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1. WYKAZ PUBLIKACJI STANOWIACYCH ROZPRAWE
DOKTORSKA

Praca przegladowa:

1. Angelika Buczynska; Iwona Sidorkiewicz; Anna Trochimiuk;
Stawomir Lawicki; Adam Jacek Krgtowski; Monika Zbucka-
Kretowska
Novel approaches to an integrated route for Trisomy 21
evaluation
Biomolecules, 2021, 11(9), 1328.

Doi: 10.3390/biom11091328
IE=4.879: MNiSW =100

Prace oryginalne:

1. Angelika Buczynska; Iwona Sidorkiewicz; Stawomir Lawicki;
Adam Jacek Kretowski; Monika Zbucka-Kretowska

The Significance of Apolipoprotein E Measurement in the
Screening of Fetal Down Syndrome

Journal of Clinical Medicine, 2020, 9(12), 3995.

Doi: 10.3390/jcm9123995

IF=4.241;: MNIiSW =140

2. Angelika Buczynska; Iwona Sidorkiewicz; Stawomir Lawicki;
Adam Jacek Kretowski; Monika Zbucka-Kretowska
Prenatal Screening of Trisomy 21: Could Oxidative Stress
Markers Play a Role?
Journal of Clinical Medicine, 2021, 10(11), 2382.
Doi: 10.3390/jcm10112382
IF=4.241: MNIiSW =140




2. ZESTAWIENIE PUBLIKACJI DOKTORANTA

Rodzaj publikacji Liczba Impact Punktacja
Factor MNiISW
Prace wlaczone do
rozprawy 3 13,36 380
doktorskiej
Prace, ktore nie
zostaty wiaczone
9 29,47 840
do rozprawy
doktorskiej
Streszczenia
) 7 0 0
zjazdowe
Razem 19 42,83 1220




3. WYKAZSKROTOW

Al1AT- alfa-1-antytrypsyna

AGE — ang. advanced glycation end products, koncowe produkty glikacji
AUC- ang. area under the curve, pole pod krzywa

cbDNA — ang. cell-based DNA, DNA uzyskane z komorek

ELISA — ang. enzyme-linked immunosorbent assay, metoda
Immunoenzymatyczna

fIDNA — ang. free fetal DNA, wolnokrazace, ptodowe DNA

IMA — ang. ischemia-modified albumin, albumina modyfikowana
niedotlenieniem

NIPT —ang. Non Invasive Prenatal Testing, nieinwazyjne badania
przesiewowe

OR - ang. odds ratio, iloraz szans

OSDP DNA/RNA - ang. oxidative stress damage product, produkty
oksydacyjnego rozpadu DNA/RNA

ROC- ang. receiver operating characteristic curve, krzywa
charakterystyki

ROS - ang. reactive oxygen species, reaktywne formy tlenu
T21 — trisomia 21 chromosomu

USG - badanie ultrasonograficzne



4. WSTEP DOTYCZACY TEMATYKIPRACY
DOKTORSKIEJ]

Trisomia 21 pary chromosomu (T21) to najczesciej wystepujaca
aneuploidia u ptodu [1], ktéra fenotypowo (zesp6t Downa) wystepuje jako
zespOl wrodzonych wad (m.in. serca, ukladu pokarmowego, kostnego,
moczowo-plciowego) z towarzyszacym uposledzeniem umystowym [2].
W 2006 roku National Institute of Child Health and Human Development
oszacowat czgstotliwos¢ wystgpowania T21 na 1:800 do 1:1000 zywych
urodzen. Dodatkowo, wystgpowanie tej aneuploidii w populacji jest

niezalezne od przynalezno$ci do grupy etnicznej czy spotecznej [3].

Obecnie, w celu oszacowania ryzyka wystgpienia aneuploidii
u plodu stosuje si¢ nieinwazyjne badania biochemiczne potaczone
z badaniem ultrasonograficznym (USG), gdzie czutos¢ badania przekracza
90% [4,5]. Nastegpnie, w celu potwierdzenia (diagnostyki) wystgpowania
T21 u ptodu stosuje si¢ badania inwazyjne, takie jak amniopunkcja lub
biopsja kosmowki, ktore charakteryzuja si¢ wyzszg swoistoscig niz badania
nieinwazyjne, jednak wiaza si¢ z 0,5% ryzykiem poronienia [6].
Przetomowym momentem diagnostyki nieinwazyjnej (NIPT) okazalo si¢
wprowadzenie testow  genetycznych, polegajacych na badaniu
wolnokrazacego, plodowego DNA (ffDNA) w krwi matki [7,8]. Dane
literaturowe wskazuja na 99,8% czulosci tego testu, jednak
w dalszym ciggu metoda ta nie zostala uznana za metode¢ diagnostycznag.
Ponadto, wykonanie tego badania jest zwigzane z poniesieniem wysokich

kosztow oraz zapewnieniem wysokospecjalistycznej aparatury [9].

Zastosowanie nowych biochemicznych markerow przesiewowych

moze skutkowac zwigkszeniem czutosci I swoistosci nieinwazyjnych



badan prenatalnych oraz ograniczeniem nieuzasadnionego stosowania
procedur inwazyjnych przy jednoczesnym zmniejszeniu ryzyka poronienia
W potgczeniu z zastosowaniem badan inwazyjnych [10]. Dane literaturowe
podkreslaja zwigzek aberracji chromosomowych plodu z zaburzeniami
procesow  zaleznych od  potencjalu  procesdéw  oksydacyjno-
antyoksydacyjnych [11]. Obecno$¢ dodatkowego chromosomu 21
powoduje zaburzenie szeregu szlakéw metabolicznych, skutkujacych
wystgpieniem wad wrodzonych u ptodu [12,13]. Dodatkowo, biorac pod
uwagge fakt, ze kluczowe geny szlaku stresu oksydacyjnego sa zmapowane
na chromosomie 21, nalezaloby odnosi¢ si¢ do znaczenia stresu
oksydacyjnego nie tylko w patogenezie T21, ale takze w diagnostyce
prenatalnej [14]. Liczne dane literaturowe podkreslaja, iz wskutek
wystgpienia aberracji u plodu dochodzi do wzrostu stezenia markeréw
stresu oksydacyjnego oraz wystgpienia zaburzen W procesach
antyoksydacyjnych, odpowiedzialnych za przeciwdziatanie wystgpieniu
oksydacyjnych uszkodzen struktur biologicznych [14,15]. Nadmierna
produkcja reaktywnych form tlenu (ROS) lub wyczerpanie endogennych
rezerw antyoksydantow mogg stanowi¢ przyczyng powstania stresu
oksydacyjnego w przebiegu T21. Reaktywne formy tlenu moga wigzac si¢
z biatkami, lipidami oraz materiatem genetycznym, powodujac zniszczenie
struktur komoérkowych i1 zaburzenie integralno$ci tkanki biologicznej [16].
Zana 1 in. w swojej pracy sugerujg, ze wolne rodniki ostabiajg
intensywno$¢ systemow haprawczych materialu genetycznego, tym
samym zwigkszajac prawdopodobienstwo powielania powstatych mutacji
[17]. W czasie prowadzonych badan zauwazono, ze podwyzszony poziom
stresu oksydacyjnego w patogenezie T21 moze powodowac utlenianie

wielonienasyconych kwasow tluszczowych, a tym samym wywotywaé



efekty niszczace btony komorkowe. Sugeruje si¢, ze proces utleniania jest
jedna z gtdwnych przyczyn zaburzen poznawczych obserwowanych w tej
chorobie [18]. Badania wykazaly rowniez, ze podwyzszony poziom stresu
oksydacyjnego powoduje uszkodzenie DNA, reorganizacj¢ cytoszkieletu
I chromatyny, defekty w szlaku apoptozy komorek i nieprawidlowe
funkcjonowanie  punktéw  kontrolnych  cyklu  komoérkowego.
Wobec powyzszych danych parametry stresu oksydacyjnego moglyby
petni¢ role wczesnych biomarkeréw przesiewowych stosowanych w celu

oszacowania ryzyka wystgpienia T21 u ptodu [10,18,19].

Celem rozprawy doktorskiej byta ocena przydatnosci oznaczania
wybranych parametrow stresu oksydacyjnego w badaniach prenatalnych.
W badaniu poddano ocenie uzyteczno$¢ przesiewowego oOznaczania
nastepujacych biatek: produkty oksydacyjnego rozpadu DNA/RNA
(OSDP), a takze innych powszechnie stosowanych markerow stresu
oksydacyjnego  (albumina modyfikowana niedokrwieniem (IMA)
i produkty koncowe zaawansowanej glikacji (AGE)) oraz  nowe
biatka antyoksydacyjne —asprosin i alfa-1-antytrypsyna (A1AT)

— oraz apolipoproteing E (ApoE) i witaming D.

