness of miRNAs as biomarkers in
the vascular complications of T2DM.

Keywords: diabetes; cardiovascular; complications; miRNA; biomarker

1. Introduction

Diabetes mellitus (DM) is a group of chronic endocrine and metabolic disorders char-
acterized by defects in insulin production, secretion, and signaling that are insufficient to
maintain the right blood glucose level [1,2]. This serious disease affects increasing numbers
of people every year. According to the International Diabetes Federation, 463 million
people suffered from diabetes in 2019, and the prognosis suggests that this number will
increase to 700 million in 2045 [3]. Type 2 diabetes mellitus (T2DM) is the most common
type of diabetes. This complex disease is characterized by insulin resistance when cells
are not able to respond properly to a normal level of insulin and a progressive loss of
[3-cell function [1]. Diabetes can lead to acute or chronic complications (Table 1). Many
patients do not have any symptoms of T2DM for a long time, and prolonged exposure
to high blood sugar levels dramatically increases the risk of additional complications [4].
Due to numerous clinical consequences associated with diabetes, this chronic disease is
linked with shorter life expectancy [5]. Notably, long-term hyperglycemia can result in
chronic micro- and macro-vascular complications, and related to them, the diabetic foot,
nephropathy, neuropathy, and, finally, heart attack and stroke [6-10].
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Table 1. Main complication of diabetes mellitus.

Complication of Diabetes

Acute Chronic
diabetic ketoacidosis Vascular Nonvascular
nonketotic hyperosmolar coma Microvascular Macrovascular sexual dysfunctions
hypoglycemia retinopathy coronary artery disease skin complications
diabetic coma nephropathy peripheral artery disease

cerebrovascular disease

TPty including ischemic stroke

Recent research has shown that cardiovascular diseases are the leading reasons for
morbidity and mortality in diabetes [11,12]. The hyperglycemia intensifies and promotes
the glycation of proteins, which is a nonenzymatic attachment of sugars to the free amino
groups of proteins that can accelerate the occurrence of serious cardiovascular problems.

Nowadays, there is no reliable tool for prompt identification of the patient at risk
of developing T2DM and its cardiovascular complications. Most of the currently used
methods can only identify the disease at a later stage. These statements suggest that
there is an urgent need to identify early specific biomarkers, which would help to predict
individual risk of development of diabetes and its complications.

Numerous studies have established that miRNA has tremendous potential to serve
as a tool for improving the diagnosis of T2DM, indicate cardiovascular complications at
an early stage, or identify patients with a predisposition to develop them. MiRNAs are
small (17-25 nucleotides), endogenous, noncoding, single-stranded RNAs, which have a
variety of important regulatory effects in cells. MiRNAs play a pivotal role in the regulation
of gene expression. They participate in important processes, including cell proliferation,
differentiation, and adhesion [13,14]. The control of the expression of targeted genes is
achieved by interacting with the 3/ untranslated region (3'UTR) of its target messenger
RNA (mRNA). The complementary degree between the miRNA sequence and 3'UTR of its
target mMRNA determines the regulatory effect of miRNA [15]. MiRNAs are derived from
partially complementary primary RNA transcripts (pri-miRNA) produced mainly by RNA
polymerase I in the nucleus (Figure 1). To form a precursor of miRNAs (pre-miRNAs), the
stem-loop structure of pri-miRNA is cleaved by Drosha and then transported by Exportin 5
to the cytoplasm. At this moment, pre-miRNA is about 70 nucleotides in length. In the next
step, a miRNA-specific nuclease Dicer splits it into double-stranded miRNA. In the last
step of this process, protein AGO2, which is a member of RISC (RNA-included silencing
complex), is involved. One of the strands of miRNA is removed, and the remaining strand
is bound to AGO2. This complex targets the 3" UTR region of mRNA. Association of
miRNA with its target mRNA can result in mRNA cleavage, translational repression, or
mRNA deadenylation [16,17].

Dysregulation of the expression of miRNAs is associated with the development of
various types of cancer, cardiovascular diseases, lung diseases, autoimmune disease, or
metabolic disorders. Expression of miRNA is tissue-specific, which allows for identification
of its origin [18,19]. MiRNAs have many features of an ideal biomarker. They are stable in
biofluids even after a long time after collection and freeze-thaw cycles [20]. The undoubted
advantage of these small particles is the availability of material for research. MiRNAs can
be collected and detected in a minimally invasive way in easily accessed biofluids, such
as serum, plasma, blood, tears, urine, or saliva [14,21]. Despite their numerous benefits, it
is also worth paying attention to the limitations of miRNAs as potential biomarkers for
various diseases. To avoid misleading results, researchers should strive for normalization
and standardization of sample collection, storage, isolation method, and further detection
of miRNAs. Interestingly, the level of circulating miRNAs is confounded by age, gender,
or some medications [22]. It has been proven that statins decrease circulating miR-122
levels, and heparin (used in medicine as an anticoagulant) influences the PCR reaction
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during the quantification process [23]. Moreover, some miRNAs are not specific to one
disease only [24].
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miRNA gene
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7 D%

mRNA cleavage translational ~ mRNA deadenylation
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Figure 1. MiRNA biosynthesis and functions. Process of the biosynthesis of miRNA begins in the
nucleus. MiRNA genes are transcribed by polymerase II to primary RNA (pri-miRNA). Pri-miRNA is
processed to pre-miRNA with the participation of the ribonuclease Drosha. Subsequently, pre-miRNA
is transported via Exportin 5 from the nucleus to the cytoplasm of the cell. Dicer is an endonuclease
that cleaves pre-miRNAs into short miRNA duplexes, which are later unwound by an unknown
helicase. The mature miRNA strand binds to an Argonaute (Ago) protein, forming a complex.

Altered expression of miRNAs can be used as a disease biomarker as well as to
understand the pathogenesis. The measurement of the expression levels of miRNA is
best carried out with a specific and sensitive assay that allows for the collection of exact
data in a short amount of time [25]. Currently, the most commonly used methods for
detecting miRNA expression include quantitative reverse transcription PCR (RT-qPCR),
different types of microarrays, and next-generation RNA sequencing [21,24]. Identifying
the potential targets of miRNAs is crucial for understanding miRNA function. Lately,
multiple bioinformatic tools have been developed so that scientists are able to predict
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possible regulated genes by miRNAs and their functions or their implication in signal
pathways [26]. In addition, knowledge that abnormal miRNA expression is associated
with many diseases allows for its use as potential therapeutic targets. Manipulation of their
expression is used as a new form of clinical treatment [27]. All bioinformatic tools should
be validated by scientists to discover novel biomarkers.

Currently, according to the database miRBase (www.mirbase.org, version 22), more
than 2600 human mature miRN As have been identified [28]. Interestingly, it is believed
that they are collectively able to regulate about 30% of all genes in the human genome [29].
Bioinformatics prediction suggests that one miRNA could target more than a hundred
mRNAs. Conversely, if a single mRNA had complementary sequences for more than one
miRNA4, it could be regulated by many different miRNAs (Figure 2) [30,31].

m Ym
/1N

GENEA GENEB GENEC

m Y o Y o Y
N

GENEA

Figure 2. MiRNA binding to target mRNA. A single miRNA can target many mRNAs (A). Many
miRNAs can target one mRNA (B).

Over the last years, several studies on diabetes have indicated specific miRNAs
as putative biomarkers for predicting the occurrence of the disease. Interestingly, the
dysfunctions of pancreatic 3 cells composed of the abnormal insulin secretion, and thus
impaired glucose tolerance, can occur even 10 years before clinical diagnosis [29,30]. In
the prediabetic and diabetic states, expression of miRNAs is altered in organs, but also
in biofluids. Many studies have shown that miRNA expression, such as that of miR-375,
miR-7, and miR-184, is associated with dysfunction of pancreatic (3 cells. These miRNAs
can play an important role in processes such as proliferation or regulation of crucial
pathways [32-34]. We know that miRNAs contribute to the regulation of processes related
to the proper functioning of pancreatic cells. In addition, many studies argue that these
small molecules can serve as a biomarker in detecting T2DM. MiR-126 is one of the most
known and the most studied miRNAs in diabetes and its complications. It plays an essential
role in endothelial protection and angiogenesis. Interestingly, serum miR-126 was proposed
as a biomarker for prediabetes and T2DM [35]. We have previously shown in our study that
serum miR-491-5p, miR-1307-3p, and miR-298 can serve as a biomarker for the progression
of diabetes. These miRNAs have high diagnostic value for the prediction of T2DM, and we
indicated that their expression is dysregulated before T2DM development [36]. MiR-23a
seems to be a valuable marker for the early detection of T2DM [37]. Moreover, Pescador
et al. found that a three-miRNA panel (miR-15b, miR-138, and miR-376a) is significant for
predicting diabetes and obesity [38]. Other interesting findings show that serum-derived
miR-486, miR-146b, and miR-15b can also play an important role in predicting the risk
of developing DM in obese children. Oerlemans et al. showed in their research that
some miRNAs can improve the diagnostic value of currently used biomarkers for acute
coronary syndrome identification. MiR-1, miR-499, and miR-21 manifested the significantly

35



Int. . Mol. Sci. 2021, 22, 3153

50f23

increased diagnostic value in combination with hs-troponin T (hs-TnT) (for a combination
area under the curve (AUC) = 0.94, whereas hs-TnT alone reached AUC = 0.89) [39].

Levels of certain circulating miRNAs might also be predictive for long-term diabetes
complications [25]. The most common complications of DM are vascular pathologies. They
are considered as serious manifestations of the disease, and there is an urgent need to
understand the pathophysiology of their appearance. This can help with accurate and
quick diagnostics and the development of better therapeutic approaches. MiRNAs are the
key regulators of cardiovascular system development and maintenance. Altered expression
of miRNA in cardiovascular diseases such as arrhythmias, hypertension, myocardial
infarction, coronary artery disease, or vascular inflammation is observed [40,41]. In this
review, the newest reports regarding the role of miRNA in the vascular complication of
T2DM are summarized. In brief, data from a PubMed search were used.

2. Vascular Complications of T2DM

T2DM is undoubtedly the cause of numerous vascular diseases, affecting almost all
types and sizes of blood vessels [42]. Diabetes vascular complications are divided into
microvascular diseases, such as retinopathy (DR), nephropathy (DNP), and neuropathy
(DN), and macrovascular diseases, such as coronary artery disease (CAD), peripheral artery
disease (PAD), and cerebrovascular diseases including stroke [6,43].

2.1. Microvascular Complications
2.1.1. Diabetic Retinopathy (DR)

In DR, two main stages can be distinguished: non-proliferative diabetic retinopathy
(NPDR), which usually has no symptoms, and proliferative diabetic retinopathy (PDR) [44],
which is the result of damage to the small blood vessels and neurons of the retina in
diabetic patients and can lead to blindness [45-47]. It is considered that DR might be
the most common microvascular complication of diabetes. The risk of developing this
disease, as well as other microvascular complications of diabetes, depends on the duration
and severity of hyperglycemia [48]. Unfortunately, changes that lead to retinopathy can
occur even seven years before the diagnosis of diabetes [49]. Recent studies highlight
that miRNA is a very promising tool for the early detection of changes, leading to the
development of this pathological state that can help in the prevention of loss of vision in
patients with diabetes.

The latest research has shown altered expression of circulating miRNAs in diabetic
patients with retinopathy compared to healthy controls and compared to diabetic patients
without DR. It was demonstrated that dysregulation of many miRNAs can influence retina
cells. Recent studies showing the potential of miRNA as biomarkers for DR are summarized
in Table 2.
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Rezk et al. in their research manifested a potential diagnostic value of serum miR-126
for DR. In the group of patients with T2DM with DR, they observed significant under-
expression of miR-126 compared to diabetic patients without this complication [50]. These
results were confirmed in a study by Qin et al., who also suggest that miR-126 might be a
suitable candidate for early diagnosis of PDR. The expression of this miRNA was lower in
T2DM patients than in the control group. However, the authors did not describe whether
patients had T1IDM or T2DM [51]. In 2017, Li et al. published a report in which they claimed
that miR-200b might target the VEGFA gene. Downregulation of serum miR-200b was
connected with higher expression of the VEGFA gene in the group of patients with DR [52].
The next interesting study indicates a key role of miR-93 in the progression of DR. Elevated
plasma miR-93 levels appear to be associated with this complication and can potentially
serve as a biomarker. The authors indicate its good diagnostic value in DR using receiver
operating characteristic curves (ROCs), where the AUC for miR-93 was 0.866 [53]. About
190 patients with diabetes took a part in the study, which indicated that plasma miR-21
expression was increased in the group of T2DM with DR. ROC analysis for this miRNA
showed high AUC values for distinguishing DR patients, indicating the good potential of
this miRNA in the diagnosis of this state [54]. The newest work of Liu et al. in the form of a
preliminary study indicated that serum-derived miR-221 could be a good potential marker
for DR and also for its progression [55]. This study showed upregulation of expression in
DR patients and high diagnostic efficiency of miR-221 (AUC = 0.89), which suggest that this
miRNA has potential value as a biomarker with more effectiveness than serum angiotensin
II (ANG II) and vascular endothelial growth factor (VEGF) (AUC = 0.888 and AUC = 0.785,
respectively). In recent studies, it has been suggested that signatures of few miRNAs might
be a better predictor for DR than single miRNA. Recent research indicated that serum
miRNA signatures consisting of let-7a- 5p, miR-28-3p, and miR-novel-chr5_15976 have
good diagnostic value and may serve as a diagnostic biomarker for DR. The calculated
AUC of every single miRNA was less than 0.8. Interestingly, a combination of these three
miRNAs in one profile showed a significantly higher value of AUC = 0.937 in recognizing
diabetic patients with and without DR. Furthermore, the authors of [56] indicated the great
utility of this miRNA profile in distinguishing patients in the early stage of the disease
from controls without DR. Blum et al. described plasma miR-423 as an important factor
that might be involved in PDR. Expression of this miRNA was significantly lower in
patients with this disease compared to NPDR, T2DM patients without PDR, and healthy
controls. The authors highlight miR-423 correlation with VEGF, NO (nitric oxide), and
eNOS (endothelial nitric oxide synthase) expression. This may suggest that changes in the
expression of this miRNA are involved in the deterioration of endothelial dysfunction and
accelerated atherosclerosis [57]. Pastukh et al. indicated that levels of serum miR-122 are
correlated with the severity of DR in T2DM patients. The highest levels of this miRNA were
noted in the group of NPDR and the lowest in PDR in comparison to healthy controls and
to T2DM patients without retinopathy. This study shed light on the role of miR-122 in DR,
but these data should be validated on a larger sample size [58]. Another work indicated
that plasma levels of miR-200b were lower in patients with PDR in comparison to patients
without this complication [59]. These studies reinforce the importance of further work on
miR-200b. RNA sequencing proved that levels of circulating miRNAs from serum might
be used as noninvasive biomarkers for early detection of DR. In a recent study, circulating
miR-4448, miR-338-3p, miR-485-5p, and miR-9-5p were downregulated, and miR-190a-5p
was upregulated in serum samples of DR compared to NDR T2DM patients. Furthermore,
bioinformatics validation confirmed that these miRNAs regulate 55 target genes that are
mainly connected with the regulation of vascularization processes. Interestingly, miR-9-5p
may regulate 41 genes from these targets, which shows the great potential of this miRNA
in further analysis [60]. A recent study described miR-3197 and miR-2116-5p as good
potential biomarkers for DR. Furthermore, this paper presents notch homolog 2 (NOTCH2)
as a possible target gene of miR-2116-5p. This gene can be expressed in the retina and
regulate VEGF gene. ROC analysis showed that the combination of these two miRNAs
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provides a high AUC score (AUC = 0.972) [61]. Elevated plasma miR-320a expression can
differentiate a DR group from diabetic patients without this condition. Interestingly its
targeted genes are involved in biological processes significant for DR development. This
important report demonstrated that miR-320a plays an important role in the pathogenesis
of this complication of T2DM [62]. Smit-McBride et al. conducted comprehensive studies
on the miRNA profile in aqueous humor, plasma, and vitreous. They found four miRNAs
differently expressed in patients with DR compared to healthy controls. Signatures of let-7b,
miR320b, miR-762, and miR-4488 might serve as potential biomarkers for DR prognosis
and diagnosis [63].

Some studies show changes in miRNAs levels in the cells of the eye tissues. This
may be a clue for future indications of biomarkers based on circulating miRNAs. Retinal
pigment epithelium is the pigmented cell layer between the neural retina and the choroid,
and it is required for proper vision [64]. Many researchers claim that modification of this
layer is involved in the pathophysiology of DR. Shao et al. indicated that miR-451a acts as
a regulator of retinal pigment epithelium (RPE) function. It might play a pivotal role in
the regulation of proliferation and migration in RPE cells [65]. Another study proves that
miR-142-5p levels were downregulated in high-glucose-treated human retinal endothelial
cells. As a direct target of this miRNA, insulin-like growth factor 1 (IGF1) was identified.
The authors of this article claim that miR-142-5p participates in the progression of DR [66].

2.1.2. Diabetic Nephropathy (DNP)

Late complications of T2DM can also be observed in the kidneys. DNP is characterized
by albuminuria and chronic loss of renal function as a result of microvascular failure due
to prolonged hypoglycemia [67]. The leading cause of kidney failure is diabetic kidney
disease. It is considered as a major kidney-related complication of both types of diabetes
mellitus (T1IDM and T2DM) and as leading causes of end-stage renal disease (ESRD) [68].
Reports state that miRNAs play a role in the regulation of processes related to kidney
failures, such as fibrosis, podocyte apoptosis, mesangial cells proliferation, extracellular
matrix accumulation, inflammation, and oxidative damage [69]. Microalbuminuria may
be an indicator of early DNP, and macroalbuminuria is related to the progression of this
disease [70]. It is crucial to avoid the serious consequences of this disease. MiRNAs seems
to be a good prognostic tool for the detection of diabetic kidney failure [71]. One of the
most remarkable studies indicated that the level of miR-29a in patient urine can be a
predictive biomarker for DNP. The level of this miRNA was significantly upregulated in
patients with albuminuria compared to normoalbuminuric individuals [72]. Levels of other
studied miRNAs (miR-29b and miR-29¢) did not show a significant difference between
tested groups. Subsequent studies showing the potential of miRNA as biomarkers for DNP
are summarized in Table 3.
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A previous study on miR-192 showed that extracellular vesicles (microvesicles and
exosomes) isolated from urine could help with the diagnosis of initial stages of DNP. This
study showed that levels of miR-192 from urinary extracellular vesicles in T2DM patients
with different degrees of albuminuria are increased in the microalbuminuric group com-
pared with the normoalbuminuric subjects and decreased in the macroalbuminuric group.
Calculations of the AUC for miR-192 showed a high diagnostic value (AUC = 0.802) in dis-
criminating the normoalbuminuric from the microalbuminuric group [73]. A larger study
including 591 patients showed that serum levels of miR-192 in patients of the large albu-
minuria group were lower (the lowest) than in the microalbuminuria and control groups. It
was also lower in the microalbuminuria group than in the healthy control group. This study
showed that lower levels of miR-192 were connected with the decrease in the urine albumin
ratio and nephritic fibrosis in DNP patients [74]. In a study with over 200 patients with DNF,
the authors found that increased miR-196a in urine is associated with progression of renal
abnormalities and might be a good prognostic biomarker for renal fibrosis in the patients
with DNP [75]. Circulating miR-192 and also miR-377 from blood can serve as potential
biomarkers for early detection of DNP. MiR-377 showed increased expression and miR-192
decreased expression in T2DM patients with and without DNP compared with healthy
controls. Furthermore, miR-377 and miR-192 were directly associated with albuminuria
and showed the ability to distinguish patients with microalbuminuria/macroalbuminuria
from those without this state. In discriminating the normoalbuminuric group from the
microalbuminuric/macroalbuminuric groups, the AUC was 0.71 for miR-377 and 0.70 for
miR-192. Due to the relatively small number of subjects (11 = 85), further studies taking into
account the usefulness of these miRNAs as potential biomarkers for DNP detection are
recommended [76]. Kim et al. identified a unique profile of circulating exosomal miRNAs,
which may serve as an indicator of DNP in patients with DM [77]. RNA sequencing showed
upregulation of serum exosomal miR-1246, miR-642a-3p, let-7c-5p, miR-1255b-5p, let-7i-3p,
miR-5010-5p, and miR-150-3p in a group of diabetic patients compared to healthy controls.
MiR-4449 was overexpressed in patients with DNP in comparison to a group of patients
with DM without this pathological condition. These miRNAs are promising biomarkers
for the diagnosis of DNP, and further exploration is needed. The study includes 180 pa-
tients with T2DM (90 with ESRD and 90 euglycemic diabetes individuals) and showed
that changes in expression of miR-499a are possibly involved in ESRD pathogenesis. The
level of miR-499a was decreased in patients with ESRD compared to diabetic individuals
without this condition. This difference did not show statistical significance but showed
significant correlation with serum MALAT1 (metastasis-associated lung adenocarcinoma
transcript 1) and with clinical findings [78]. MALATT1 is a IncRNA (long noncoding RNA)
that is able to regulate genes involved in the cycle of cells and is associated with many
types of cancers and with microvascular complications of diabetes in mice. Levels of
serum MALAT1 were significantly higher in diabetic patients with ESRD than those in
the control group. These findings might highlight the importance of further studies on
miR-499a. Due to the bioinformatic examination, we are able to observe the relationships
between miRNAs and target genes. Assmann et al. in their systematic review and bioin-
formatic analysis showed six dysregulated miRNAs (miR-21-5p, miR-29a-3p, miR-126-
43 3p, miR-192-5p, miR-214-3p, and miR-342-3p) in DNP individuals in comparison to
controls. This study showed that these miRNAs with their targeted genes are involved
in processes such as apoptosis, fibrosis, and extracellular matrix accumulation, which are
important in pathways of known relevance for DNP pathogenesis [79]. The possibility
of linking the miRNA-gene signaling pathways and the identified regulatory network
of key miRNA-genes has indicated the crucial role of miR-29 and miR-200 in DNP. Such
findings may provide a new idea for further studies focusing on these miRNAs as po-
tential biomarkers [80]. An interesting meta-analysis of profiling studies on humans and
animal models of diabetic nephropathy identified three upregulated miRNAs (miR-21-5p,
miR-146a-5p, and miR-10a-5p) and two with lower expression (miR-25-3p and miR-26a-5p)
compared to controls [81]. These miRNAs required further attention in future studies.
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2.1.3. Diabetic Neuropathy (DN)

The cause of DN is a high concentration of glucose in the blood, which results in the
formation of glycation end-products that cause changes in the nerves (such as demyeli-
nation) or the nerve fibers themselves. It is associated with sensory neuronal damages
and neuropathic pain. It can increase the risk of infections, foot ulcers, and nontraumatic
amputation. Two main types of neuropathy are distinguished: that involving the peripheral
sensorimotor and that involving the autonomic nervous system [82-84]. Many studies
report that miRNAs are extremely important in the nervous system as a regulator of gene
expression. MiRNAs have long been known to play an essential role in processes such as
neurogenesis, neuron survival, dendritic outgrowth, and spine formation [85]. Changes
in miRNA levels might be relevant to disorders such as DN [86]. In comparison with
other microvascular complications, there are not many studies in the literature considering
miRNAs as a potential biomarker for DN. Most of the research is carried out on animal
models. The topic of miRNA in DN undoubtedly requires further investigation based on
the material from diabetic patients suffering from this condition.

It has been observed that diabetes in rats is responsible for reduced expression of miR-
146a in static nerves. The changes in its expression are related to the inflammatory responses
that intensify nerve damage [87]. In another study, miR-146a showed downregulation in
sciatic nerve tissue in mice. Furthermore, the authors claimed that treatment with miR-146a
mimics elevated miR-146a levels in plasma and reduces the neuropathy [88]. An interesting
study on mice models showed that miR-190a-5p is involved in DN through targeting
SLC17A6 (solute carrier family 17 member 6) [89]. In this study, the authors observed
decreasing level of miR-190a-5p and at the same time increased expression of SLC17A6 in
the spinal tissue of mice with neuropathy compared to controls. SLC17A6 plays a key role in
synaptic transmission in the nervous system. Such findings can provide a new perspective
for the treatment of this disease. Further research on circulating miR-190a-5p is needed to
determine the possibility of this biomarker for DN in humans. Zhang et al. suggest that
miR-25 might be a good diagnostic and therapeutic target for DN. Their study gave pieces
of evidence for reduced miR-25 expression on sciatic nerves in diabetic mice [90].

The abovementioned miR-146a was also tested in human samples. Research based
on sequencing claims that polymorphisms in miR-146a and miR-128a gene are associated
with DN [91]. In white blood cell fraction, expression of miR-21, miR-146a, and miR-
155 is altered in patients with peripheral neuropathies of different origins [92]. Ciccacci
et al. in their study showed that miR-499a polymorphism might be associated with DN
tendency [93]. Polymorphism studies indicated the crucial role of these miRNAs in the
development of DN.

MiR-199a-3p is considered a pro-angiogenetic factor [94]. Li et al. indicated elevated
expression of plasma miR-199a-3p in patients with T2DM and elevated expression of this
miRNA from lower limb skin tissues in a group of patients with DN compared to a control
group. Furthermore, the research shows that overexpression of this miRNA inhibits the
expression of strepin E2 (extracellular serine protease inhibitor E2). It was observed that
miR-199a-3p is associated with the progression of DN by lowering the level of strepin
E2. The authors also suggest that regarding miR-199a-3p, further research should focus
on the potential role of this miRNA as a biomarker for the detection of DN, but also as a
new therapeutic target for the treatment of this chronic complication [95]. Another study
indicated increased miR-199a-3p levels in the group of patients observed in ectosomes of
T2DM patients compared to healthy controls [96]. Another interesting study used weight
correlation network analysis and identified genes and signaling pathways related to DN.
For miR-377, miR-216a, and miR-217 associated with T2DM, targeted genes were predicted,
which should be considered as putative biomarkers for progression of the disease [97].

Poorly controlled diabetes, prolonged hyperglycemia, and damaged nerves can lead
to diabetic foot and diabetic foot ulcers [45]. Healing of the foot wound is important in
the treatment of foot ulcers and the prevention of lower limb amputation. Researchers
have stated that endothelial progenitor cells from bone marrow have a crucial role in
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angiogenesis and functions of vascular endothelial cells. Reduced levels of these cells
in foot lesions are observed [98]. Gao et al. proved that miR-155 is overexpressed in
endothelial progenitor cells (EPCs) from patients with diabetic foot ulcers. Moreover, the
expression of this miRNA was also elevated in high glucose-induced EPCs from healthy
people. MiR-155 takes part in the regulation of crucial signaling pathways connected with
angiogenesis, proliferation, and wound healing [99]. Other remarkable findings pointed
out a crucial role of miR-203. Liu et al. proved that this miRNA in the human skin tissue
sample can serve as a new biomarker for early diagnosis for the severity of diabetic foot
ulcers. As miR-203 can play a pivotal role in diabetic wound healing, further research
should be carried out taking into account this miRNA for easier detection of DN [100].

Undoubtedly, there is a lack of studies that examine miRNAs in biofluids associ-
ated with DN in humans. There is a need for further investigation to emphasize spe-
cific circulating miRNAs as potential biomarkers for DN and therapeutic targets for this
pathological condition.