Na dodatkowg uwage zastuguje fakt, iz, pomimo ze defekt
genetyczny w przebiegu zespotu Downa — trisomia 21 pary chromosomow
- jest znany, etiologia powstajacych nieprawidtowosci nie jest do konca
zrozumiata [20]. Mozna przypuszczaé, ze poznanie biochemicznych
mechanizmow odpowiedzialnych za pojawienie si¢ obrazu klinicznego
oraz ich wczesne rozpoznanie w okresie plodowym umozliwi regulacje
zmienionych szlakéw patogenetycznych, co mogloby potencjalnie

zwigkszy¢ szanse na prawidtowy rozwoj ptodu [21].
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5. OMOWIENIE PRAC SKLADAJACYCH SIE NA
ROZPRAWE DOKTORSKA

5.1. Cele pracy

Celem rozprawy doktorskiej byto zbadanie potencjalnych
wczesnych biomarkeréw biochemicznych trisomii 21 pary chromosomow
powodujacych zaburzenia szlakow metabolicznych. Cel pracy zostat

zrealizowany poprzez:

1. Oceng przydatnosci pomiaru stezenia Apolipoproteiny E, alfa-
1- antytrypsyny (Al1AT) oraz biatka asprosin w diagnostyce

przesiewowej T21.

2. Oceng przydatno$ci pomiaru stezenia wybranych markeréw stresu
oksydacyjnego: produktow oksydacyjnego rozpadu DNA/RNA, albuminy
modyfikowanej niedotlenieniem (IMA), koncowych produktow glikacji

(AGE) w diagnostyce przesiewowej T21.

3. Przeprowadzenie analizy w/w markeréow w aspekcie patogenezy

wystgpienia zaburzen rozwoju ptodu z rozpoznanym zespotem Downa.

5.2.  Praca przegladowa stanowigca podsumowanie tematyki

poruszanej w rozprawie doktorskiej

o Praca przegladowa pt.: ,,Novel approaches in an integrated
route of Trisomy 21 evaluation”
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5.2.1. Material i metody

Oceng literatury przeprowadzono z wykorzystaniem bazy PubMed
wg kryteriow 1 szablonow strategicznych PRISMA. Wykorzystano
artykuty medyczne opublikowane w latach 2000-2021. Wspotczynnik
oddziatywania (IF) analizowanych czasopism wahat si¢ od 1,14 do 70,67.
Aby oceni¢ uzytecznos¢ diagnostyczng proponowanych nowych markerow
z potencjalnym zastosowaniem w prenatalnych badaniach przesiewowych,
uwzgledniono warto$ci pod krzywa charakterystyki (AUC) na podstawie
krzywych charakterystyki (ROC).

5.2.2. Whnioski

Wprowadzenie nieinwazyjnych prenatalnych badan
przesiewowych z wykorzystaniem wolnokrazacego DNA ptodowego
(FfFDNA) bylo momentem przelomowym w czasie nieustannego rozwoju
dziedziny prenatalnych badaniach przesiewowych. Dalsze
postepy W rozwoju prenatalnych badan  przesiewowych  moga
doprowadzi¢ do poprawy doktadnosci metod biochemicznych
wykorzystywanych do tej pory. Chociaz czuto$¢ metod omicznych
w badaniach prenatalnych jest duzo wyzsza niz dotychczas stosowanych
metod, nadal istnieje wiele wyzwan zwigzanych z ich wprowadzeniem
do rutynowej diagnostyki. Niemniej jednak, metody omiczne moga
by¢ stosowane do szybkiej i doktadnej analizy duzych ilo$ci probek.
Niestety badania te pozostajg relatywnie drogie, co ogranicza
wprowadzenie ich do rutynowej diagnostyki, zwtaszcza w krajach stabiej
i $rednio rozwinigtych. Metoda ELISA moze by¢ uzyteczng metoda,
umozliwiajacg ~ wprowadzenie  wynikow  uzyskanych  metodami
omicznymi do codziennej rutynowej diagnostyki, z jednoczesnym
ujednoliceniem stosowanych procedur.
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Przypuszcza sig¢, iz dalsza walidacja wynikéw z wykorzystaniem metody
ELISA umozliwi wydobycie zalet wynikow uzyskanych metodami
omicznymi, zapewniajgc szybka i doktadng detekcje T21. W zwigzku z tym
nadal istnieje potrzeba kontynuacji badan, opartych na metodach
omicznych w celu poprawy wartosci diagnostycznej przeprowadzanych

prenatalnych badan przesiewowych.

Dodatkowo badania przeprowadzane w celu poszukiwania nowych
markerow T21 moga prowadzi¢ do odkrycia potencjalnych celow
terapeutycznych. Podkreslajac ztozonos¢ zaburzen wystepujacych podczas
rozwoju T21, zastosowanie zintegrowanych metod omicznych do zbadania
patogenezy tej aneuploidii moze by¢ najskuteczniejszym sposobem

wprowadzenia odpowiedniego leczenia prenatalnego T21 w przysztosci.
5.3.  Publikacje oryginalne

o . The Significance of Apolipoprotein E Measurement in the
Screening of Fetal Down Syndrome”

. ,,Prenatal Screening of Trisomy 21: Could Oxidative Stress
Markers Play a Role?”

5.3.1. Materiat

Material potrzebny do badania zostat zbiobankowany w ramach
wczesniej prowadzonych projektow naukowych, na ktore zostato wydane
pozwolenie  Komisji ~ Bioetycznej  Uniwersytetu  Medycznego
w Biatymstoku (R-1-002/36/2014).

Pacjentki zostaly zakwalifikowane do grupy badanej oraz grupy

kontrolnej na podstawie wynikow kariotypowania uzyskanych w trakcie
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amniopunkcji wykonanej w Klinice Rozrodczosci i Endokrynologii
Ginekologicznej Uniwersytetu Medycznego w Biatymstoku. Na potrzeby
tego badania zostato zakwalifikowanych 20 pacjentek z rozpoznanym T21
u ptodu (stanowigce grupe badang) oraz 20 pacjentek z prawidlowym
kariotypem (grupa kontrolna). Pacjentki zostaly wiaczone do badania
na podstawie kryteriow wiaczenia (rozpoznany T21 u plodu) i wylgczenia
(niestosowanie terapii hormonalnej, przewlekte choroby

oraz nieprawidtowy przebieg ciazy).

5.3.2. Zgoda Komisji Bioetycznej

Protokot  eksperymentalny  przygotowany na  potrzeby
przeprowadzenia badan zawartych w rozprawie doktorskiej zostal
zatwierdzony przez Komisj¢ Bioetyczng Uniwersytetu Medycznego
w Bialymstoku (APK/002/351/2020).

5.3.3. Metody

5.3.3.1L Materiat badany

Material biologiczny (osocze oraz ptyn owodniowy) pozyskany od

pacjentek byt przechowywany w temperaturze -80°C.
5.3.3.2. Oznaczenia laboratoryjne

Stezenia IMA, AGE, AlAT i biatka asprosin oznaczono
z wykorzystaniem testéw immunoenzymatycznych (ELISA) (Cloud-Clone
Corp., Wuhan, Chiny; odpowiednio CEA825Hu, CEB353Ge, SEB697Hu
I SEA332Hu) zgodnie z instrukcjami dostarczonymi przez producenta.
Stezenia DNA/RNA  OSDP oznaczono réwniez przy uzyciu
zestawu ELISA (DNA/RNA Oxidative Damage (High Sensitivity),



Cayman Chemicals, Ann Arbor, Michigan, MI, USA, 589320). Zestaw ten
umozliwial jednoczesng detekcjg OSDP DNA/RNA, takich jak
8-hydroksyguanozyna (8-OHG), 8-hydroksy-2’-deoksyguanozyna
(8- OHdG) i 8-hydroksyguanina. Catkowity pomiar witaminy D oceniono
metodg chemiluminescencji z wykorzystaniem aparatu Cobas E411 firmy
Roche (07464215). Stezenie 25-OH witaminy D zostalo oznaczone metoda
ELISA (Gentaur, Sopot, Polska, KAP1971). Probki i kontrole byly
randomizowane, a nastgpnie mierzone w tej samej serii, przy uzyciu

metody $lepej analizy.

5.3.3.3. Analiza statystyczna

Wyniki badan poddano analizie statystycznej z uzyciem programu
GraphPad PRISM v.9.0. (GraphPad Software Inc., San Diego, CA)
Z uzyciem klasycznych metod statystycznych. Roznice uznano za istotne
statystycznie przy p<0,05. W celu okreslenia uzytecznos$ci diagnostyczne;j
badanych parametréw wykreslono krzywe charakterystyk (ROC),
gdzie pole pod krzywa (AUC) oraz wyliczony iloraz szans (OR), bedacy

miarg zwigzku migdzy ekspozycja a wynikiem, poddano analizie.
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5.3.4. Wyniki

5.34.1. Porownanie stezen markerow w osoczu i ptynie
owodniowym pomiedzy kobietami w cigzy z rozpoznang T21 u ptodu

oraz ci¢zarnymi Z euploidalnym ptodem

Przeprowadzone badania udowodnity istotnie wyzsze stgzenie
ApoE u kobiet z rozpoznanym T21 u plodu w poréwnaniu do grupy
kontrolnej (p < 0,001). Analizujac parametry zwigzane z oznaczeniami
markerow stresu oksydacyjnego wykazano, ze stgzenia OSDP DNA/RNA
byly istotnie wyzsze w probkach ptynu owodniowego pozyskanych
od kobiet w cigzy z rozpoznang T21 u ptodu w poréwnaniu do grupy
kontrolnej (p < 0,05). Nie zaobserwowano istotnej roznicy w stezeniach
OSDP DNA/RNA w o0soczu pomiedzy grupg badang i kontrolng. W grupie
pacjentek z T21 u ptodu wykazano istotnie nizsze stezenia AGE zarowno
w probkach osocza, jak 1 ptynu owodniowego w poréwnaniu z wynikami
uzyskanymi w grupie kontrolnej (p < 0,001). Dodatkowo stezenia IMA
W 0soczu byly nizsze w grupie badanej w poréwnaniu z grupa kontrolng
(p<0,0001).

Analizujac parametry antyoksydacyjne oceniane w grupie badanej,
catkowite stezenia witaminy D w 0soczu byty istotnie nizsze w poréwnaniu
z grupa kontrolng (p < 0,05). Aby potwierdzi¢ niedobdr witaminy D,
zmierzono st¢zenie 25-OH witaminy D w probkach osocza i plynu
owodniowego. Nie wykazano istotnych réznic miedzy uzyskanymi
oznaczeniami w grupie badanej i kontrolnej, jednakze, w obu grupach
zaobserwowano nizsze niz zalecane stezenie 25-OH witaminy D (powyzej
30 ng/ml).

16



Stezenia biatka asprosin w grupie badanej byty istotnie wyzsze
zarbwno W probkach osocza, jak i pltynu owodniowego w poréwnaniu
z grupg kontrolng (p <0,001). Ponadto, stwierdzono, ze stezenia A1AT byty
istotnie nizsze w probkach plynu owodniowego uzyskanego
w grupie pacjentek z rozpoznang T21 u ptodu niz w grupie kontrolnej
pacjentek z cigzami euploidalnymi (p < 0,001). W trakcie analizy wynikoéw
otrzymanych stezen A1AT w osoczu, nie zaobserwowano istotnej roznicy

miegdzy grupg badang a kontrolng.
5.3.4.2. Wzajemna zalezno$¢ migdzy badanymi markerami

Wsréd parametrow  biochemicznych zmierzonych w grupie
kontrolnej zaobserwowano dodatnie korelacje miedzy nastepujacymi
oznaczeniami: st¢zenie catkowitej witaminy D w osoczu, a 25-OH
witaming D w osoczu (r = 0,85; p < 0,001) oraz miedzy catkowita witaming
D w osoczu, a ALAT w ptynie owodniowym (r = 0,59; p < 0,05).
Dodatkowo zaobserwowano dodatnie korelacje miedzy 25-OH witamina D
1 ATAT w grupie kontrolnej (r = 0,47; p < 0,05) zmierzonej w ptynie
owodniowym oraz mig¢dzy st¢zeniem biatka asprosin, a ALIAT (r = 0,45;
p < 0,05) zmierzonej w plynie owodniowym. Ponadto, wykazano
dodatnig korelacje miedzy A1AT zmierzonej w plynie owodniowym,
a stezeniem OSDP DNA/RNA mierzonym w osoczu (r = 0,44; p < 0,05).
Wykazano rowniez ujemng korelacje miedzy ALAT oznaczong W ptynie
owodniowym, a osoczowym stezeniem OSDP DNA, oznaczonej w grupie
kontrolnej (r = -0,45; p < 0,05). W odniesieniu do grupy badanej
zaobserwowano silne dodatnie korelacje w o0soczu migdzy catkowitg
witaming D a witaming D 25-OH (r = 0,80; p < 0,001) oraz migdzy
catkowitg witaming D a IMA (r = 0,45; p < 0,05) ). Dodatkowo, w grupie
badanej zaobserwowano dodatnig Korelacje miedzy stezeniem IMA
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zmierzonym w plynie owodniowym, a poziomem 25-OH witaming D
oznaczong réwniez W tym materiale (r = 0,52; p < 0,05). Wykazano
rowniez ujemng korelacje miedzy pomiarami stezenia asprosinu w plynie
owodniowym, a stezeniem 25-OH witaminy D w osoczu (r= —0,54
p < 0,05), a takze pomigdzy oznaczeniami AGE i ALAT mierzonymi
w osoczu(r = —0,60; p < 0,05). Zaobserwowano réwniez ujemng korelacje
mi¢cdzy OSDP DNA/RNA, a A1AT w ptynie owodniowym (r = —0,54;
p < 0,05). Nie zaobserwowano istotnej korelacji migdzy osoczem,
a ptynem owodniowym dla pozostalych parametréw ani w grupie

kontrolnej, jak i badanej.
5.3.4.3. Uzytecznosc¢ przesiewowa badanych parametrow

W czasie trwania badania przeanalizowano, jakie parametry

spos$rod badanych majg wplyw na wzrost ilorazu szans (OR) wystapienia
T21.. Stwierdzono zaleznosci pomiedzy wystgpowaniem T21, a stezeniem
asprosinu w ptynie owodniowym (OR=22,78), AGE (OR=2,11),
IMA (OR=0,18) oraz w osoczu (OR=8,20) i A1AT (OR=5,75)
(p < 0,05). W celu okreslenia przydatnosci diagnostycznej badanych
parametrow (wartos¢ AUC), bedacych przedstawionych za pomoca
zaleznosci miedzy czutoscig, a swoistoscig, przygotowano wykresy ROC.
Wartos$ci graniczne zostaly ustalone za pomoca indeksu Youdena.
Najwigksza czulo$¢ charakteryzowato oznaczanie st¢zenia biatka asprosin
W 0soczu i ptynie owodniowym, stezenia AGE w ptynie owodniowym
oraz ApoE w osoczu(odpowiednio AUC=1,00; 0,95; 0,95; 0,98)
(Tabelal).



Tabela 1. Warto$¢ diagnostyczna badanych markeréw w badaniach

przesiewowych T21.

Marker Jednostka AUC
ApoE
ng/mL 0.98
PS
Asprosin
ng/mL 0.97
PS
Asprosin
ng/mL 0.83
AF
AGE PS ng/mL 0.85
AGE AF ng/mL 0.96
AlAT PS mg/L 0.53
AlAT AF mg/L 0.87
DNA/RN
A OSDP pg/mL 0.51
PS
DNA/RN
A OSDP pg/mL 0.73
AF

Punkt
Czulosé Swoistos¢

odciecia

>1.37 80% 100%

>12.70 100% 85%

>12.91 95% 65%

<11.00 81% 80%

<4.184 95% 90%

<2.341 81% 33%
<0.3180 76% 86%

<40.30 80% 40%

>31.76 84% 58%

A1AT - alfa-1-antytrypsyna; AF — ptyn owodniowy; ApoE- apolipoproteina E; AGE —

koncowe produkty glikacji; AUC - pole pod krzywa charakterystyk (ROC); OSDP, produkty

oksydacyjnego rozpadu DNA/RNA; PS - osocze.
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5.3.5. Whnioski

Podczas przeprowadzonych badan wykazano uzyteczno$é
diagnostyczna oznaczenia nowych biatek w prenatalnych badaniach
przesiewowych T21, a osoczowe stezenie biatka asprosin, ApoE, IMA,
AGE wykazaly najwyzsze wartos$ci czutosci i swoistosci. Dodatkowo,
uzyskane wyniki potwierdzity potencjalne zastosowanie markeréw stresu

oksydacyjnego w badaniach przesiewowych T21.

Badanie wybranych biatek obecnych w ptynie owodniowym
I 0osoczu ci¢zarnych z potwierdzong T21 u ptodu dostarczyto informacji
na temat wystepujacych zaburzen szlakow metabolicznych skutkujacych
powstaniem defektow narzadowych u ptodu. Potencjalne Zrédlo stresu
oksydacyjnego w cigzy z T21 objawia si¢ W szczegdlnosci W tozysku,
ale pochodzi réwniez z komoérek matki i/lub ptodu oraz czynnikoéw
zewngtrznych. Ponadto, w czasie badan zauwazono obnizone stgzenie
Al1AT w ptynie owodniowym pozyskanym od kobiet ciezarnych z T21
u ptodu. Potencjalnie, obnizenie st¢zenia A1AT moze powodowaé
wystgpienie Szeregu wad rozwojowych spowodowanych niedoborem
AlAT, bedacej jednym z najsilniejszych modulatoréow uktadu
odpornosciowego. Skutki niedoboru AI1AT moga réwniez wynikac
ze zwigkszonego poziomu stresu oksydacyjnego, ktory réwniez zostat
potwierdzony w przeprowadzonych badaniach na podstawie oznaczenia
stezenia produktow oksydacyjnego rozpadu DNA/RNA w ptynie
owodniowym. Podczas analizy wynikow wykazano ujemng korelacje
migedzy OSDP DNA/RNA, a A1AT, gdzie istotnie zwigkszony poziom
stresu oksydacyjnego mogiby skutkowa¢ odpowiednio proporcjonalnym
obnizeniem st¢zenia A1AT zaobserwowanym w ptynie owodniowym.