2.2. Macrovascular Complications

Atherosclerosis is the main mechanism responsible for the appearance of macrovas-
cular complications. Atherosclerosis is the result of chronic inflammation and damage to
the arterial walls. This disease leads to a narrowing lumen of arteries in the whole body.
The cause of the narrowing is atherosclerotic plaque, mainly made of deposits of calcium
and fatty lipids, which grows from the artery wall, causing a decline in blood flow and
resulting in hypoxia of the organs [101,102]. Diabetes accelerates all atherosclerotic lesions
by intensifying inflammatory processes, as a result of which the plaque increases. The
plaque gradually narrows the diameter of the coronary vessels. These pathological changes
in diabetic patients might result in coronary artery disease (CAD), myocardial infarction
(MI), peripheral artery disease (PAD), and cerebrovascular disease [42,102].

2.2.1. Coronary Artery Disease (CAD) and Myocardial Infarction (MI)

It is considered that cardiovascular disease and especially CAD are the leading reasons
for morbidity and mortality in DM patients [11,12]. CAD typically occurs when a coronary
artery develops atherosclerosis [103]. A different degree of artery obstruction is the main
cause of imbalance between blood supply and oxygen demand in myocardial cells, which is
a characteristic feature of this disease. This condition is also related to reduced availability
of nutrients and insufficient removal of metabolic products [104]. It often leads to heart
muscle damage and MI [105]. In most cases, MI is caused by an acute clot closing the
lumen of the coronary artery supplying blood to the heart. MI can cause the cardiac
remodeling and the development of chronic heart failure and is considered as the leading
cause of death [106].

It is well understood that miRNAs have a huge impact on cardiovascular biology.
Differences in miRNAs expression have been described in many cardiac cases, including
CAD and MI [107,108]. MiRNA also seems to be usable in predicting cardiological com-
plications of diabetes. A recent, well-designed study examined the miRNA profiles in
diabetic patients suffering from heart disease and in DM patients free from complications.
Preferably, such results should be compared to miRNA levels in healthy people, but also in
people with heart disease without T2DM.

Kumar et al. identified two plasma miRNAs that can have a pivotal role in the early
prediction of CAD. The authors claimed that that miR-133b and miR-21 have different
expression in patients with CAD in comparison to healthy controls. MiR-133b showed
underexpression and miR-21 overexpression in the studied groups [109]. This work claimed
that the group of T2DM patients with CAD did not show any significant differences in the
expression of the studied miRNAs. Luo et al. first suggested that plasma miR-30c might be a
potential novel biomarker for diagnosis, treatment, and prognosis of CAD in T2DM patients.
Their study showed that the levels of circulating miR-30c were remarkably lower in groups
of patients with T2DM and T2DM with CAD in comparison with CAD patients and the
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control group. Diabetic patients with CAD showed the lowest level of miR-30c. Patients
from the CAD T2DM group showed a significant negative correlation between circulating
miR-30c levels and the degree of coronary lesion severity (r = —0.7817, p < 0.0001). The
authors also postulated that miR-30c takes part in the regulation of plasminogen activator
inhibitor 1-vitronetin interactions. The ROC analysis showed high values of the AUC for
miR-30c as a diagnostic biomarker for CAD, T2DM, and T2DM, with CAD showing AUC
values close to 0.9, which can distinguish these groups from healthy controls. However,
the ROC analysis showed that miR-30c can differentiate CAD T2DM patients from diabetic
patients without complications only with an AUC of 0.685 [110]. Seleem et al. indicated that
serum miR-342 and miR-450 might be important indicators of CAD in T2DM patients [111].
It was found that miR-342 was significantly overexpressed in T2DM, CAD, and T2DM
with CAD groups when compared with the control group. In the T2DM with CAD group,
the expression was higher than in the CAD group. MiR-450 showed significantly lower
expression in the studied group compared to controls. In the group of T2DM with CAD,
the expression was significantly lower than in the CAD group. Additionally, according to
chi-squared analysis of the T2DM group and the T2DM with CAD groups, these miRNAs
demonstrated potential as bioindicators for CAD as a complication of T2DM. MiR-342
reached an AUC of 0.781, whereas miR-450 had an AUC of 0.824. A new, interesting study
displayed that serum miR-1 and miR-21 have a crucial role in the diagnosis of CAD. Serum
miR-1 levels were significantly lower in patients with T2DM when compared to the healthy
control group. Moreover, the authors found out that the expression was the lowest in the
group of T2DM patients with heart failure. In contrast, serum miR-21 levels were higher
in T2DM patients compared to healthy individuals. The expression was highest in the
group of diabetic patients with heart failure. ROC analysis showed that miR-21 might
be a novel biomarker in the prediction of heart failure in diabetes patients [112]. These
two miRNAs were previously described as related to heart hypertrophy in hypertensive
patients. This proves that expression profiles in patients with hypertension differ to those
in patients in healthy control groups [113]. Plasma miR-126 and miR-210 expressions differ
in patients with diabetes and CAD to those of healthy controls. MiR-210 showed reduced
levels in diabetes but also in diabetes with CAD. In contrast, levels of miR-126 were higher
in T2DM patients and increased further in those with diabetes with CAD. Both miRNAs
presented high diagnostic values in distinguishing T2DM patients with and without CAD
from healthy controls. These findings suggest that these miRNAs might serve as potential
markers for CAD as a complication of T2DM [114]. It is worth considering that miR-126
was also tested for different diabetes complications (DR and DNP) mentioned in this review.
To determine the exact specificity of this miRNA for diabetes complications, further studies
need to be conducted on a larger group of subjects. Interestingly, miR-126 and miR-26a from
circulating microparticles are considered as associated with risk of CAD. Levels of these
miRNAs were significantly lower in T2DM patients than in healthy controls. Decreased
expression levels of miR-26a and miR-126 are related to the coexistence of the CAD [115].
Diabetic cardiomyopathy is diagnosed when ventricular myocardial dysfunction develops
in patients with diabetes, even if CAD or hypertension has not developed. It is primarily
caused by metabolic disorders in diabetes due to insulin deficiency. Accumulation of
lipids in the myocardium is considered a hallmark of diabetic cardiomyopathy. Another
study suggests that serum miR-1 and miR-133a might be potential biomarkers for early
diagnosis of diabetic cardiomyopathy [116]. A good direction for future research might be
considering miR-483-3p as a potential prognostic biomarker for cardiovascular diseases in
T2DM patients. This miRNA is a crucial regulator of endothelial integrity. Furthermore,
the authors claimed that miR-483-3p might be a potential therapeutic target [117].

There are not many studies demonstrating differences in miRNA profiles in human
suffering from diabetes and macrovascular complications and those free from complications.
However, many works describe the important role of miRNA in the development of
diseases such as CAD, MI, and hypertension without a T2DM group. MiRNA such as
miR-21, miR-155, miR-126, miR-146a/b, miR-143/145, miR-223, and miR-221 are most
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frequently described in hypertension and atherosclerotic [118]. The presented miRNAs
were also indicated as significant in patients with diabetes. Research showed that miR-223
is associated with the severity of CAD. The AUC for this miRNA reached 0.933, which
indicates a promising ability to differentiate CAD cases from healthy controls. Expression
of this miRNA was higher in the group of CAD individuals than in the control group. The
level of miR-223 increased with increasing severity of the disease. This shows evidence that
this miRNA could be a good potential biomarker in the assessment of CAD. However, the
authors did not separately analyze the group of patients with diabetes [119]. Interestingly,
it has been proven that miR-223 is upregulated in the blood of patients with T2DM [120].

Wang et al. in a meta-analysis study showed that the level of serum miR-133a-3p
was upregulated in samples of patients with CAD. Additionally, this study suggested
that miR-122-5p might be a valuable biomarker for this disease [121]. This study con-
firmed the earlier report about the importance of this miRNA in the pathology of the
cardiovascular system [122]. MiR-122-5p was also previously described to have a crucial
role in atherosclerosis and CAD [123,124]. These reports suggest that miR-122 and miR-
133a should be considered as potential biomarkers for cardiovascular events and should
be also tested for diabetes complications. Serum exosomal miR-1915-3p, miR-4507, and
miR-3656 might be novel diagnostic tools for early-stage acute myocardial infarction [125].
The expression of these miRNAs was significantly lower than in the stable CAD sample
exosomes. ROC analysis indicated that miR-1915-3p and miR-3656 had the highest diag-
nostic value (AUC > 0.77), which suggests that this miRNA can be a predictive tool for
acute MI. Expression of miR-21, miR-155, and miR-221 in peripheral blood mononuclear
cells (PBMCs) was significantly different among patients with CAD and controls. MiR-21
showed overexpression, whereas miR-221 and miR-155 were downregulated in the studied
group [126]. It is worth noting that these miRNAs have a crucial role in the pathogenesis of
diabetes and were also indicated as potential biomarkers in microvascular complications as
well as in T2DM patients with CAD [55,92,127,128]. Changes in these miRNAs seem to be
typical for vascular inflammation, and to use them as potential biomarkers, more studies
with larger cohorts are necessary. Serum miR-584-5p was recently considered as a potential
biomarker for CAD. It is observed that in patients with CAD, expression of this miRNA is
lower than in patients without this disease. However, the groups were relatively small, and
the authors of the study did not identify a group with T2DM [129]. A recent study from
2020 reports that the combination of four plasma miRNAs (let-7i-5p, miR-32-3p, miR-3149,
and miR-26a-5p) has good diagnostic value (AUC = 0.837) for distinguishing patients with
severe CAD from controls [130]. While the mentioned studies did not include patients
suffering from diabetes, further research should be directed to these miRNAs as potential
biomarkers, indicating a group of diabetics with a predisposition to developing specific
macrovascular complications.

2.2.2. Peripheral Artery Disease (PAD)

Peripheral artery disease is considered a group of diseases affecting the peripheral
arteries that lead to narrowing or blockage of the large arteries, except for coronary arteries,
aortic arch, and brain arteries [131,132]. PAD plays a role as a predictor of MI, stroke,
and death due to vascular abnormalities [133]. A big challenge for the diagnosis of this
condition is the fact that a lot of patients are living without symptoms, causing slow
progression of the disease [134]. Diabetic patients may remain asymptomatic due to the
often associated neuropathies [131]. The circulating miRNA has been connected with PAD
in a number of studies [135-137]. Numerous pieces of evidence shows that miRNAs are
involved in the regulation of many key processes connected with the pathogenesis of PAD,
such as angiogenesis, inflammation, and endothelial function [138]. Signorelli at al. in their
pilot study indicated serum miR-130a, miR-27b, and miR-210 as potential good biomarkers
for PAD. The expression of this miRNA was significantly increased in PAD patients versus
healthy controls. In this case, about 37% of PAD group had diabetes [139]. There is also
research focused on miRNA as a potential marker for the advanced stage of PAD, which is
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critical limb ischemia. Plasma miR-4739 levels are significantly elevated in the group of
T2DM patients with critical limb ischemia in comparison to T2DM individuals without
this complication [140]. Similarly, serum miR-323b-5p seems to have a great diagnostic
value in distinguishing patients with critical limb ischemia in T2DM groups [141]. Both
miR-4739 and miR-323b-5p have not been previously studied in the context of PAD. Studies
are showing an enormous role of miRNA in the pathogenesis of PAD. Most of them are
based on animal (miR-93, miR-92a, miR-503, and miR-100), cell cultures (miR-221, miR-126,
and miR-1), or human tissue studies (miR-15a, miR-126, miR-223, miR-28-3p, miR-21, and
miR-503) [142]. There is a need to select fluid biomarkers for humans. More research is
required to find the right, reliable biomarker for the early diagnosis of PAD in people
with diabetes. The current state of knowledge allows scientists to focus their efforts on
intensified research on larger groups of patients.

2.2.3. Cerebral Vascular Disease and Stroke

Particular attention should be paid to the search for markers in body fluids that can
help indicate predisposition to developing cerebral complications among T2DM patients.
Cerebral vascular disease including stroke is categorized as a macrovascular complication
of diabetes. Unfortunately, such complications are more severe and require more attention
during the treatment of patients with diabetes in comparison to patients without it. Indi-
viduals with DM are more likely to develop cerebrovascular disease and strokes [143]. The
main reason for these complications is atherosclerosis [143,144]. Cerebrovascular disease
refers to medical conditions in which blood flow to specific parts of the brain is impaired.
Vascular diseases often lead to a stroke. These changes are not, unlike microangiopathy,
due to a disease associated with diabetes only and might also occur without any relation
to diabetes. However, the coexistence of diabetes significantly increases the course of the
atherogenic process and worsens the prognosis. [145]. Stroke was determined to be the
second leading cause of death after CAD in 2015 [146]. There are two main types of stroke:
ischemic and hemorrhagic. An ischemic stroke occurs when an artery that supplies the
brain with blood is blocked. The most common cause is the enlargement of atherosclerotic
plaque, which leads to obstructed blood flow to the brain. Hemorrhagic stroke is a conse-
quence of the rupture of the cerebral artery wall and bleeding outside the vessel [147,148].
Diabetes is a risk factor for both types of strokes, and patients with diabetes are at a much
higher risk of stroke than those without it [149-152].

Comparatively, like in other diabetes complications, miRNA plays a crucial role in
risk factors of the cerebral dysfunctions. As of 2009, circulating miRNAs began to be
viewed as potential stroke biomarkers [153]. In a recent meta-analysis conducted in 2020,
the authors pointed out the crucial role of miR-320b and miR-320d in the pathogenesis of
stroke [154]. Interestingly, these two miRNAs were previously described as biomarkers
related to diabetes [155,156]. MiR-320b was also described as a potential indicator of carotid
atherosclerosis [157]. Many studies present miR-21 as a biomarker in different types of
strokes. However, this particle seems to be typical not only of strokes, but also of many
diseases, including DM and its other complications [54,158].