Z tego wzgledu mozna dodatkowo przypuszczaé, iz organizm cigzarnej
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nie jest w stanie zneutralizowa¢ zwigkszonego poziomu stresu
oksydacyjnego spowodowanego potwierdzong T21 u ptodu. Niezbedne sa
dalsze badania nad mechanizmami transferu potencjalnych markerow
miedzy przedziatem matczynym 1 ptodowym, aby okresli¢ zwigzek
mig¢dzy parametrami badanymi w ptynie owodniowym a oznaczanymi
W  matczynym  osoczu. Ponadto, obnizone stgzenie AIAT
wraz z obnizonym stezeniem witaminy D oraz zwigkszonym stezeniem
biatka asprosin i DNA/RNA OSDP sa zwigzane zaburzen wynikajacych
z deregulacji wielu $ciezek metabolicznych zwigzanych z rozwojem
T21 u plodu. Na podstawie niniejszego badania uzasadnione jest
przypuszczenie, ze stres oksydacyjny wystepuje gtownie W plynie
owodniowym, gdzie bezposrednio zwigzany jest z rozwijajacg si¢ T21
powodujacg szereg zaburzen metabolicznych skutkujacych wystapieniem
wad narzadowych u plodu. Sugeruje to, ze organizm matki jest
niewydajny w przezwyci¢zaniu niedoborow  antyoksydacyjnych
spowodowanych przez wzrost poziomu stresu oksydacyjnego
spowodowanego poprzez wystapienie T21. W zwigzku z powyzszym,
zasadnym wydaja si¢ dalsze badania oceniajace potencjalny pozytywny
wplyw zastosowania antyoksydantow w prenatalnej interwencji medycznej
w przebiegu T21. Potencjalny korzystny wptyw podawania
przeciwutleniaczy podczas rozwoju T21 moze zmniejszy¢ dysfunkcje
poznawcze i neuronalne. Obliczenia OR wykazaty, ze zwigkszone stezenie
biatka asprosin oznaczanego w 0soczu i plynie owodniowym
wraz z obnizonym stezeniem AIAT mierzonej w ptynie owodniowym
oraz stgezeniem IMA, zwigkszalo ryzyko wystgpienia T21 u ptodu.
W przeprowadzonym badaniu potwierdzono uzyteczno$¢ przesiewowa
oznaczania ApOE, biatka Asprosin oraz wybranych markerow stresu

oksydacyjnego w celu oszacowania ryzyka wystapienia T21.

21



Dodanie powyzszych potencjalnych nowych markerow T21 w celu
przeprowadzenia kalkulacji ryzyka wystagpienia T21 moze umozliwi¢
popraw¢ warto$ci diagnostycznych stosowanych dotychczas testow

nieinwazyjnych.

6. KOPIE PUBLIKACJI WCHODZACYCH W SKLAD
ROZPRAWY DOKTORSKIEJ
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Abstract: Trisomy 21 (T21) is one of the most commonly occurring genetic disorders, caused by
the partial or complete triplication of chromosome 21. Despite the significant progress in the di-
agnostic tools applied for prenatal screening, commonly used methods are still imprecise and
involve invasive diagnostic procedures that are related to a maternal risk of miscarriage. In this
case, novel prenatal biomarkers are still being evaluated using highly specialized techniques, which
could increase the diagnostic usefulness of biochemical prenatal screening for T21. From the other
hand, the T21's pathogenesis, caused by the improper division of genetic material, disrupting many
metabolic pathways, could be further evaluated with the use of omics methods, which could result
in bringing relevant insights for the evaluation of potential medical targets. Accord- ingly, a
literature search was undertaken to collect novel information about prenatal screening for Down
syndrome with the use of advanced technology, with a particular emphasis on the evaluation of
novel screening biomarkers and the discovery of potential medical targets. These meta-analyses
are focused on novel approaches designed with the use of omics techniques, rep- resenting the
most rapidly developing and promising field in research today. Considering the limitations and
progress of these methods, the use of omics techniques in evaluating T21 pathogene- sis could bring
beneficial results in prenatal screening, simultaneously uncovering novel potentialmedical targets.

Keywords: trisomy 21; metabolomics; genomics; prenatal screening

1. Introduction

Trisomy 21 (T21), also known as Down syndrome, is one of the most frequently oc-
curring chromosomal aberrations, appearing in 1 in 319 to 1 in 1000 live births [1]. The most
frequently diagnosed duplication of chromosome 21 as a result of the abnormal
nondisjunction of chromosomes occurs in an estimated 95% of cases, and the remaining
5% are associated with translocation and somatic mosaicism [1-3]. T21 patients strug-
gle with physical and mental disabilities and many others comorbidities, such as heart defects,
thyroid disease, leukemia, cancers, Alzheimer’s disease, and others [1,3-5]. The clinical
manifestation of an additional chromosome 21 determines the well-recognized phenotype,
which includes an altered facial appearance (flatness of the bridge of the nose, midfacial
hypoplasia, and a tendency to protrude the tongue) and musculoskeletal features
(inflammatory arthritis, scoliosis, and patellar instability) [1,3,6].
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The prenatal screening for T21 is currently based on noninvasive methods, which
enable the estimation of the risk of its occurrence, and invasive techniques, mainly used to
verify the presence of chromosomal aberrations. Serum screening and ultrasound are used to
identify women whose pregnancies are at a high risk of chromosomal abnormalities.
Positive screening results can lead to the need to undergo invasive procedures, such as
amniocentesis or chronic villus sampling (CVS), where the 21-trisomic karyotype can be
confirmed. CVS involves the aspiration of placental tissue, and amniocentesis involves the
collection of amniotic fluid. Although invasive techniques are characterized by high diag-
nostic specificity, they are also associated with a 1% risk of miscarriage [6,7]. On the other
hand, material collected using invasive techniques, such as amniotic fluid, is still useful for
research [8]. The breakthrough moment in prenatal diagnosis was the development of non-
invasive cell-free fetal DNA (cffDNA) evaluation; however, its high cost has limited the in-
troduction of this test into routine management. There has been significant development of
diagnostic tools for prenatal diagnosis, but the number of patients undergoing invasive tests
remains constant [7,8]. Therefore, it is still important to find a cost-effective and noninvasive
screening method for biomarker discovery characterized by high sensitivity and specificity,
which would provide certain benefits, subsequently leading to the evaluation of novel
medical targets. In this case, the application of novel biochemical screening markers, deter-
mined using specific novel techniques, may lead to a reduction in unnecessary invasive
procedures [9].

Clearly, there is still a need to evaluate the insufficiencies in metabolic pathways
involved in the patomechanism of T21. Bioinformatics has enabled comprehensive multi-
omics and clinical data integration for insightful interpretation. In this review, we outline
considerations of omics methods applied to experimental design and general frameworks for
the integration of omics data in T21 research, along with analytic strategies, and spec-
ulate about future multi-omics approaches. Information about T21 prenatal screening
received with use of advanced technology, with a particular emphasis on the evaluation
of novel screening biomarkers and the discovery of potential novel medical targets, was
collected. We hope that this study will also provide novel insights to improve the manage-
ment of complications related to the genetic, metabolomic, and proteomic disturbances
observed in T21 development, while also providing possible insights into the role of
prenatal screening.

2. Materials and Methods

The literature evaluation was conducted using the PubMed database following the
PRISMA and EQUATOR network guidelines [10-13]. We considered medical papers
published in 2000-2021. The papers were independently selected and reviewed. The
impact factors of the journals used in this study ranged from 1.14 to 70.67. Articles with
irrelevant conclusion statements or inappropriate study methods, inadequate reporting, or
dissemination of incomplete reports were excluded from the study (Figure 1).

To assess the diagnostic tools for prenatal screening markers, the receiver operating
characteristic (ROC) curve and the area under the ROC curve (AUC) were taken into
consideration [14].
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Figure 1. PRISMA flow diagram of meta-analysis process performed during research [13].

3. Current Recommendation for Down Syndrome Screening

The screening for T21 is currently based on noninvasive methods using serum biomark-
ers and ultrasound examination. First-trimester aneuploidy screening is performed during
the 11th to 13th weeks of gestation and includes the measurement of nuchal translucency
by ultrasound and maternal serum-free beta-human chorionic gonadotrophin ( B hCG) and
pregnancy-associated plasma protein A (PAPP-A) [15].

Lately, the second-trimester screening for T21 has been primarily assigned to lower
levels of maternal serum alpha fetoprotein (MSAFP) and unconjugated estriol with elevated
B hCG and inhibin a concentrations. An increased concentration of MSAFP was associated
with open spina bifida in the fetus [16]. The most reliable serum biomarkers— B hCG, alpha-
fetoprotein (AFP), unconjugated estriol (E3), and PAPP-A—were associated with 5-10%
rates of false positives (Table 1) [2,7,17-19].

Table 1. Biochemical prenatal screening markers [10,20-24].

Pregnancy Period Ultrasound Biochemical Test Sensitivity Specificity
First trimester (11-13 weeks) +(NT) PAPP-A and free B hCG 85-90% 82-87%
Second trimester (18-24 weeks) + B hCG + uE3 + AFP + inhibin A 69-92% 81-96%
First or second trimester + PAPP-A, AFP, uE3, total hCG 88% 90-95%
First or second trimester + PAPP-A, inhibin A, AFP, uE3, free 8 hCG/total hCG 85% 90-95%

AFP, alpha-fetoprotein; B hCG, chorionic gonadotropin beta subunit; hCG, chorionic gonadotropin; uE3, unconjugated estradiol; NT, nuchal
translucency; PAPP-A, pregnancy-associated plasma protein A.