Plasma and platelet miRNAs also play a crucial role in the development of com-
plications related to diabetes. In their work from 2014, the authors of [159] indicated
significant downregulation of platelet and plasma miR-223 and miR-146a in patients with
T2DM and ischemic stroke or only with T2DM compared to HC. This expression was not
downregulated in patients with ischemic stroke only. This study suggests that platelet
and plasma miR-233 and miR-146a could be specific markers for T2DM with or without
ischemic stroke. However, this study should be repeated on a larger number of patients.
MiR-223 from blood was previously described as a marker for acute ischemic stroke. In
a study by Wang et al., the authors compared patients with ischemic stroke with healthy
controls, where 39.2% of patients had diabetes. The level of this miRNA was increased in
the group with ischemic stroke compared to controls. The authors of [160] also suggest that
IGF-1 might be a new target for miR-223. Long et al. investigated the expression of miR-223
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from PBMCs in patients with cerebral infarction. This study also had a group of patients
with T2DM and stroke. Expression of this miRNA was lower in patients with T2DM than
in HC. There was no significant difference between the expression of this miRNA when
comparing patients with cerebral infarction or cerebral infarction with T2DM to healthy
controls [161]. One of the better-designed studies shows that plasma and platelet levels of
miR-223 and miR-144 may serve as biomarkers associated with ischemic stroke in T2DM
patients. The miR-144 levels were significantly higher in T2DM patients with ischemic
stroke than in healthy controls and the T2DM group. In contrast, levels of miR-223 were
lower in the group of patients with T2DM and ischemic stroke. It is suggested that these al-
tered expressions of this miRNA increased susceptibility to ischemic stroke in T2DM [162].
Serum miR-503 could be a good biomarker for ischemic stroke in diabetic patients. In
recent research, the authors of [163] observed overexpression of this miRNA in a group of
DM patients with ischemic stroke when compared to nondiabetic patients with stroke, DM
patients, and healthy controls.

3. Conclusions

To avoid long-term vascular complications associated with T2DM, scientists must
pay attention to early diagnosis. MiRNAs play an extremely important role in many
processes leading to the development of T2DM and related complications. These molecules
have substantial potential as biomarkers for vascular complication of T2DM, as evident
in the growing body of research data, mainly due to their high specificity and sensitivity.
Recent studies show their identification mostly in serum; however, in further studies,
it is worth noting the examination of miRNA signatures in other body fluids, such as
saliva or urine. Almost all of the work mentioned above requires continuation and further
research on a much larger group of people, as well as validation of the results by other,
standardized methods. However, it is clear that, despite some limitations, the identification
of new miRNAs offers a promising perspective for future functional research related to the
development of complications in T2DM patients.
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The increasing morbidity and mortality of type 2 diabetic mellitus (T2DM) patients with
ischemic heart disease (IHD) highlight an urgent need to identify early biomarkers, which
would help to predict individual risk of development of IHD. Here, we postulate that
circulating serum-derived micro RNAs (miRNAs) may serve as potential biomarkers for
early IHD diagnosis and support the identification of diabetic individuals with a
predisposition to undergo IHD. We obtained serum samples from T2DM patients either
with IHD or IHD-free and analysed the expression levels of 798 miRNAs using the
NanoString nCounter technology platform. The prediction of the putative miRNAs
targets was performed using the Ingenuity Pathway Analysis (IPA) software. Gene
Ontology (GO) analysis was used to identify the biological function and signalling
pathways associated with miRNA target genes. Hub genes of protein-protein
interaction (PPI) network were identified by STRING database and Cytotoscape tool.
Receiver operating characteristic (ROC) analysis was used to assess the diagnostic value
of identified miRNAs. Real-time quantitative polymerase chain reaction (QRT-PCR) was
used for nCounter platform data validation. Our data showed that six miRNAs (miR-615-
3p, miR-3147, miR-1224-5p, miR-5196-3p, miR-6732-3p, and miR-548b-3p) were
significantly upregulated in T2DM IHD patients compared to T2DM patients without
IHD. Further analysis indicated that 489 putative target genes mainly affected the
endothelin-1 signalling pathway, glucocorticoid biosynthesis, and apelin cardiomyocyte
signalling pathway. All tested miRNAs showed high diagnostic value (AUC = 0.779 -
0.877). Taken together, our research suggests that circulating miRNAs might have a
crucial role in the development of IHD in diabetic patients and may be used as a potential
biomarker for early diagnosis.
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INTRODUCTION

Diabetes mellitus is a group of endocrine and metabolic
disorders characterised by insufficient insulin secretion to
maintain the right blood glucose level. According to the
International Diabetes Federation, 463 million people had
diabetes in 2019, and this number is expected to rise in the
following year’s (1). Several forms of diabetes are distinguished;
however, type 2 diabetes mellitus (T2DM) is the most common
and accounts for over 90% of cases (2). T2DM is characterised by
cell resistance to the normal concentration of insulin circulating
in the blood. With the progression of the disease, pancreatic -
cell may also become dysfunctional and inevitably stop
producing insulin (3). The most common long-term
complications of diabetes is ischemic heart disease (IHD) (4,
5), and it is well known as the leading cause of morbidity and
mortality in diabetes (6). IHD results from an imbalance between
blood supply and oxygen demand in myocardial cells caused by
different degrees of coronary artery obstruction, and occurs
when atherosclerosis develops in the coronary artery.

Ischemia is related to inadequate oxygen supply and reduced
availability of nutrients, and incomplete removal of metabolic
products (7). Patients with T2DM have a higher risk of
developing THD and mortality following THD than healthy
ones (8).

Diabetes complications, such as heart diseases, develop much
earlier before diagnosing (9). To prevent the progression of the
disease, special attention should be paid to its early detection.
Despite the rapid progress in cardiovascular research, there is no
reliable tool for prompt diagnosis and identification of people at
risk of developing IHD. Coronary angiography remains the gold
standard in the diagnosis of IHD. Unfortunately, it is an invasive
medical procedure that uses contrast dye to detect blockages in
coronary arteries at x-ray pictures (10). Additionally, this
method can only diagnose the disease at a later stage.
Therefore, early and noninvasive detection of this condition at
the initial state or diagnosis of diabetic patients with a
predisposition to IHD is crucial.

Recent research shows that inflammatory mediators
like chemokines CXCL12 and macrophage migration-
inhibitory factor (MIF) play an essential role in the pathology
of IHD. In humans, MIF is abundantly produced by various cells
in different stages of plaque development (11, 12). Elevated levels
of MIF in plasma can serve as an early biomarker for acute
myocardial ischemia and can be risk factor for future coronary
events in IHD patients with T2DM (13, 14). It has been shown
that CXCL12 levels in plasma are better predictors of IHD
outcomes than traditional risk factors (15, 16). Unfortunately,
the serum concentration of MIF and CXCL12 seems to be
characteristic not only for ischemic heart disease but also for
different inflammatory states raising the need for more selective
markers for IHD diagnosis (17).

A promising tool for understanding the pathogenesis of IHD
is miRNAs (18). MiRNAs are small (17-25 nucleotides) non-
coding RNAs that play an essential role in regulating gene
expression. MiRNAs control the expression of target genes by
base pairing to the 3’ untranslated regions (3° UTRs) of mRNA
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and inducing repression of the target mRNA. This effect can
occur by transcript destabilisation or inhibition of translation
(19). Bioinformatics predictions indicate that one miRNA could
target more than a hundred mRNAs (20). MiRNAs participate in
critical biological processes such as proliferation, differentiation,
and apoptosis of cells (21). Abnormal expression of miRNAs is
associated with various diseases, such as cancer, cardiovascular
diseases or metabolic disorders. It is commonly known that levels
of specific circulating miRNAs might be predictive for long-term
diabetes complications (22). MiRNAs may be a helpful
biomarker because of their stability in biofluids even after
prolonged collection and several freezing-thaw cycles (23).
Moreover, those small particles can be easily collected and
measured with specific, sensitive assays (22).

MiRNAs such as miR-92a, miR-503, and miR-126 might
control and regulate angiogenesis, crucial for the repair of
myocardial cells after ischemic injury (24, 25). MiR-155 and
miR-342-5p are involved in vascular inflammation by
modulation of inflammatory response and atherosclerosis
progression (26). MiR-125b and miR-205 can regulate vascular
calcification that contributes to atherosclerosis (27, 28).
Decreased level of miR-126 is known as a predictor of diabetes,
and it also occurs in patients with IHD (21). In diabetes, there is
an established connection between miR-223 and activation of
platelets, the latter of which significantly contributes to the
development of cardiac disease (29). However, despite evident
progress, our understanding of the regulation and function of
specific miRNAs in THD is still limited.

In the present study we investigated the differential
expression of IHD-associated miRNAs in the serum samples
from T2DM patients with and without IHD using the nCounter
platform, a novel technique offering a high level of precision and
sensitivity without amplification reaction (30).

MATERIALS AND METHODS

Baseline Characteristics of the Patients

To diagnose IHD in over 600 patients who participated in the
cohort study conducted in the Department of Invasive
Cardiology, Medical University of Bialystok, coronary
angiography was performed. This procedure has distinguished
two subsets of T2DM patients — with THD (n = 24) and without
IHD (n = 20), IHD group (n = 9) and the control group without
diabetes or prediabetes and IHD (1 = 16). T2DM was confirmed
according to the Diabetes Poland criteria (31). Exclusion criteria
for this study included: type 1 diabetes mellitus, latent
autoimmune diabetes of adults, other T2DM complications
(retinopathy, neuropathy, nephropathy, peripheral artery
disease, stroke, cerebrovascular disease), previous myocardial
infraction, percutaneous coronary intervention, other
inflammatory states (rheumatoid arthritis, systemic sclerosis),
cancers, human immunodeficiency virus (HIV) or hepatitis C
virus (HCV) infection, recent surgery, alcohol consumption, and
smoking. A group of 69 individuals was qualified for further
analysis. Serum samples were collected, centrifuged and stored at
—80°C. This study was approved by the Bioethics Committee of
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the Medical University of Bialystok, Poland (approval numbers:
R-1-002/583/2019 and APK.002.35.2021) and was performed
according to the principles of the Declaration of Helsinki.

MiRNAs Isolation

The miRNeasy Serum/Plasma Advanced Kit (Qiagen, Germany)
was used for RNA extraction (smaller than 1000 nucleotides)
using 200 pL of serum aliquots from one patient according to the
manufacturer’s instructions. The miRNA concentration was
measured by The Qubit microRNA Assay Kit (Invitrogen,
California, CA, United States) with the Qubit 3.0 Fluorometer.

Detection of miRNAs Profile

A total of 69 samples were prepared for nCounter miRNA
expression profiling according to the manufacturer’s
recommendations (NanoString Technologies, USA). A three ng
of isolated microRNA were used as input material. Unique DNA
tags were ligated onto the 3’ end of each mature miRNA,
providing an identifier for each miRNA in the sample. Tagging
was performed in the ligation reaction followed by an overnight
hybridization (65°C) to nCounter Reporter and Capture probes
that allowed complex sequence-specific probes with targets. After
hybridization, samples were placed into the nCounter Prep
Station for automated sample purification and target/probe
complexes immobilization on the cartridge for data collection.
Each sample was scanned for 555 FOV (fields of view) on the
nCounter Digital Analyzer (NanoString Technologies, USA) to
count individual fluorescent barcodes and quantify target RNA
molecules present in each sample. NanoString raw data were
analysed with nSolver software (NanoString Technologies, USA).

Measurement of MIF and CXCL12

in Serum

The concentration of MIF and CXCL12 in serum was determined in
duplicate samples by enzyme-linked immunosorbent assay
(ELISA) (Quantikine Human M-CSF Immunoassay; R&D
systems, Abingdon, United Kingdom), according to the
manufacturer’s recommendations.

Validation of the NanoString Results by
Real-Time Quantitative Polymerase Chain
Reaction (QRT-PCR)

The serum of 22 T2DM and 26 T2DM IHD miRNA samples were
reverse-transcribed using a miRCURY LNA RT Kit (Qiagen,
Hilden, Germany), according to the manufacturer’s instructions,
on a Proflex thermal cycler (Thermo Fisher Scientific, Waltham,
USA). Subsequently, the qRT-PCR reaction was performed using
specific primers and a miRCURY LNA SYBR Green PCR Kit
(Qiagen, Germany). The samples were run on the qPCR plates in
duplicate on the LightCycler 480 Real-Time PCR System (Roche,
Switzerland). Based on the NormFinder (32), miR-103a-3p and
miR-199b-5p were used as endogenous reference miRNAs. The
primers efficiency for targets and reference miRNAs has been
checked. After calculating the qPCR efficiency, relative expression
levels of miRNAs were calculated using the delta-delta Ct (2725
method. Ctis the threshold cycle which isa point when fluorescence
reading surpasses a set baseline. This method calculates samples’
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relative fold expression, using a reference miRNA as the
normalizer (33).

Statistical Analysis

Based on similar previous experiments and pilot data on
NanoString nCounter miRNA Expression Assay we have
calculated the minimal number of samples per experimental
group (T2DM IHD or T2DM) in order to detect 1.5 fold
differences in relative miRNA expression level between groups
at the true positives detection powers of 80% and 90% under
p=0.05 (34). We have used RNASeqPower R package (35)
applying the statistics data covering obtained counts and
coefficients of variations per different groups. We have
estimated that to obtain 80% power we would need 12
samples, whereas to obtain high power of 90% we would need
16 samples per group. Finally our groups consisted of 20 samples
in T2DM and 24 in IHD T2DM group thus allowing for more
than 90% power under p=0.05. Statistical analyses were
performed using STATISTICA version 13.1 (StatSoft, Tulsa,
Oklahoma). Preliminary statistical analysis (Shapiro-Wilk test)
revealed that the studied parameters did not follow a normal
distribution. The ANOVA Kruskal-Wallis test followed by
Dunn’s test was performed to examine the difference in clinical
parameters between the groups. miRNAs were tested for
differential expression using nSolver 4.0 Analysis software
(NanoString), including normalization using the positive
ligation controls. The threshold count value was set to 20. The
p-value was adjusted using the False Discovery Rate (FDR)
correction for multiple comparisons limited to 0.05. Ingenuity
Pathway Analysis (QIAGEN Inc.) was performed to generate a
list of predicted targeted genes for studied miRNAs and identify
canonical pathways. To find the highly connected hub genes of
six miRNAs in the protein-protein network (PPI) STRING
database (http://string-db.org) (36), Cytoscape version 3.9.0
(http://cytoscape.org/) (37) and its plugin (cytoHubba) were
applied. GO and functional annotation clustering were carried
out using the KEGG (Kyoto Encyclopedia of Genes and
Genomes) Enrichment Analysis; g:Profiler (https:/biit.cs.ut.ee/
gprofiler/gos), and Metascape (https://metascape.org) online
databases. GO analysis permits linking a list of genes to
specific functional annotations categorized into functional
groups (38). The Revigo web-based tool (http://revigo.irb.hr/)
was used to summarise and visualise lists of Gene Ontology. The
Spearman rank-order correlation coefficient (r) was determined
to estimate the correlation between the identified miRNAs and
clinical parameters. It was assumed that r > 0.8 indicates a strong
correlation, and r > 0.3 shows a moderate correlation. The
statistical significance level was set at p < 0.05. Receiver
operating characteristic (ROC) analysis was used to assess the
diagnostic value of miRNAs, and for each miRNA, the area
under the curve (AUC) was calculated. The logistic regression
model was created using Weka software to assess the diagnostic
values of multi-miRNAs assays. MiRNAs for analysis were
selected using attribute selection (evaluator: Info Gain, search:
Ranker). MiRNAs with the highest ranks were used for further
modelling. Logistic regression, random tree, J48 tree, and naive
bayes classification algorithms with 10-fold cross-validation were
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used to select the combination of miRNAs with the highest
diagnostic value.

RESULTS

Patient Baseline Characteristic

The study groups consisted of 44 patients with T2DM; 24 of them
were diagnosed with IHD. Nine patients suffered only from IHD,
without T2DM. Sixteen patients were control group with normal
glucose tolerance and negative coronarography results. IHD and
IHD-free groups did not show significant differences in clinical
parameters such as duration of diabetes, platelets, fibrinogen, body
mass index (BMI), glucose level, glycated haemoglobin (HbAlc)
level, blood pressure, cholesterol, triglycerides (TG), low-density
lipoprotein (LDL), and high-density lipoprotein (HDL). The clinical
characteristics of patients enrolled in this study are summarized in
Table 1. Patients in both diabetes groups had been treated with
standard regimens and took oral hypoglycaemic medications.
Patients with T2DM had been treated with derivatives of
biguanide (42% of T2DM and 50% of T2DM IHD group,
p > 0.05) and, sulfonylurea derivatives (58% of T2DM and 68% of
T2DM IHD group, p > 0.05).

Baseline Levels of Circulating miRNAs

To determine the differentially expressed miRNAs (DEMs) in
serum of diabetic patients with IHD (n = 24) compared to
patients with T2DM (n = 20), patients with IHD (n = 9), and
control group (n = 16), we performed the expression analysis of
798 unique miRNAs using the nCounter platform. nSolver 4.0
analysis indicated that 14 miRNAs were identified as
differentially expressed between T2DM IHD and T2DM
groups. All of them were upregulated in serum samples of
T2DM patients with IHD when compared to diabetic patients
without IHD (|FC| = 1.5, FDR < 0.05) (Supplementary Table 1).
Altogether 155 DEMs were found between the T2DM IHD
compared to the control group (Supplementary Table 2).

Biomarkers for IHD in Diabetes

Additionally, 155 DEMs were found between T2DM and
control group (Supplementary Table 3). Furthermore, 221
DEMs were found between T2DM IHD and IHD groups
(Supplementary Table 4). Those comparisons allowed extract
six DEMs typical only for T2DM IHD patients (Table 2).

Functional Enrichment Analysis in T2DM
IHD Patient Samples

The IPA analysis demonstrated 489 putative target genes for six
DE miRNAs (Supplementary Table 5). To visualise connections
between tested miRNAs and target genes, Cytoscape version
3.9.0 (http://cytoscape.org/) was used. The obtained network of
connections is shown in Figure 1.

Ingenuity core analysis identified 36 altered canonical
pathways, including the endothelin-1 signalling pathway,
glucocorticoid biosynthesis, and apelin cardiomyocyte
signalling pathway (Supplementary Table 6). The top 20
deregulated canonical pathways are shown in Figure 2.

STRING database (36) (https://string-db.org/) in Cytoscape
tool (37) and the cytoHubba plugin (39) were used to visualise
the protein-protein interaction (PPI) network of the DE miRNA
target genes and identify top 10 hub genes (Figure 3).

According to cytoHubba plugin’s MCC (The Maximal Clique
Centrality) ranking, the top 10 hub genes in the PPI network
were C3ARI (Complement C3a Receptor 1), CCR5 (C-C Motif
Chemokine Receptor 5), APLNR (Apelin Receptor), and
HNRNPC (Heterogeneous Nuclear Ribonucleoprotein C)
targeted by miR-5196-3p; GNAI2 (G Protein Subunit Alpha 12)
and OPRLI (Opioid Related Nociceptin Receptor 1) targeted by
miR-3147; CXCL8 (C-X-C Motif Chemokine Ligand 8) targeted
by miR-6732-3p, ADORAI (Adenosine Al Receptor), CXCL6
(C-X-C Motif Chemokine Ligand 6), and GPSM3 (G Protein
Signaling Modulator 3) targeted by miR-1224-5p (Figure 4).

Gene ontology (GO) enrichment analysis identified biological
pathways and processes associated with the target genes. The
GO-biological process (BP) analysis identified the most
significant pathways included cell death, cell activation, cell-cell

TABLE 1 | Patient baseline characteristics.

Characteristics Patients (n = 16) controls Patients (n = 9) IHD Patients (n = 20) T2DM Patients (n = 24) T2DM IHD
median (Q1-Q3) median (Q1-Q3) median (Q1-Q3) median (Q1-Q3)

Age [years] 52.32 (49.88 - 55.91) 54.85 (50.57 - 61.20) 57.50 (52.33 - 65.17) 58.33 (53.4 - 64.58)

T2DM duration [years] - - 7.00 (4.00 -10.00) 5.00 (2.00-10.00)

BMI [kg/m?] 24,62 (22.19 - 25.66) 27.73 (26.47 - 30.39)* 32.19 (28.63 - 36.41)**** 31.24 (27.68 - 33.20)***

Platelets [10%/uL]
Fibrinogen [mg/dL]

227.50 (163.00 - 268.00)
333.50 (272.00 - 352.00)

Leukooytosis [10%/uL] 6.45 (5.49 - 7.30) 7.51 (5.60 -
Fasting glucose [mg/dL] 89.00 (85.00 - 91.00) 90.00 (84.00 -
HbA1c (%) 5.50 (5.50 - 5.65) 5.50 (5.30 -
Systolic blood pressure [mmHg] 120.00 (115.00 - 130) 120.00 (110.00 -
Diastolic blood pressure [mmHg] 80.00 (70.00 - 80.00) 80.00 (80.00 -

Cholesterol [mg/dL] 194.00 (162.00 - 209.00)

TG [mg/dL] 109.00 (86.00 - 153.00)  134.00 (109.00 -
LDL [mg/dL] 112,00 (92.00 - 132.00)  106.00 (102.00 -
HDL [mg/dL] 49.00 (40.00-62.00) 35.00 (33.00 -

4Significantly different from control group,"Sngn/‘rlcanﬂy different from IHD group "p<0.05;

221.00 (195.00 -
362.00 (296.00 -

176.00 (163.00 -

248.00)  222.00 (197.00 - 243.00) 225.00 (186.00 - 322.00)
413.00)  352.00 (315.00 - 381.00) 416.00 (354.00 - 482.00)***
8.90) 7.16 (5.40 -8.47) 7.32(6.38 - 9.30)
100.00)  122.00 (118.00 - 165.00/**** 129,00 (104.00 - 176.00)*
5.70) 6.20 (5.70 - 7.50/° 7.60 (6.20 - 8.80)*
140.00)  140.00 (120.00 - 155.00* 140,00 (130.00 — 155.00)%*+*
100.00) 80.00 (80.00 - 90.00) 85.00 (80.00 - 90.00)
196.00)  198.50 (172.00 - 224.00) 179.50 (138.00 - 211.00)
183.00) 124,00 (90.00 - 202.00) 179.00 (109.00 - 206.00)
117.00)  118.50 (102.00 - 135.00) 102.00 (66.00 - 133.00)
45.00) 46.00 (41.00 - 57.00)° 39.00 (34.00 - 50.00)

“p<0.01; "'p<0.001; **"p<0.0001; CI, confidence interval; the p-value describes the

significance of the difference between patients with T2DM without IHD compared to patients with T2DM and IHD using ANOVA Kruskal-Wallis test followed by Dunn's test.
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TABLE 2 | MiRNAs upregulated in T2DM IHD compared with T2DM patients.

miRNA FC p-value FDR
miR-615-3p 2.45 0.00000497 0.00
miR-3147 2.35 0.00000200 0.00
miR-1224-5p 1.68 0.00001305 0.00
miR-5196-3p + miR-6732-3p 1.56 0.00040774 0.01
miR-548b-3p 1.55 0.0002042 0.01

FC, fold change; FDR, false discovery rate, adjusted p-value; FC > 1.5; FDR < 0.05.

signalling, secretion, cell population proliferation, circulatory
system development, tube development, regulation of response
to external stimulus, negative regulation of execution phase of
apoptosis, and tube morphogenesis. Transcription regulatory
region nucleic acid binding, protein-containing complex
binding, enzyme binding, hydrolase activity, acting on ester
bonds, identical protein binding, transporter activity, receptor
antagonist activity, calcium ion binding, signalling receptor
regulator activity, and transcription factor binding were
pointed as the main important in GO-molecular function
analysis. According to the GO-cellular component analysis,
target genes were mainly enriched in the membrane, non-
membrane-bounded organelle, membrane-enclosed lumen,
cytosol, extracellular region, cell periphery, nucleoplasm
protein-containing complex, plasma membrane, and an
intrinsic component of membrane. KEGG pathway enrichment
analysis showed pathways involved in cardiovascular diseases
and diabetes development (Figure 5).

Levels of MIF and CXCL12 in Serum

No significant differences were observed between the serum
concentration of MIF and CXCL12 in T2DM IHD and T2DM

FIGURE 1 | Network of connection between tested miRNAs and their target genes.

Biomarkers for IHD in Diabetes

groups (p>0.05). The median values of MIF were 0.65 ng/ml in
the T2DM IHD group and 0.85 ng/ml in the T2DM group. The
median values of CXCLI2 in the T2DM IHD and T2DM groups
were 2001.54 pg/ml and 2158.37 pg/ml, respectively (p > 0.05).
Both levels of CXCL12 were significantly different in the T2DM
and T2DM IHD compared to the control group (Supplementary
Table 7). These results indicate that neither MIF nor CXCL12
can serve as good IHD prognostic markers in T2DM patients.

Correlation of Circulating miRNAs With
Clinical Data

A Spearman’s rank-order regression analysis was performed to
assess the relationship between miRNAs levels and clinical
parameters of patients (Figure 6). The analysis indicated
significant moderate correlation between fibrinogen and miR-
1224-5p, miR-3147, miR-5196-3p+miR-6732-3p, and miR-615-
3p (r=0.38; r = 0.40; r = 0.41; r = 0.36 respectively; p < 0.05).
Platelet count was negatively correlated with miR-548b-3p
(r = -0.4; p < 0.05). Systolic blood pressure was correlated with
miR-1224 (r = 0.31; p < 0.05). Analysis indicated moderate
correlation between HDL and miR-615-3p (r = -0.42, p < 0.05).
Statistical analysis showed strong positive correlation between
serum levels of all studied miRNAs. The strongest positive
correlation was indicated between miR-5196-3p+miR-6732-3p
and miR-3147 (r = 0.81; p < 0.001). MiR-3147 was also correlated
with miR-615 and with miR-548b-3p (r = 0.65; r = 0.60
respectively; p < 0.001). MiR-1224-5p showed correlation with
miR-548b-3p, miR-5196-3p+miR-6732-3p, miR-3147 (r = 0.70;
r=0.77; r = 0.68; p < 0.001). MiR-615-3p showed correlation
with miR-5196-3p+miR-6732-3p and miR-548b-3p (r=0.72; r =
0.49 respectively; p < 0.001). No significant correlations between
MIF and CXCL12 levels and upregulated miRNAs were found.
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FIGURE 2 | Top 20 Ingenuity Pathway Analysis (IPA) canonical pathways most significantly changed in T2DM patients with IHD compared to individuals without
IHD. The x-axis shows the -log of p-value calculated by the Benjamini-Hochberg (B-H) method.