In the last decade, the first-trimester prenatal screening replaced the performance
of second-trimester measurements. It was proved that first-trimester prenatal screening
biochemical tests, when combined with the ultrasound marker of fetal NT thickness, are more
reliable, thus detecting more than 90% of the cases [15,25].

Due to the rapid development of promising untargeted omics evaluations using ad-
vanced technology for the comprehensive comparative analysis of genomes, knowledge
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of the metabolome and proteasome could enhance the diagnostic use of prenatal screen-
ing. These methods are characterized by high sensitivity, specificity, and reproducibility.
Moreover, these studies enable the dissemination of knowledge about the disturbances
of metabolic pathways involved in T21 development, which could reveal unanticipated
metabolic perturbations and lead to the discovery of novel medical targets. The detection
of fetal cells and fetal DNA circulating in maternal blood has increased the role of prenatal
screening [26,27]. The progressive integration of different omics methods in T21 pathogen-
esis could elucidate potential causative changes that lead to this disease or determine the
treatment targets that could be studied in further clinical trials.

4. Prenatal Genetic Diagnosis of Down Syndrome

Modern genetics started with research by the Augustinian friar Gregor Johann Mendel,
published in 1866, when the theory of Mendelian inheritance was established [28]. The
next generation and the rapid development of science led to the discovery of DNA as
the structure of chromosomes in 1950 [29]. In 2003, the successful completion of the
Human Genome Project, with 99% of the genome sequenced at a 99.99% accuracy, was
a breakthrough in genomic development. In the past few decades, many biologists have
focused on large-scale genetics projects based on clinical diagnosis and medical intervention
possibilities for many diseases [30]. The basic method used to determine trisomy 21 is
amniotic fluid chromosome analysis [31]. Amniocentesis is usually performed between
the 15th and 18th gestational weeks. Although invasive techniques are associated with a
risk of miscarriage, the removal of amniotic fluid itself causes no harm to the developing
fetus and is optimal for obtaining fetal cells for culture. Metaphase chromosome analysis
or chromosomal microarray analysis (CMA) is almost always performed on amniotic fluid
samples [32].

In order to avoid invasive prenatal procedures, there is a need for new T21 biomarkers
that have high sensitivity and specificity. Thus, genetic tests could be implemented for
noninvasive T21 screening panels. Since the presence of fetal DNA in maternal plasma and
serum was established by Lo et al. in 1997 using genome sequencing techniques, rapid
progress has been observed in prenatal genetic testing [23]. Gene identification is important
for understanding the pathophysiology of diseases and improving diagnosis, prevention,
and treatment. The complete sequencing of chromosome 21 provided a basis for the
identification of candidate genes for T21 phenotype manifestations. The mechanisms by
which an extra copy of chromosome 21 produces the phenotypes of T21 are complex. Next-
generation sequencing (NGS) technology is not limited to gene chip technology, so the
identification of novel genes is less time-consuming and expensive. Moreover, post-data
analysis has been improved by the establishment of huge public data repositories.

NGS technology facilitates a high detection rate and a low percentage of false positive
T21 results [24]. There are several genes located on chromosome 21 associated with T21
phenotypes. The genes that have been implicated in T21 development include Cu/Zn
superoxide dismutase (SOD1), amyloid precursor protein (APP), Ets-2 transcription factors,
Down syndrome critical region 1 (DSCR1) stress-inducible factor, beta-site APP cleav- ing
enzyme (BACE), and S100 [33,34]. The Down syndrome critical region (DSCR) is a
chromosome 21 segment purported to contain genes responsible for many features of
T21 [35]. The DSCR hypothesis predicts that genes in this region are sufficient to produce
T21 phenotypes. Studies should evaluate the association of DSCR with T21 diagnosis. The
involvement of other genes can be elucidated with advances in omics methods. Sequencing
methods are characterized by higher accuracy than chromosome analysis and can detect
gene variation effectively. Moreover, this type of prenatal screening is not dependent on
gestational age [25]. Compared with traditional first-generation sequencing technology,
the sequencing of the human genome initiated the discovery of the T21 patomechanism,
leading to a growing understanding of the genetic determinants of this disease, resulting
in noninvasive prenatal screening (NIPT) [24].
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Rapid improvements in genetic technologies led to the evolution of the prenatal
screening of cffDNA, which is more sensitive and specific than biochemical screening
methods. From early pregnancy, cffDNA is present in maternal blood, the majority of which
originates from the mother herself, but with relevant fetal components contributing
approximately 10-20% of the total. Most cffDNA is derived from villous cells; its concen-
tration increases with increasing gestational age, and it is rapidly cleared from the maternal
circulation within hours of delivery, making it pregnancy-specific [36]. This measurement
is highly specific with regard to representing the entire fetal genotype [28]. The rapid
development of massively parallel sequencing (MPS) technology made it feasible to use
maternal plasma cffDNA to detect trisomy 21. However, relying on complex and expensive
MPS techniques hinders the use of cffDNA as a common screening procedure [37]. With
noninvasive tests of maternal blood (fetal and maternal) circulating free DNA (cfDNA) and
cffDNA (originating from placenta), results that are discordant with the fetal karyotype can
arise from the detection of maternal chromosomal rearrangements or mosaicism, maternal
malignancy, or confined placental mosaicism. However, false negatives can occur in cases
of decreased concentrations or inconsistent laboratory techniques. Moreover, NIPT is not
considered as a diagnostic tool in less economically developed countries, and the confirma-
tion of positive results by invasive testing is still required [29]. Various factors affect the
accuracy of ccfDNA results, including confined placental mosaicism, the contribution of
maternal DNA, and technical or statistical issues [38].

Currently, the NIPT field is dominated by the cffDNA approach. However, cell-based
NIPT (cbNIPT) has been proposed as a superior alternative to overcome the challenges
associated with cffDNA [39]. Trophoblasts, granulocytes, lymphocytes, stem cells, and
nucleated red blood cells (nRBC) have been identified in maternal blood as a source of cell-
based DNA (cbDNA) [40-42]. Intact fetal cells harvested from the maternal circulation
represent the uncontaminated fetal DNA which enable to avoid the issues associated with
using fragmented cffDNA. A study by Vossaert et al. has demonstrated no significant cor-
relation between maternal age, body mass index, and trophoblast yield of single circulating
trophoblast testing, which proves the advantage over cffDNA testing [43].

One of the most limiting factors in cbDNA procedure is to isolate the rare fetal cell from
maternal circulation. Fingerprinting by short tandem repeat analysis, fetal cell enrichment,
and staining, cell sorting based on physical characteristics, antigens, and proteins have
been proposed as useful methods to obtain information regarding the cellular origin [44].
Recently, automated fetal nRBC and extravillous trophoblast capture systems have been
validated in the genetic diagnosis [45,46]. Nevertheless, insufficient clinical trials able to
provide evidence demonstrating a robustness of cbDNA and its diagnostic value in fetal
aneuploidy diagnosis still restrain its clinical implementation [47].

Altered RNA expression is observable for many but not all of the genes mapped on
chromosome 21 and for a larger number of genes located on other chromosomes. Epi-
genetics refers to the regulation of gene expression through microRNA synthesis, DNA
methylation, and histone modification processes. Data in the literature suggest that DNA
methylation, as a mechanism regulating gene expression, plays an important role in the
pathogenesis of T21 [48,49]. DNA methylation is a chemical modification of the fifth carbon
of a cytosine base to form 5-methylcytosine (5-mc) catalyzed by DNA methyltransferases.
Studying the baseline epigenetic effects on chromosome 21 is a useful approach for eval-
uating novel therapies. Studies focused on the epigenome-wide evaluation of T21 have
identified 1052 differentially methylated regions associated with this disease, including
significant hypermethylation regions of RUNX family transcription factor 1 (RUNX1) and
Fli-1 proto-oncogene (FLI1), the main regulators of hematopoiesis [48]. Furthermore, it
was proved that reduced neuron-restrictive silencer factor/RE1-silencing transcription
factor (NRSF/REST) expression with the simultaneous upregulation of DYRK1A (mapped
on chromosome 21q22.13) and protocadherin gamma cluster (PCDHG) gene expression
observed during early T21 development may contribute to insufficient neural circuit for-
mation in the developing brain. The upregulation of DNMT3L (on chromosome 21q22.4)
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could additionally lead to de novo methylation during neurodevelopment, resulting in
DNMT3A and DNMT3B downregulation in the brains of T21 fetuses [50]. The epigenetic
signature of T21 is mainly enriched in genes responsible for hematopoiesis, morphogenesis,
and development, and the regulation of the chromatin structure in neurons [51]. This
observation may provide useful novel biomarkers for T21 brain development and potential
novel medical targets for prenatal therapeutic interventions.

Analyses of novel markers in T21 screening have mainly focused on noncoding nucleic
acids such as microRNA (miRNA). A miRNA is a single, non-coding RNA molecule that can
be obtained from the maternal compartment as a useful diagnostic tool to identify fetal T21
occurrence [22,28]. MiRNAs can affect protein expression by interfering with RNA
translation or promoting mRNA degradation [32,33]. Combined with DNA methylation,
miRNA provides a means to evaluate changes in gene activation and expression, and to
understand the impact on gene clusters that affect particular pathways [34,35]. Data in the
literature prove that T21 is associated with multiple patterns of deregulation in maternal
plasma miRNA expression, such as that of let-7c, miRNA-99a, miRNA-125b, miRNA- 155,
miRNA-802, miRNA-3118, miRNA-3156, miRNA-3196, miRNA-3648, miRNA-3687,
miRNA-4327, miRNA-4759, and mir-99a [32,34-36]. This differential expression is related to
the occurrence of neuropathology, leukemia, hematopoiesis, congenital heart defects,and
autism during T21 development [32,33,37,38]. Moreover, altered expression of miR-
1973, miR-3196, and miR-138 related to T21 comorbidities has also been reported [38-40].
Deregulated expression of miR-138-5b and miRNA-155 has a significant impact on hip-
pocampal tissues from T21 fetuses, and the downregulation of this target may be involved
in intellectual disability and neurological deficiency [35,38,41]. Zbucka-Kretowska et al.
revealed 13 miRNAs differentially expressed—six miRNAs upregulated (hsa-miR-15a, hsa-
let-7d, hsa-miR-142, hsa-miR-23a, hsa-miR-199 and hsa-miR-191) and seven downregulated
(hsa-miR-1290, hsa-miR-1915, hsa-miR30e, hsa-miR-1260, hsa-miR-483, hsa-miR-548 and
hsa-miR-590)—in maternal plasma obtained from T21 pregnancies, which were considered
to make up a potential noninvasive second-trimester prenatal screening panel [35]. The
study was conducted on 12 patients with fetal DS and 12 patients with uncomplicated
pregnancies considered as the control group, using NanoString technology, with the deter-
mination of the expression levels of 800 miRNAs. Prenatal biomarkers play an essential
role in early diagnosis, prediction and clinical management [28]. Since the pathophysiology
of T21 is extremely complicated, determining the disturbed metabolic pathways is highly
recommended. It can be hypothesized that assessing the trisomy 21-induced overexpres-
sion of chromosome 21-derived miRNAs will become the standard of T21 diagnostics in
the future [52]. Moreover, a study performed by Erturk et al. showed that the suggested
variation in miR-155 expression commonly observed with miR-802 assessed in T21 tissues
was associated with immunological complications, in particular, with the upregulation of
CD4+ T cells. For this study, 56 patients underwent invasive prenatal testing, 23 of which
were carrying fetuses affected by Down syndrome, and 33 control cases were included
for comparison. All the biological material was collected during the 17th and 18th weeks
of gestation, and the miRNA expression levels were measured using real-time RT-PCR.
In this case, differentiation into Th-1 lymphocytes, leading to a reduced number of em-
bryonic B cells and extra-follicular B cells, was observed. The deregulation of microRNA
expression may be the reason for the reduced synthesis of high-affinity IgG antibodies
observed in T21 patients [30,34]. These results could also be analyzed using novel medical
target approaches.

Undeniably, genomics is still a new field in science. As mentioned, cffDNA has had
a significant influence on the evolution of prenatal T21 screening, and the promise of
miRNA is under constant examination. On the other hand, genetic tests are characterized
by limitations in sensitivity because only a subset of causative mutations can be identified
simultaneously. Furthermore, the sensitivity of the test may be influenced by ethnicity.
The detection of global changes in miRNA expression and the subsequent interpretation
of such data may additionally be dependent on the specific platform used [53]. Novel
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genetic technologies could enhance the diagnostic sensitivity. Genomic instability, aneu-
ploidy and other polymorphism-based variations that originate in the female germline
and contribute to developmental defects during T21 development can be determined
through investigations based on sequencing and epigenetic techniques. However, the high
cost and complex nature of post-data metanalyses currently limit the worldwide imple-
mentation of this procedure, especially in underdeveloped and moderately developed
countries [52,54]. Molecular genetic techniques augment chromosome analysis, broadening
the range of identifiable genetic abnormalities, and may accelerate the clinical management
of patients [55].

5. Metabolomic Profiles as Down Syndrome Markers

Metabolomic methods are mainly based on nuclear magnetic resonance (NMR) spec-
troscopy and mass spectrometry (MS) [56]. NMR and MS are powerful analytical tech-
niques used to quantify unknown/known biological materials, identify unknown com-
pounds in samples and elucidate the structure and chemical properties of different molecules,
with the subsequent evaluation of concentrations. NMR is characterized by the chemical
shift of protons (H-1 NMR) or carbon (13C-NMR) atoms. The shift depends on the range of
atoms in the subject atom’s vicinity. A mass spectrometer generates multiple ions from the
sample under investigation, followed by separation based on their specific mass-to-charge
ratio (m/z). Thus, records of the relative abundance of each ion type are established [57].
In comparison with genomics, metabolomics techniques can be used to analyze pleiotropic
molecular metabolites obtained from biological compartments, the quantitative determi-
nation of which could be considered in screening novel biochemical and, in the future,
evaluating treatment follow-up markers [58]. The results obtained from maternal plasma and
amniotic fluid evaluation are reliable and have been validated for the discovery of novel
T21 screening biomarkers [58-60].

Following a study performed by Bahado-Singh et al. using NMR-based metabolomics, 11
maternal serum novel metabolites (2-hydroxybutyrat, 3-hydroxybutyrate, 2-hydroxyisov
alerate, acetamide, acetone, carnitine, dimethylamine, lactate, methionine, pyruvate and L-
methylhistidine) were revealed as being significantly different between T21 and euploid
pregnancies, and, more importantly, three of the examined molecules (3-hydroxybutyrate, 3-
hydroxyisovalerate and 2-hydroxybutyrate) were reported to have increased concentrations
during the first trimester of pregnancy. These metabolites are produced as a result of
complementary mechanisms, and are involved in myelination and in the prevention of
increased levels of oxidative stress, which are confirmed in T21 pathogenesis. Furthermore,
3-hydroxybutyrate is a ketone, which is an important substrate for phospholipid and
sphingolipid synthesis. Accordingly, both phospholipids and sphingolipids are required for
neuronal transition processes and myelination.

Regarding sphingolipid pathways, Charkiewicz et al. proved the second-trimester
screening utility of measuring selected sphingolipids in the maternal plasma and amniotic
fluid [61]. A significant increase in the levels of two ceramides, C22-Cer (AUC = 0.814)
and C24:1-Cer (AUC = 0.729), in the T21 pregnancies was observed. On the other hand,
decreases in the concentrations of seven ceramides were reported: C16-Cer (AUC = 0.857),
C18-Cer (AUC = 0.968), C18:1-C (AUC = 0.897), C20-Cer (AUC = 0.960), C22-Cer (AUC = 0.873),
C24:1-Cer (AUC = 0.905), and C24-Cer (AUC = 0.802) [61]. The study was conducted on
samples from 10 pregnancies with confirmed Down syndrome between the 15th and 18th
gestational weeks using ultra-high performance liquid chromatography coupled with triple
quadrupole mass spectrometry (UHPLC/MS/MS).

In another extended study, Parfieniuk et al. performed plasma metabolomics using
liquid chromatography-mass spectrometry (LC-MS), using samples obtained from 12 preg-
nancies with confirmed fetal T21, and 15 pregnant women with euploid fetus consisted
as a control group, being between the 15th and 18th gestational weeks, and reported
a significant decrease in five maternal metabolites: butyryl-L-carnitine, palmitic amide,
linoleamide, oleamide, and piperine. The combination of linoleamide and piperine was
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reported to have higher sensitivity and specificity in the screening of T21 aberrations.
Palmitic amide, linoleamide, and oleamide are also known as fatty acid amides (FAAs)
and have been described as molecules able to block gap junction communication in glial
cells, with a relevant impact on memory processes, the stimulation of CaZ* release, and
the activation of serotonin and endocannabinoid receptors [59]. Piperine, an exogenous
alkaloid, is characterized by anti-inflammatory, antioxidant, antipyretic, antidiarrheal, and
gastro- and neuroprotective properties. Therefore, the observed decreased piperine level
could be another reliable biomarker of insufficient nervous system development in T21
fetuses (Table 2) [62].

Table 2. Comprehensive list of discriminating metabolites that can serve as reliable biomarkers in T21 prenatal screening

(p < 0.05) [58,63].