FIGURE 3 | Protein-protein interaction (PPI) network of DE miRNA's targeted genes by STRING. STRING is a database of known and predicted protein-protein
interactions, including physical and functional associations based on text mining of the scientific literature, other databases, computational predictions, and
knowledge transfer between organisms. The network gives information on the degree of overall connectivity across imputed genes. The interaction score was set to
the highest confidence (0.9), showing a high probability of the association being true.
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FIGURE 4 | The networks of the top 10 hub genes.
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FIGURE 5 | Gene ontology (GO) enrichment analysis. Dot plots showing top 10 significantly enriched GO terms of the target genes in the biological process,
molecular function, cellular components, and top 10 KEGG (Kyoto Encyclopedia of Genes and Genomes) connected with cardiovascular diseases and diabetes. The
colors of the nodes are illustrated from red to blue in descending order of the FDR adjusted p-value. The sizes of the nodes are shown from small to large in
ascending order of gene counts. The x-axis represents the gene ratio, and the y axis represents the GO or KEGG terms. GO: Gene Ontology; KEGG: Kyoto
Encyclopedia of Genes and Genomes.

Evaluation of Diagnostic Values of

Tested miRNAs

ROC curve analysis was performed to estimate the possible
roles of identified miRNAs as biomarkers for THD in diabetic
patients (Figure 7). AUC (area under the ROC curve) for all six

Frontiers in Endocrinology | www.frontiersin.org

miRNAs reached significance comparing to AUC = 0.500 (p <
0.001 in all cases). The AUC values > 0.800 were found for miR-

1224-5p, miR-3147, miR-5196-3p+miR-6732-3p and miR-615-
3p. AUC score for the miR-548b-3p was also high (AUC =
0.779). The AUC values for MIF and CXCL12 were less than
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FIGURE 6 | Spearman’s rank-matrix correlation between tested miRNAs, MIF, CLXC12 and clinical parameters. The blue colour indicates a positive correlation, and

red indicates the opposite.

0.500 (AUC = 0.5 borderline of the diagnostic usefulness of
the test).

Logistic Regression Model

To investigate the possible increase of diagnostic value by
simultaneous consideration of multiple DE miRNAs, logistic
regression models were developed using Weka 3.8.6 (The
University of Waikato, Hamilton, New Zealand) software (40).
The parameters of the models and the standard quality measures
are summarized in the Table 3. The highest AUC was obtained
for a combination of miR-3147 and miR-615-3p (AUC = 0.935).
This model had a higher diagnostic value compared to the
highest AUC for miRNA used separately.

Data Validation

To verify the results of the NanoString analysis, the most
upregulated miRNAs from the miRNA profiling (miR-615-3p,
miR-3147) were validated in the group of 22 T2DM and 26
T2DM IHD patients. In comparison with the results from the
nCounter platform to qRT-PCR validation showed similarity
between the expression patterns of tested miRNA (Figure 8).

DISCUSSION

T2DM is a complex metabolic disorder involving multiple genes
that affect different signalling pathways. Diabetes is a known risk
factor for IHD, and patients with higher HbAlc levels are more
at risk of cardiovascular mortality (41). The development of new
molecular biomarkers of identification T2DM patients with risk
of IHD can improve the care of such patients. MiRNAs, as
essential mediators of cell-to-cell communication, have critical
roles in the epigenetic regulation of metabolic, inflammatory,
and antiangiogenic pathways in diabetes-related to long term
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complications (42). The latest research show that miRNA can
play an important role as a biomarker for diabetes and its
complications (3). The potential for biofluids—derived miRNA
to serve as a diagnostic tool has stimulated a wide range of
studies regarding the disease-specific expression of miRNA and
its stability (43). To find the unique miRNA profile in T2DM
patients with THD, we used a state-of-the-art NanoString
nCounter platform that provides the opportunity to profile a
large number of miRNAs that have not been previously
investigated about THD in T2DM.

In comparison to other methods of miRNA detection, the
NanoString offers maximal sensitivity and specificity with high-
quality data due to the elimination of amplification (44). It has
been shown that this platform detects miRNAs in biofluids with
sensitivity and specificity more significant than other miRNA
detection methods like qPCR or microarrays (45). Moreover, this
technique represents a more accessible and accurate method for
everyday clinical practice because of the partially automated
process that eliminates the risk of errors (46). To our best
knowledge, this study is the first miRNA profiling in the serum
of IHD patients using the nCounter platform, which seems to be
an optimal strategy to identify novel biomarker candidates for
THD prognosis.

Our research revealed six DE miRNAs in patients with T2DM
and THD compared to diabetic individuals without THD. No
significant expression of those miRNAs was observed in the
group of T2DM without IHD.

Upregulated miRNAs in the T2DM IHD group with the
highest fold change and AUC value were miR-615-3p and miR-
3147 (FC = 2.45 and 2.35; AUC = 0.877 and 0.858 respectively). A
study by Zong et al. compared miRNA profiles in patients with
acute myocardial infarction to controls. The results from RNA
sequencing pointed out 96 up-, and 85 down-regulated miRNAs
included miR-615-3p, which was also confirmed by qPCR
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FIGURE 7 | The area under the curve (AUC) of the receiver operating characteristic (ROC) curves for tested miRNAs (A) and MIF and CXCL12 proteins (B). ROC
analysis was carried out to evaluate the diagnostic potential of selected miRNA as a predictive biomarker of type 2 diabetes compared to MIF and CXCL12 proteins.

TABLE 3 | Summary of the basic parameters and common quality measures of the models.

model TP rate FP rate Precision AUC Intercept Coefficients
x1 = miR-3147 0.864 0.147 0.866 0.935 28.56 al =-9.03
x2 = miR-615-3p a2 =-6.87
x1 = miR-548b-3p 0.841 0.166 0.841 0.929 20.30 al=-7.06
x2 = miR-615-3p a2=-7.22
x1 =miR-3147 0.886 0.120 0.887 0.927 26.78 al =-6.49
X2 = 548b-3p a2 =-8.09
x3 = 615-3p ad = -6.54
x1 =1224-5p 0.795 0.204 0.797 0.906 20.68 al =-8.78
x2 = 615-3p a2 =-5.87
x1 =miR-3147 0.795 0.212 0.795 0.881 28.00 al =-6.69
x2 = miR-615-3p a2 = -6.47
x3 = 1224-5p a3 =-2.06
x4 = 548b-3p a4 =-2.27
x5 = 5196-3p+miR-6732-3p a5 =0.55

TP, true positive; FP, false positive; AUC, area under the curve of the receiver operating characteristic.

validation. In this case, the AUC for miR-615-3p was 0.688 (47).
MiR-3147,miR-1224-5p, miR-5196-3p, miR-6732-3p, and miR-
548b-3p have never been previously described concerning T2DM
or vascular disease. Their indication in our study may evidence

that they are new potential biomarkers of IHD in T2DM. These
results suggest that indicated miRNAs candidates have a high
probability of being specific for the T2DM IHD phenotype and
could play a pivotal role in the THD diagnosis in T2DM patients.
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The IPA analysis indicated 489 molecules regulated by
identified miRNAs. Further analysis linked the target genes
into a PPI network and extracted ten hub genes. Some of them
are connected with cardiovascular abnormalities and T2DM.
C3aR1 showed elevated expression in obese patients compared to
the control group (48). Research implicates that CCR5 plays an
important role in the initiation and progression of
atherosclerosis (49). CXCL6 and CXCL8 belong to the cytokine
family connected with heart failure and T2DM (50, 51).
ADORAI gene encodes adenosine Al receptor and, in the
heart, it is expressed in cardiomyocytes, and its activation
might promote angiogenesis (52). ADORAI is upregulated in
the epicardial adipose tissue, which may be involved in IHD
pathogenesis compared with mediastinal adipose tissue (53).
Adenosine signalling has a crucial role in diabetes mellitus
pathophysiology due to its modulation of insulin secretion and
regulation of B-cell homeostasis (54). Our analysis showed that
APLNR, which encodes apelin receptor, is a target gene for miR-
5196-3p. Apelin showed vascular effects in numerous studies and
under normal conditions, it lowers blood pressure (55, 56).
Recent studies have found that apelin-mediated signalling is
connected to heart failure and IHD. Furthermore, apelin
participates in the pathology of diabetes by playing a pivotal
role in increasing glucose uptake and insulin sensitivity (57).
Moreover, a meta-analysis study showed that circulating apelin
levels in humans are higher in T2DM patients than in healthy
controls (58). In contrast, a study by Castan-Laurell et al. has
proven that apelin can regulate blood glucose levels, and elevated
levels of plasma apelin might be beneficial in reducing the risk of
diabetes (59). Given that most of the presented miRNAs have not
been previously described and are potentially associated with this
gene involved in critical processes leading to THD, special
attention should be paid to it in further studies.

Ingenuity core analysis allowed us to identify which canonical
pathways are dysregulated by tested upregulated miRNAs. Our
results showed that one of the most important dysregulated
canonical pathways in the T2DM IHD patients was endothelin-1
signalling. Endothelin-1 is a potent vasoconstrictor and pro-
inflammatory protein and is an important contributor to the
pathogenesis of hypertension, atherosclerosis, hypertrophy, and

diabetes (60). Influenced by risk factors for cardiovascular
disorders, its expression is altered, which plays an important
role in the pathology of the cardiovascular system (61).
Furthermore, patients with T2DM have increased
vasoconstrictor activity induced by endothelin-1 (62). It has
been proven that p38 MPAK has a crucial role in myocyte
proliferation and apoptosis in the heart and participates in
cardiac hypertrophy regulation (63). Interestingly Liang et al.
conducted a study that confirms that miR-124 inhibits
macrophage cells by targeting the p38/MAPK signalling
pathway in the development of atherosclerosis.
Mineralocorticoid biosynthesis is another canonical pathway
that might be involved in IHD, especially at the atherosclerosis
development (64, 65). Similarly, glucocorticoids and their
receptors are also related to blood pressure regulation,
atherosclerosis, and heart failure (66). Another important
dysregulated canonical pathway is the pentose phosphate
pathway which is a significant pathway for glucose
metabolism, is required to synthesise ribonucleotides and
produces a reduced form of nicotinamide adenine dinucleotide
phosphate (NADPH), which is a key reductant in anabolic
processes (67). This pathway participates in the T2DM
pathogenesis (68). Melatonin signalling is another dysregulated
canonical pathway in T2DM IHD patients. Melatonin has a
considerable role in arterial blood pressure, insulin resistance,
lipid and glucose metabolism, and control sleep-wake cycles.
Patients with THD have low melatonin production rates.
Interestingly, this analysis also confirmed the importance of
apelin signalling. Indeed, these identified canonical pathways
play a significant role in the mechanisms leading to the
development of cardiovascular diseases. It allows supposing
that miRNAs determined by us play a relevant role in the
regulation of genes associated with cardiovascular diseases and
top dysregulated canonical pathways.

Nevertheless, we did not find any statistically significant
correlation between the level of miRNAs and clinical
parameters such as age, BMI, leucocytes, fasting glucose,
HbAlc, diastolic blood pressure, cholesterol, triglycerides, or
LDL level. However, those parameters are not specific only for
IHD. Fibrinogen is not only an indicator of hypercoagulability
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but, as an acute-phase protein, is also an indicator of
inflammation. In epidemiological and clinical studies, elevated
blood fibrinogen levels are an independent risk factor for
cardiovascular diseases (69-71). It has been proven that
miRNAs can regulate fibrinogen production (72). Interestingly,
we indicated a moderate positive correlation between levels of
fibrinogen and miR-1224-5p, miR-3147, miR-5196-3p+miR-
6732-3p, and miR-615-3p which have not been previously
described as being related to this protein. We have indicated a
moderate negative correlation between miR-548b-3p and
platelets. The link between miRNAs and platelet in the
development of THD has been previously proven and summed
up in a review by Stojkovic et al. (73). A strong or moderate
positive correlation between all miRNA’s levels suggested they
belong to the miRNA group, which dysregulation of mechanisms
responsible for diabetic complications.

The area under the ROC curve remains a major criterion for
diagnostic biomarkers. The ROC curve illustrates the
relationship between diagnostic sensitivity and specificity and
describes the diagnostic value of the tested parameters (74). To
the best of our knowledge, there is no evidence in the literature
describing the usefulness of miR-615-3p, miR-3147, (miR-1224-
5p, miR-5196-3p+miR-6732-3p, miR-548b-3p) as a diagnostic
tool for THD in T2DM. The highest AUC values were observed in
this study for miR-615-3p and miR-3147. Furthermore, other
tested miRNA (miR-1224-5p, miR-5196-3p+miR-6732-3p, and
miR-548b-3p) also showed high AUC results. The combined
analysis showed that a logistic regression model consisting of
miR-3147 and miR-615-3p demonstrates higher diagnostic
accuracy than those miRNAs individually. These findings
suggest that it would be beneficial to introduce such a panel in
predicting THD development in T2DM patients. High AUC
scores for these miRNAs provide the groundwork for future
confirmatory studies with a comprehensive validation in a larger
cohort of patients. Additionally, AUC values for MIF and
CXCL12, which play an important role in THD, were below
0.500, disqualifying these two proteins as a good diagnostic tool
for IHD diabetic patients.

MIF and CXCLI2 are considered as a potential biomarker for
heart diseases in patients with T2DM (75). However, one must
consider that diabetes is also an inflammation state, and non-
specific inflammatory parameters like MIF or CXCL12 can be
elevated in patients with IHD or without it. Low AUC values for
those proteins support our observations that the changes in
miRNA levels could be better prognostic IHD biomarkers than
the level of MIF or CXCLI12 in T2DM patients.

Currently, the RT-qPCR technique, which we have used to
validate results, remains the most commonly used approach for
miRNA expression profiling due to its price, sensitivity, and
specificity. The RT-qPCR analysis showed significantly increased
expressions of miR-615-3p and miR-3147 in the serum of
patients with T2DM who developed THD, which confirms the
reliability of the nCounter platform.