Biological Sample

Significant Deregulated Metabolites in T21 Prenatal Screening

maternal blood

2-hydroxybutyrate, alanine, citric acid, phenylalanine, 3-methyl histidine, proline, benzoic acid,
glyceric acid, mannose, myristic acid, stearic acid

maternal serum

2-hydroxybutyrate, 3- hydroxybutyrate, acetone, glycerol, glycine, isobutyrate, ornithine,
phenylalanine, succinate, methylhistidine, arginine, 12-hydroxybutyrate, carnitine, lactate, pyruvate,
dimethylamine, methionine

maternal plasma

butyryl-L-carnitine, palmitic amide, linoleamide, oleamide, piperine, proline, methanol, creatinine

maternal urine

dihydrouracil, methanol, B -hydroxybutyrate

amniotic fluid

methylhistidine, hexanoylcarnitine, diacetylspermine, and p-cresol sulfate

A study conducted by Nemutlu et al. used a metabolomic platform, gas chromatography-
mass spectrometry (GC-MS), and liquid chromatography-quadrupole time-of-flight mass
spectrometry (LC-qTOF-MS) to find possible metabolites differentiating between healthy/
normal and T21 pregnancies that could confidently be used for T21 screening. This study
noted significant alterations in the concentrations of I-threonic acid, beta-alanine, oxalic
acid, creatinine, alpha-tocopherol, cholesterol, uracil, and 2-piperidone, associated with an
increased risk of T21 occurrence [64]. All of these metabolites previously showed vital roles
in fetal development, such as beta-alanine (an antioxidant), which is the building block of
carnosine and has been associated with extended muscular endurance in pregnancy. Alpha-
tocopherol, a naturally occurring form of vitamin E (antioxidant), participates in lipid
metabolism and regulates oxidative stress status, which is essential for proper fetal (brain)
development. Furthermore, uracil has neuroprotective properties as a substrate of uracil-
DNA glycosylase and uridine phosphorylase enzymes. These enzymes also elimi- nate
mediators of oxidative stress, providing protection against brain neurodegeneration. The
decreased plasma levels of uracil observed in T21 pregnancies could potentially be
associated with fetal neurodegeneration and increased oxidative stress and lipid peroxida-
tion [64].

In summary, metabolomics has been considered as a powerful tool for identifyingnovel
T21 screening biomarkers. However, one should bear in mind the relevant differences in the
patients’ genotypes, medical histories, disease development, ethnicities, and diets and ages,
which might affect the metabolome and directly influence the obtained results. Additionally,
as metabolomics evaluation is usually based on different platforms, analytical protocols with
different sample preparation methods and data analysis techniques may also contribute to
controversial and divergent outcomes [65,66]. Furthermore, metabolomics studies require
highly trained personnel and huge financial investment, which may not be feasible at the
clinical level for the purpose of T21 screening. However, these methods are widely used in the
determination of disturbed metabolic pathways, constituting a founda- tion for research in
the development of novel screening markers, and are more valuable in evaluating possible
medical targets. It is still impossible to designate a uniform T21 treatment; however, efforts
are ongoing to devise personalized therapy for T21 treatment using state-of-the-art omics
(genomic, proteomic, and metabolomic) approaches. Last but
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not least, metabolomics is a novel, useful tool for determining insufficiencies in metabolic
pathways in T21 and T21 pregnancies, with potential for the evaluation of novel medical
targets. However, there is still a need to find cost-effective techniques for validation.

6. Proteomics and Down Syndrome Screening

The proteome describes the protein component expressed in cells and tissues. By using
proteomic techniques, isoforms and protein post-translational variants can also be evalu-
ated. In addition, post-translational modifications such as phosphorylation, ubiquitination
(which modulates protein activity and mediates signal transduction), and proteolytic cleav-
age can be determined. Current proteomics use MS with LC-MS-MS and matrix-assisted
laser desorption/ionization (MALDI) equipment [67]. The MALDI method is based on an
ionization technique that uses a laser energy-absorbing matrix to create ions from large
molecules with minimal fragmentation.

Proteomics could also enable the detection of novel and more affordable T21 biomark-
ers [68,69]. Accordingly, Charkiewicz et al. suggested that imbalance in the level of circulating
proteins in maternal blood can stimulate an immune response producing au- toantibodies. In
this study, 190 amniocenteses were performed, and 10 patients with confirmed fetal Down
syndrome (15th-18th weeks of gestation) were found. Statistical analysis of the expression
0f 9000 autoantibodies in T21 pregnancies, revealed using a protein microarray, which allows
for the simultaneous determination of 9000 proteins per sample, showed that the expression
of 213 autoantibodies was significantly different when compared with that in euploid
pregnancies. Moreover, this panel could potentially be used in prenatal T21 screening, based
on the specification of the predictive value (specificity and sensitivity) equal to 100%, 0%
classification errors, and 0% cross-validation errors [70].

Following the evaluation of disturbed immune response, Laudanski et al. indicated
that chemokine measurement could also be relevant in prenatal T21 screening. Based on
a protein microarray, that study reported that seven women with fetal DS in the 15th-18th
weeks of gestation had increased plasma concentrations of one chemokine, CXCL7 (NAP-2),
and decreased plasma concentrations of four chemokines, hemofiltrate CC chemokine 4
(HCC-4), interleukin 28A (IL-284), interleukin 31 (IL-31), and monocyte chemotactic protein
2 (MCP-2). The MCP-2 measurement was characterized by the highest diagnostic value, based
on AUC = 0.830 [71]. Research performed by Zbucka-Kretowska et al. demonstrated
significant increases in the T21 maternal plasma concentrations of four angiogenic factors
(transforming growth factor beta 1 (TGFb1), angiostatin, chemokine (C-C motif) ligand 1 (I-
309), transforming growth factor beta 3 (TGFb3), and vascular en- dothelial growth factor D
(VEGF-D)), and one antiangiogenic (angiostatin), and decreases in the concentrations of 14
angiogenic factors (leptin, angiopoietin 1 (ANG-1), angiostatin, epidermal growth factor
(EGF), interleukin 1-beta (IL-1b), interleukin 4 (IL-4), interleukin 12p40 (IL-12p40), MCP-2,
matrix metalloproteinase-1 (MMP-1), matrix metalloproteinase-9 (MMP-9), platelet
endothelial cell adhesion molecule 1 (PECAM-1), transforming growth factor alpha (TGF
alpha), vascular endothelial growth factor 2 (VEGFR2), and vascular endothelial growth
factor 3 (VEGFR3)). The study used protein microarrays, which enable the simultaneous
determination of 60 angiogenic factors per sample [72]. It was conducted on 20 patients with
T21 fetuses and a control group of 28 healthy patients with uncom- plicated pregnancies in
women who delivered healthy newborns at term. The biological material was collected during
the 15th-18th weeks of gestation. Based on bioinformatic analysis, these disturbances were
associated with tissue remodeling, bone formation during embryogenesis, and the insufficient
immune system activity observed during T21 fetus development [72,73].

Proteomics can also be used to determine disturbed metabolic pathways. Many stud- ies
have reported the overexpression of several plasma proteins as a result of trisomy 21
development [74-77]. In evaluating duplicated chromosome 21 genes, several antiangio-
genic factor genes were mapped. These gene abnormalities were the basis for subsequent
research in the field of disturbed protein expression, resulting in specific changes in T21
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pregnancy proteinograms. Several proteins have been shown to be differentially expressed
in T21 maternal serum [68,78]. A study by Kolialexi et al., using Western blotting, found
that the plasma transthyretin (THY), ceruloplasmin (CERU), afamin (AFAM), alpha-1-
microglobulin (AMBP), apolipoprotein E (APOE), serum amyloid P-component (SAMP),
and histidine-rich glycoprotein (HRG) concentrations were upregulated, with a simultane-
ous decreased concentration of clusterin (CLUS) [79]. In this study, plasma obtained from
eight women carrying DS fetuses and twelve with non-DS fetuses was analyzed using two-
dimensional gel electrophoresis (2-DE) and matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF-MS). Three proteins (AFAM, CERU, and
TTHY) are involved in carrying factors, such as fat-soluble vitamin E, copper, a thyroid
hormone, thyroxine (T4), and retinol-binding protein bound to retinol. These results were
also associated with poor pregnancy outcomes [80]. These proteins are necessary for proper
hormone synthesis, antioxidant defense, and cell development. CLUS, an acute phase
protein, is involved in diseases related to oxidative stress [81]. In this case, the disturbed
protein profile observed in the maternal compartment resulting from T21 pregnancy could
be related to the many comorbidities observed in T21 fetuses [79,82,83].

Sui et al. reported increased levels of seven proteins (oxoglutarate dehydrogenase L
(OGDHL), serum amyloid P component (SAP), ApoE, nucleosome assembly protein 1-like
1 (NAP1L1), thymosin beta 10 (T B 10), complement factor B, and endoplasmic reticulum
oxidoreductase 1 alpha (ERO1L)) in maternal plasma and umbilical cord blood obtained
from T21 pregnancies [83]. The study was conducted on maternal peripheral blood (eight
with fetal DS and eight with normal fetuses) using Western blotting. OGDHL is a function-
ally active isoenzyme of oxoglutarate dehydrogenase (OGDH) present in brain tissue, the
main malfunction of which is related to neurodegeneration [83]. SAP can interfere with
lipoprotein metabolism by activating and regulating amyloid formation [83]. NAP1L1 has
a prominent role in the early development of cardiac or stem cells that differentiate into
myocardial cells [83]. T B 10 is related to cell proliferation, cell morphology, cell migration,
and endocytosis and participates in cytoskeleton assembly. It can be hypothesized that the
overexpression of SAP, NAP1L1, and T B 10 proteins is associated with cognitive impair-
ment in T21 individuals and the early development of Alzheimer’s disease (AD) observed
in early-stage T21 development [83,84].