Presented data indicate a specific serum miRNA profile of
patients with T2DM and IHD, and the different levels of selective
miRNA expression might have a crucial role in further IHD
diagnosis. We believe that identified circulating miRNAs might

Frontiers in Endocrinology | www.frontiersin.org

serve as new, non-invasive biomarkers for early detection of IHD
in T2DM patients. However, this data should be considered
preliminary. Additional studies on a larger cohort of patients are
required to validate the predictive value of those miRNAs to
prompt diagnosis of THD in T2DM patients or better
identification of at-risk individuals.
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11. Streszczenie w jezyku polskim

Cukrzyca typu 2 (T2DM) jest najczgsciej wystepujagcym zaburzeniem
metabolicznym. Towarzyszaca jej przewlekla hiperglikemia powoduje zaburzenia
czynnos$ci i niewydolno$¢ m.in. oczu, nerek, nerwdw, serca i naczyn krwionosnych.
Najczegstszym 1 najniebezpieczniejszym powiklaniem cukrzycy jest choroba
niedokrwienna serca (IHD). Obecnie nie ma narzedzia do wczesnego przewidywania
rozwoju IHD u pacjentow z T2DM, a stosowane dotychczas koronarografia czy
echokardiografia s3 metodami inwazyjnymi i moga stwierdzi¢ obecno$¢ choroby dopiero
na zaawansowanym etapie. Wszystkie te czynniki powoduja, ze istnieje pilna potrzeba
wytypowania nowych, nieinwazyjnych biomarkerow wykrywania IHD u pacjentow z
T2DM. Krazace mikroRNA (miRNA) w surowicy maja duzy potencjal, aby stuzy¢ jako
marker do wczesnej diagnozy IHD i identyfikacji 0sob z predyspozycjami do jej rozwoju.
MiRNA to krotkie, jednoniciowe, niekodujgce, endogenne RNA, ktore odgrywaja
kluczowa role w regulacji ekspresji gendw, uczestnicza w procesach takich jak

proliferacja, réznicowanie, angiogeneza, onkogeneza czy apoptoza komorek.

Glownym celem prezentowanych badan byta analiza profilu miRNA i
identyfikacja potencjalnych biomarkerow diagnostycznych w surowicy u pacjentow z
IHD jako powiktanie T2DM. Wsrod 69 badanych zakwalifikowanych do dalszych analiz
wyodregbniono nast¢pujace podgrupy: chorych na T2DM z IHD, chorych na T2DM bez
IHD, grupg pacjentéw z IHD oraz grupe kontrolng bez T2DM i1 bez IHD. Zebrane probki
surowicy postuzyly jako material do oznaczenia profilu ekspresji mMiRNA w kazdej z
wybranych grup. Ekspresj¢ miRNA profilowano przy zastosowaniu platformy nCounter
firmy Nanostring. Wyniki zostaly zwalidowane metoda RT-qgPCR w czasie
rzeczywistym. Analiz¢ wynikow przeprowadzono przy uzyciu programu STATISTICA
oraz oprogramowania nSolver 4.0. Do analizy funkcjonalnej wykorzystano
oprogramowanie Ingenuity Pathway Analysis, baze¢ STRING, programy Cytoscape,
g:Profiler oraz Metascape. Na podstawie przeprowadzonych analiz wskazano szes¢
mMIRNA (miR-615-3p, miR-3147, miR-1224-5p, miR-5196-3p, miR-6732-3p i miR-
548b-3p) istotnie réznicujacych grupy pacjentow z T2DM i IHD od pacjentow z T2DM
bez IHD. Analiza funkcjonalna wykazata, ze geny regulowane przez wyznaczone miRNA
uczestniczg w procesach prowadzacych do dysfunkcji uktadu krazenia. Wszystkie

zidentyfikowane miRNA moga stuzy¢ jako nowe, nieinwazyjne biomarkery do
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wczesnego wykrywania IHD u pacjentéw z T2DM, a klasyfikujacy model diagnostyczny
utworzony z uzyciem regresji logistycznej opartej o miR-615-3p i miR-3147

najdoktadniej odréznia pacjentéw T2DM z IHD od pacjentéw bez THD.
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12. Streszczenie w jezyku angielskim

Type 2 diabetes mellitus (T2DM) is the most common metabolic disorder.
Chronic hyperglycemia can cause dysfunction and failure of the eyes, kidneys, nerves,
heart, and blood vessels. The most common and dangerous complication of diabetes is
ischemic heart disease (IHD). Currently, there is no dedicated tool to predict the early
development of IHD in patients with T2DM. Coronary angiography or echocardiography
are invasive methods and can diagnose the disease at an advanced stage. There is an
urgent need to identify new non-invasive biomarkers for detecting IHD in patients with
T2DM. Circulating micro RNAs (miRNAs) from serum have great potential to serve as
a marker for early diagnosis of IHD and identification of individuals with a predisposition
to its development. MiRNAs are short, single-stranded, non-coding, endogenous RNAs
that play a pivotal role in gene expression regulation and are involved in processes such
as proliferation, differentiation, angiogenesis, oncogenesis, and cell apoptosis.

The main objective of this study was to analyse the profile of miRNAs and identify
potential diagnostic biomarkers in the serum of patients with IHD as a complication of
T2DM. Among the 69 subjects qualified for further analysis, the following subgroups
were identified: patients with T2DM and IHD, patients with T2DM without IHD, patients
with IHD, and a control group without T2DM and IHD. Collected serum samples served
as material for miRNA profiling. The expression of miRNAs was profiled using
Nanostring's nCounter platform. The results were validated by real-time PCR. Analysis
of the results was performed using STATISTICA and nSolver 4.0 software. Ingenuity
Pathway Analysis software, STRING database, Cytoscape, g:Profiler, and Metascape
programs were used for functional analysis. Six miRNAs (miR-615-3p, miR-3147, miR-
1224-5p, miR-5196-3p, mMIiR-6732-3p, and miR-548b-3p) were identified as a
significantly upregulated in T2DM IHD group. Functional analysis showed that genes
regulated by the selected miRNAs are involved in processes leading to cardiovascular
dysfunction. All identified miRNAs have high diagnostic power and may serve as novel,
non-invasive biomarkers for the early detection of IHD in T2DM patients. A diagnostic
classification model, logistic regression based on miR-615-3p and miR-3147, most
accurately classifies T2DM patients with IHD and T2DM patients without IHD.

A logistic regression model for a panel consisting of miR-615-3p and miR-3147

significantly increases their diagnostic value (AUC= 0.935).
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Os$wiadczam, zZe wszyscy wspoOlautorzy wyrazili zgode na wykorzystanie powyzszej
publikacji w pracy doktorskiej mgr Agnieszki Bielskie;.

H%V\L@Mkcu Bielskey
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Informacja o charakterze udzialu wspotautorow w publikacjach wraz z szacunkowym
okresleniem procentowego wkiadu

Bielska, A.; Niemira, M.; Kretowski, A. Recent Highlights of Research on MiRNAs as Early
Potential Biomarkers for Cardiovascular Complications of Type 2 Diabetes Mellitus. Int. J.

Mol. Sci. 2021, 22 (6), 3153.

s : Procentow
Imig i nazwisko ; y
swsplEntot Charakter udzialu wktad

opracowanie koncepcji pracy, przeglad

) literaturowy, zebranie piSmiennictwa

Doktorantka — Agnieszka | dotyczacego tematyki pracy, napisanie 60%
Bielska manuskryptu, przygotowanie tabel i

rycin, autor korespondencyjny
den, chesn, Magdalens konsultacja merytoryczr_la pod.(_:zas pisania 30%
o s pracy, ocena ostatecznej wersji

manuskryptu
prof de Fidb, Adlan Jacek konsultacja merytoryczna pod'c':zas pisania 10%
Kretowski pracy, ocena ostatecznej wersji

< manuskryptu

Os$wiadczam, ze wszyscy wspOlautorzy wyrazili zgode¢ na wykorzystanie powyzszej
publikacji w pracy doktorskiej mgr Agnieszki Bielskie;.

ﬂ%mwkpv Biebkou
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Biatystok, 21.12.2022

prof. dr hab. Adam Jacek Kretowski
Centrum Badan Klinicznych
Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1

15-089 Biatystok

Oswiadczenie

Oswiadczam, iz mdj udzial w przygotowaniu publikacji:

e _Recent Highlights of Research on MiRNAs as Early Potential Biomarkers for
Cardiovascular Complications of Type 2 Diabetes Mellitus.”

autorow: Bielska Agnieszka, Niemira Magdalena, Krgtowski Adam

opublikowanej w International Journal of Molecular Science,

wchodzacej w sklad rozprawy doktorskiej ,,Analiza profilu mikro RNA i identyfikacja
potencjalnych biomarkerow diagnostycznych w surowicy u pacjentow ze stabilng chorobg
niedokrwienng serca jako powiklanie cukrzycy typu 2., wynoszacy 10% polegat na konsultacji
merytorycznej podczas pisania pracy oraz ocenie ostatecznej wersji manuskryptu.

e Serum MiRNA Profile in Diabetic Patients With Ischemic Heart Disease as a
Promising Non-Invasive Biomarker.”

autorow: Bielska Agnieszka, Niemira Magdalena, Bauer Witold, Sidorkiewicz Iwona,
Szalkowska Anna, Skwarska Anna, Raczkowska Justyna, Ostrowski Damian, Gugata Kamil,
Dobrzycki Stawomir, Kretowski Adam

opublikowanej w czasopismie Frontiers in Edocrinology

wchodzacej w sklad rozprawy doktorskiej ,, Analiza profilu mikro RNA i identyfikacja
potencjalnych biomarkerow diagnostycznych w surowicy u pacjentow ze stabilng chorobq
niedokrwiennq serca jako powiklanie cukrzycy typu 2.”, wynoszacy 5% polegal na konsultacji
merytorycznej oraz ocenie ostatecznej wersji manuskryptu.

Potwierdzam, iz indywidualny udzial mgr Agnieszki Bielskiej w powstaniu niniejszych prac
wynidst po 60% w kazdej. Jednoczesnie wyrazam zgodg na wykorzystanie przez Agnieszke
Bielskg publikacji w postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i
nauk o zdrowiu w dyscyplinie nauki medyczne.
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Biatystok, 21.12.2022

dr n. chem. Magdalena Niemira
Centrum Badan Klinicznych
Uniwersytet Medyczny w Bialymstoku
ul. J. Kilinskiego 1

15-089 Biatystok

Of$wiadczenie

Oswiadczam, iz mdj udzial w przygotowaniu publikacji:

e Recent Highlights of Research on MiRNAs as Early Potential Biomarkers for
Cardiovascular Complications of Type 2 Diabetes Mellitus.”

autorow: Bielska Agnieszka, Niemira Magdalena, Kretowski Adam

opublikowanej w International Journal of Molecular Science,

wchodzacej w skiad rozprawy doktorskiej , Analiza profilu mikro RNA i identyfikacja
potencjalnych biomarkerow diagnostycznych w surowicy u pacjentow ze stabilng chorobq
niedokrwienng serca jako powiklanie cukrzycy typu 2., wynoszacy 30% polegal na konsultacji
merytorycznej podczas pisania pracy oraz ocenie ostatecznej wersji manuskryptu.

e _Serum MiRNA Profile in Diabetic Patients With Ischemic Heart Disease as a
Promising Non-Invasive Biomarker.”

autorow: Bielska Agnieszka, Niemira Magdalena, Bauer Witold, Sidorkiewicz Iwona,
Szalkowska Anna, Skwarska Anna, Raczkowska Justyna, Ostrowski Damian, Gugata Kamil,
Dobrzycki Stawomir, Kretowski Adam

opublikowanej w czasopismie Frontiers in Edocrinology

wchodzacej w sklad rozprawy doktorskiej , Analiza profilu mikro RNA i identyfikacja
potencjalnych biomarkerow diagnostycznych w surowicy u pacjentow ze stabilng chorobg
niedokrwiennq serca jako powiklanie cukrzycy typu 2.”, wynoszacy 15% polegat na udziale w
planowaniu eksperymentéw, pomocy w opracowaniu metodyki, nadzorowaniu przebiegu
badan, pomocy w przygotowaniu manuskryptu i nadzorze merytorycznym.

Potwierdzam, iz indywidualny udzial mgr Agnieszki Bielskiej w powstaniu niniejszych prac
wynidst po 60% w kazdej. Jednocze$nie wyrazam zgode¢ na wykorzystanie przez Agnieszke
Bielska publikacji w postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i
nauk o zdrowiu w dyscyplinie nauki medyczne.
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Biatystok, 21.12.2022

dr n. med. Witold Bauer

Centrum Badan Klinicznych
Uniwersytet Medyczny w Bialymstoku
ul. J. Kilinskiego 1

15-089 Biatystok

Oswiadczenie

Os$wiadczam, iz moj udziat w przygotowaniu publikacji:

e  Serum MiRNA Profile in Diabetic Patients With Ischemic Heart Disease as a
Promising Non-Invasive Biomarker.”

autorow: Bielska Agnieszka, Niemira Magdalena, Bauer Witold, Sidorkiewicz Iwona,
Szatkowska Anna, Skwarska Anna, Raczkowska Justyna, Ostrowski Damian, Gugata Kamil,
Dobrzycki Stawomir, Kretowski Adam

opublikowanej w czasopi$mie Frontiers in Edocrinology

wchodzacej w sklad rozprawy doktorskiej ,,Analiza profilu mikro RNA i identyfikacja
potencjalnych biomarkerow diagnostycznych w surowicy u pacjentow ze stabilng chorobq
niedokrwiennq serca jako powiklanie cukrzycy typu 2.”, wynoszacy 4% polegat na wyborze i
analizie podstawowych parametrow pacjentow.

Potwierdzam, iz indywidualny udziat mgr Agnieszki Bielskiej w powstaniu niniejszej pracy
wynidst 60%. Jednocze$nie wyrazam zgode na wykorzystanie przez Agnieszke Bielska
publikacji w postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o
zdrowiu w dyscyplinie nauki medyczne.
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Biatystok, 21.12.2022

dr n. med. Iwona Sidorkiewicz
Centrum Badan Klinicznych
Uniwersytet Medyczny w Bialymstoku
ul. J. Kilinskiego 1

15-089 Biatystok

Oswiadczenie

Os$wiadczam, iz moj udziat w przygotowaniu publikacji:

e _Serum MiIRNA Profile in Diabetic Patients With Ischemic Heart Disease as a
Promising Non-Invasive Biomarker.”

autorow: Bielska Agnieszka, Niemira Magdalena, Bauer Witold, Sidorkiewicz Iwona,
Szatkowska Anna, Skwarska Anna, Raczkowska Justyna, Ostrowski Damian, Gugata Kamil,
Dobrzycki Stawomir, Kretowski Adam

opublikowanej w czasopi$mie Frontiers in Edocrinology

wchodzacej w sklad rozprawy doktorskiej , Analiza profilu mikro RNA i identyfikacja
potencjalnych biomarkeréw diagnostycznych w surowicy u pacjentow ze stabilng chorobq
niedokrwiennq serca jako powikianie cukrzycy typu 2.”, wynoszacy 5% polegatl na
wspotwykonawstwie badan laboratoryjnych oraz pomocy w analizie wynikow.

Potwierdzam, iz indywidualny udziat mgr Agnieszki Bielskiej w powstaniu niniejszej pracy
wynidst 60%. Jednocze$nie wyrazam zgodg na wykorzystanie przez Agnieszkg Bielska
publikacji w postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o
zdrowiu w dyscyplinie nauki medyczne.
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Biatystok, 21.12.2022

mgr Anna Zeller (Szatkowska)
Centrum Badan Klinicznych
Uniwersytet Medyczny w Bialymstoku
ul. J. Kilinskiego 1

15-089 Biatystok

Oswiadczenie

Oswiadczam, iz moj udzial w przygotowaniu publikacji:

e  Serum MiRNA Profile in Diabetic Patients With Ischemic Heart Disease as a
Promising Non-Invasive Biomarker.”

autorow: Bielska Agnieszka, Niemira Magdalena, Bauer Witold, Sidorkiewicz Iwona,
Szatkowska Anna, Skwarska Anna, Raczkowska Justyna, Ostrowski Damian, Gugalta Kamil,
Dobrzycki Stawomir, Kretowski Adam

opublikowanej w czasopi$mie Frontiers in Edocrinology

wchodzace] w sklad rozprawy doktorskiej ,,Analiza profilu mikro RNA i identyfikacja
potencjalnych biomarkerow diagnostycznych w surowicy u pacjentow ze stabilng chorobg
niedokrwiennq serca jako powiklanie cukrzycy typu 2., wynoszacy 3% polegal na
wspdtwykonawstwie badan laboratoryjnych.

Potwierdzam, iz indywidualny udzial mgr Agnieszki Bielskiej w powstaniu niniejszej pracy
wyniést 60%. Jednocze$nie wyrazam zgode na wykorzystanie przez Agnieszke Bielska
publikacji w postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o
zdrowiu w dyscyplinie nauki medyczne.

ﬂULLLQ {L@Lﬂd
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Nowy York, 22.12.2022

dr n. chem Anna Skwarska

Cancer Center

Albert Einstein College of Medicine
1300 Morris Park Ave

10461 New York

e-mail: anna.skwarska@einsteinmed.edu

Oswiadczenie

Oswiadczam, iz mdj udziat w przygotowaniu publikacji:

e _ Serum MiRNA Profile in Diabetic Patients With Ischemic Heart Disease as a
Promising Non-Invasive Biomarker.”

autorow: Bielska Agnieszka, Niemira Magdalena, Bauer Witold, Sidorkiewicz Iwona,
Szatkowska Anna, Skwarska Anna, Raczkowska Justyna, Ostrowski Damian, Gugata Kamil,
Dobrzycki Stawomir, Kretowski Adam

opublikowanej w czasopi$mie Frontiers in Edocrinology

wchodzacej w skfad rozprawy doktorskiej ,,Analiza profilu mikro RNA i identyfikacja
potencjalnych biomarkeréow diagnostycznych w surowicy u pacjentéw ze stabilng chorobg
niedokrwienng serca jako powiktanie cukrzycy typu 2.”, wynoszacy 3% polegat na pomocy w
przygotowaniu manuskryptu oraz na korekcie jezykowej.

Potwierdzam, iz indywidualny udzial mgr Agnieszki Bielskiej w powstaniu niniejszej pracy
wyniost 60%. Jednoczesnie wyrazam zgode na wykorzystanie przez Agnieszke Bielska

publikacji w postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o
zdrowiu w dyscyplinie nauki medyczne.

%7’1,.21& }& A/Lv“é//"a"éQ/
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Biatystok, 21.12.2022

mgr Justyna Raczkowska

Centrum Badan Klinicznych
Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1

15-089 Biatystok

Oswiadczenie

Oswiadczam, iz méj udzial w przygotowaniu publikacji:

e _Serum MiRNA Profile in Diabetic Patients With Ischemic Heart Disease as a
Promising Non-Invasive Biomarker.”

autorOw: Bielska Agnieszka, Niemira Magdalena, Bauer Witold, Sidorkiewicz Iwona,
Szatkowska Anna, Skwarska Anna, Raczkowska Justyna, Ostrowski Damian, Gugala Kamil,
Dobrzycki Stawomir, Kretowski Adam

opublikowanej w czasopismie Frontiers in Edocrinology

wchodzacej w skiad rozprawy doktorskiej ,,Analiza profilu mikro RNA i identyfikacja
potencjalnych biomarkerow diagnostycznych w surowicy u pacjentow ze stabilng chorobg
niedokrwiennq serca jako powikianie cukrzycy typu 2.”, wynoszacy 1% polegal na
wspdltwykonawstwie badan laboratoryjnych.

Potwierdzam, iz indywidualny udzial mgr Agnieszki Bielskiej w powstaniu niniejszej pracy
wynidst 60%. Jednocze$nie wyrazam zgodg na wykorzystanie przez Agnieszke Bielskg
publikacji w postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o
zdrowiu w dyscyplinie nauki medyczne.
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Biatystok, 21.12.2022

mgr Damian Ostrowski

Centrum Badan Klinicznych
Uniwersytet Medyczny w Bialymstoku
ul. J. Kilinskiego 1

15-089 Biatystok

Oswiadczenie

Oséwiadczam, iz moj udziat w przygotowaniu publikacji:

e _Serum MiRNA Profile in Diabetic Patients With Ischemic Heart Disease as a
Promising Non-Invasive Biomarker.”

autorow: Bielska Agnieszka, Niemira Magdalena, Bauer Witold, Sidorkiewicz Iwona,
Szatkowska Anna, Skwarska Anna, Raczkowska Justyna, Ostrowski Damian, Gugata Kamil,
Dobrzycki Stawomir, Krgtowski Adam

opublikowanej w czasopismie Frontiers in Edocrinology

wchodzacej w sklad rozprawy doktorskiej ,,Analiza profilu mikro RNA i identyfikacja
potencjalnych biomarkerow diagnostycznych w surowicy u pacjentow ze stabilng chorobg
niedokrwienng serca jako powiklanie cukrzycy typu 2.7, wynoszacy 1% polegal na
wspotwykonawstwie badan laboratoryjnych.

Potwierdzam, iz indywidualny udzial mgr Agnieszki Bielskiej w powstaniu niniejszej pracy
wynidst 60%. Jednoczesnie wyrazam zgode na wykorzystanie przez Agnieszke Bielska
publikacji w postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o
zdrowiu w dyscyplinie nauki medyczne.

AR
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Biatlystok, 21.12.2022

lek. Kamil Gugala

Klinika Kardiologii Inwazyjnej z OIOK i Pracownig Hemodynamiki
Uniwersytet Medyczny w Biatymstoku

ul. J. Kilinskiego 1

15-089 Biatystok

Oswiadczenie

Oswiadczam, iz mdj udzial w przygotowaniu publikacji:

e _Serum MiRNA Profile in Diabetic Patients With Ischemic Heart Disease as a
Promising Non-Invasive Biomarker.”

autorow: Bielska Agnieszka, Niemira Magdalena, Bauer Witold, Sidorkiewicz Iwona,
Szatkowska Anna, Skwarska Anna, Raczkowska Justyna, Ostrowski Damian, Gugata Kamil,
Dobrzycki Stawomir, Krgtowski Adam

opublikowanej w czasopi$mie Frontiers in Edocrinology

wchodzacej w sklad rozprawy doktorskiej ,,Analiza profilu mikro RNA i identyfikacja
potencjalnych biomarkerow diagnostycznych w surowicy u pacjentow ze stabilng chorobg
niedokrwiennq serca jako powikianie cukrzycy typu 2.”, wynoszacy 1% polegat na zbieraniu
prébek do badan.

Potwierdzam, iz indywidualny udzial mgr Agnieszki Bielskiej w powstaniu niniejszej pracy
wynidst 60%. Jednocze$nie wyrazam zgode na wykorzystanie przez Agnieszke Bielska
publikacji w postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o
zdrowiu w dyscyplinie nauki medyczne.

82



Biatystok, 21.12.2022

prof. dr hab. Stawomir Dobrzycki

Klinika Kardiologii Inwazyjnej z OIOK i Pracownia Hemodynamiki
Uniwersytet Medyczny w Biatymstoku

ul. J. Kilinskiego 1

15-089 Biatystok

Oswiadczenie

Oswiadczam, iz méj udzial w przygotowaniu publikacji:

e Serum MiRNA Profile in Diabetic Patients With Ischemic Heart Disease as a
Promising Non-Invasive Biomarker.”

autoroOw: Bielska Agnieszka, Niemira Magdalena, Bauer Witold, Sidorkiewicz Iwona,
Szatkowska Anna, Skwarska Anna, Raczkowska Justyna, Ostrowski Damian, Gugata Kamil,
Dobrzycki Stawomir, Kretowski Adam

opublikowanej w czasopi$mie Frontiers in Edocrinology

wchodzacej w sktad rozprawy doktorskiej , Analiza profilu mikro RNA i identyfikacja
potencjalnych biomarkerow diagnostycznych w surowicy u pacjentow ze stabilng chorobq

niedokrwienngq serca jako powiklanie cukrzycy typu 2.”, wynoszacy 2% polegal na konsultacji
merytorycznej.

Potwierdzam, iz indywidualny udzial mgr Agnieszki Bielskiej w powstaniu niniejszej pracy
wyniést 60%. Jednocze$nie wyrazam zgodg¢ na wykorzystanie przez Agnieszke Bielska
publikacji w postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o
zdrowiu w dyscyplinie nauki medyczne.

KIEROWRNIK
Kliniki Kardiologii Inwazyjnej

z OIOK i Pra@wnrq Hew)lkl
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14. Uchwala Komisji Etycznej

KOMISJA BIOETYCZNA
UNIWERSYTETU MEDYCZNEGO w BIALYMSTOKU
ul. Jana Kilinskiego 1
15-089 Bialystok
tel. (085) 748 54 07, fax. (085) 748 55 08
prorektorkl@umb.edu.pl

Bialystok, 19-12-2019

Uchwata nr: R-1-002/583/2019

Komisja Bioetyczna Uniwersytetu Medycznego w Bialymstoku, po
zapoznaniu si¢ z projektem badania zgodnie z zasadami GCP/ Guidelines for
Good Clinical Practice /- wyraza z gode naprowadzenie tematu
badawczego: ,,Profilowanie krazacego miRNA u pacjentdéw z cukrzycg typu 2
i chorobg niedokrwienng serca ” przez mgr Agnieszke Bielska wraz z zespolem
badawczym z UMB.

/ mijsji Bioetycznej UMB
/
1aév%l-Bielecka

KOMISJA BIOETYCZNA
PRZY UNIWERSYTECIE MEDYCZNYM W BIALYMSTOKU
ul. Jana Kilinskiego 1
15-089 Biatystok
tel. 85 748 54 07, fax 85 748 55 08
komisjabioetyczna@umb.edu.pl

Biatystok, 28.01.2021 r.

Uchwata nr: APK.002.35.2021

Na podstawie art. 29 ust. 2 i 14 ustawy dnia 5 grudnia 1996 r. o zawodach
lekarza i lekarza dentysty (tj. Dz. U z 2020, poz. 514 ze zm.), Komisja
Bioetyczna przy Uniwersytecie Medycznym w Bialymstoku, po zapoznaniu si¢
z projektem badania zgodnie z zasadami GCP/ Guidelines for Good Clinical
Practice/- wyraza zgod ¢ naprowadzenie tematu badawczego: ,,Analiza
profilu krazagcych miRNA u pacjentéw z chorobg wiencowa w celu
wytypowania  potencjalnych  biomarkeréw  diagnostycznych”  przez
mgr Agnieszke Bielskg wraz z zespotem badawczym z UMB.

Planowany okres realizacji od 28.01.2021 r. do 02.01.2022 r.

Pouczenie:
1. Odwotanie od uchwaly komisji bioetycznej wyrazajqcej opinie moze wniesé:
1) wnioskodawca;
2) kierownik podmiotu, w kiorym eksperyment medyc=ny ma byé przeprowad=ony;
3) komisja bioetyczna wlasciwa dla osrodka, ktéry ma uczestniczy¢é w wieloosrodkowym eksperymencie
medycznym.
2. Odwolanie, o ktérym mowa w ust. 1, wnosi si¢ za posrednictwem komisji bioetycznej, ktéra podjela uchwale,
do Odwolawczej Komisji Bioetycznej w terminie 14 dni od dnia doreczenia uchwaly wyrazajqcej opinie.
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