In summary, the application of proteomic technologies to the evaluation of biological
compartments creates novel possibilities for elucidating the patomechanism and discov-
ering novel drug targets and early disease markers. At the same time, proteomic results
showing how sets of proteins interact with environmental factors are constantly chang-
ing [85]. Furthermore, the concentrations of many proteins depend on their locations in
biological compartments and the phase of the cell cycle, which can also be interrupted by
many diseases [68,69]. However, the extensive software required for utilizing proteomic
data and the need for highly proficient technicians substantially increase the cost. Moreover,
quality control has not yet been developed, so the clinical requirements are not met [86].
It should be emphasized that proteomics has already contributed to significant progress
being made in determining insufficient biological pathways in T21 aneuploidy.

7. Single-Protein Determination

Single proteins can be measured using different methods, but the enzyme-linked
immunosorbent assay (ELISA) is the one most often used. This is a plate-based method
used in a wide range of diagnostic laboratories around the world, designed for the sensitive
and quantified measurement of soluble substances such as peptides, proteins, antibodies,
steroids, and glycoproteins [87]. ELISA can be used in many settings, including the
clinical diagnosis of human diseases. Based on its cost-effectiveness and uncomplicated
protocols, not involving complicated sample pre-treatment, this method is an important
part of medical care and scientific research [88]. This method could also be a useful
tool for meeting the challenge of introducing results obtained with omics-based methods
into daily routine diagnostics while also validating procedures. Unfortunately, it cannot
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be ignored that traditional ELISA is time-consuming and imprecise, on account of the
evaluation of one variable (substance), compared with metabolomics or proteomics, in
which the entire metabolome and proteome can be studied simultaneously. In this case,
the multiplex ELISA-based method could be a corresponding modification to meet these
requirements [89]. However, single biomarkers are not likely able to serve as the best
diagnostic or prognostic markers for T21 due to their limited discriminatory power. On
the other hand, biomarker panels comprising multiple measured analytes provide high
sensitivity and specificity for distinguishing T21 from euploid pregnancies [90].

ELISA is still widely used in research on improving the utility of recommended
prenatal screening. A study performed by Chambers et al. revealed that the additional
assessment of B hCG with its cognate receptor (hCG-sLHCGR) increased the diagnostic
usefulness of single-protein prenatal measurements. A comparison of the assessed methods
for prenatal screening with received AUC values is presented in Table 3.

Table 3. Utility of T21 prenatal screening panels.

T21 Screening Panel AUC Based on ROC Curves
B hCG + PAPP-A 0.918
PAPP-A + NT 0.922
PAPP-A + hCG-sLHCGR 0.920
B hCG + hCG-sLHCGR 0.856
B hCG + NT 0.753
hCG-sLHCGR + NT 0.888
NT + PAPP-A + B hCG 0.940
NT + PAPP-A + hCG-sLHCGR 0.928
hCGsLHCGR + NT + PAPP-A + B hCG 0.966

AUC, area under the receiver operating characteristic (ROC) curve; B hCG, chorionic gonadotropin beta subunit;
hCG-sLHCGR, human chorionic gonadotropin with its cognate receptor LH/hCG-R or LHCGR; NT, nuchal
translucency; PAPP-A, pregnancy-associated plasma protein A.

To date, several proteins have been determined by novel T21 prenatal screening appli-
cations. It is suggested that proteins related to lipid metabolism may be of great importance
in the T21 patomechanism, and therefore in diagnostics. Furthermore, the relationship
between maternal ApoE and fetal T21 occurrence was previously suggested through poly-
morphism evaluation [91]. Studies suggest that an increased maternal frequency of the
APOE4 allele should be considered a risk factor of T21 occurrence [92,93]. Moreover, APOE

¢ 4 is associated with a worse prognosis in early development for individuals with DS [94].
Following the evaluation of ApoE polymorphism, the screening utility of ApoE measure-
ment in second-trimester T21 screening was analyzed. Considering this preliminary study,
the plasma concentration of ApoE was significantly higher in the T21 pregnancy group than
in euploid pregnancies. Furthermore, the screening utility was proved by AUC = 0.978,
with the cut-off point set at 1.37 mg/mL. This T21 screening marker was characterized by
80% sensitivity and 100% specificity [9].

Following the evaluation of disturbed metabolic pathways in T21 pregnancies, where
the lipid pathway is inherently connected to the carbohydrate pathway, the novel insulin-
resistance marker protein asprosin and advanced glycation end products (AGEs) were
evaluated for T21 prenatal screening. The beneficial role of asprosin measurement in
prenatal screening was characterized by 100% sensitivity, 85% specificity, and AUC = 0.965.
The AGE assessment showed 80% specificity and 81% sensitivity for screening. Further-
more, the SOD-2 genes mapped on chromosome 21 and the impact of oxidative stress on
T21 development have been studied [95-99]. Accordingly, oxidative stress markers were
evaluated for T21 prenatal screening. It was proved that measuring the products of
DNA/RNA damage induced by oxidative stress could be a novel tool in T21 prenatal
screening. Moreover, the anti-inflammatory protein « -1-antitrypsin (A1AT), which has
antioxidative properties, was also suggested as a novel T21 screening marker [100]. Inter-
estingly, the level of A1AT was found to be downregulated in T21 aneuploidy. The results
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suggest that the decrease in A1AT concentration combined with aggravated inflammation
processes and oxidative stress observed in T21 pregnancies may negatively impact multiple
comorbidities and the occurrence of fetal malformations. The proposed novel T21 screening
markers are characterized in Table 4 [101].

Table 4. Diagnostic utility of tested novel screening markers.

Marker Unit AUC Cut-Off Value Sensitivity Specificity
ApoE ng/mL 0.978 >1.37 80% 100%
Asprosin PS ng/mL 0.970 >12.70 100% 85%
Asprosin AF ng/mL 0.830 >12.91 95% 65%
AGE PS ng/mL 0.850 <11.00 81% 80%
AGE AF ng/mL 0.960 <4.184 95% 90%
A1AT PS mg/L 0.530 <2.341 81% 33%
A1AT AF mg/L 0.870 <0.3180 76% 86%
DNA/RNA OSDP PS pg/mL 0.510 <40.30 80% 40%
DNA/RNA OSDP AF pg/mL 0.730 >31.76 84% 58%

A1AT, alpha-1-antitrypsin; AF, amniotic fluid; ApoE, apolipoprotein E; AGE, advanced glycation end product; AUC, area under receiver
operating characteristic (ROC) curve; OSDP, oxidative stress damage product; PS, plasma.

8. Discussion

The current trend in prenatal testing represents a massive rearrangement from in-
vasive to non-invasive or less-invasive sampling procedures [102]. The introduction of
noninvasive prenatal testing using cffDNA was a breakthrough moment for prenatal ane-
uploidy screening [103]. It is reasonable to anticipate that further advances in prenatal
screening development could lead to improvements in biochemical screening accuracy,
following the promising result obtained by the potential introduction of omics methods
into the prenatal screening [104]. Our review reveals that, while the successful use of omics
techniques in prenatal screening has been reported, many challenges still exist. Moreover, the
omics methods can be used for rapid and precise screening of large amounts of samples.
Unfortunately, processing of biological material often requires complex preparations, a
large amount of various reagents, and the work of a specialized group of scientists [105].
Moreover, the testing remains expensive, which limits its introduction into routine diag-
nostics, especially in less-developed and medium-developed countries [106]. From the
other hand, the complexity of omics data analysis requires data integration and pipeline
validation supported by bioinformatics and biostatistics.

Therefore, constantly updated databases are needed to standardize the proposed T21
biomarker reference values and improve data management. Further integration of these

approaches exploits the advantages of these techniques, providing a rapid and accurate on-
site method for T21 detection and quality control of potential screening biomarker validation

[107]. In this case, omics methods could be effectively incorporated from research
laboratories to everyday routine diagnostics as costs and processing time for sample analyses
continue to decrease, which has been noticed. This translates to an increased contribution of
omics methods in clinical trials, which may result in including them in the standards and
recommendations of diagnostic procedures [103,108]. Especially in prenatal screening—the
results obtained with the used of omics could be particularly useful in the early and precise
fetal defects screening. Up to date, ELISA was a useful tool which meet the challenge of
introducing results obtained with omics-based methods into daily routine diagnostics with
subsequent validation of different procedures. Accordingly, due to the recent advance in
genomics, current prenatal testing has evolved mainly tocell-based assays and cffDNA [103].

However, there is still a need for novel, omics-based studies in order to improve T21
prenatal screening and, more importantly, to discover potential medical targets. Proposed

T21 therapy has focused on pharmacological treatment to improve cognition. A number
of compounds have been shown to exhibit potential beneficial properties, reported to
improve learning and congenital anomalies [109]. Chronic treatment with picrotoxin or
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pentylenetetrazol improved deficits in hippocampus-based learning and long-term poten-
tiation. Nevertheless, these trials are still carried out on a mouse model, Ts65Dn (which
displays various DS phenotypes), which extends the time before the proposed solutions
are implemented in routine clinical management [20-22]. The integrated use of omics in
T21 evaluation should be thoroughly investigated in the nearly future [110]. Personalized
medicine and omics technologies together provide global understanding of the mecha-
nisms responsible for T21 occurrence. Advances in omics results should be correlated with
the congenital disabilities and others comorbidities occurring during T21 development,
moving this trend toward a personalized medicine and management course to clarify the
molecular mechanisms underlying T21 pathogenesis. Simultaneously, the discovery of
potential prenatal biomarkers and therapeutic targets could provide more detailed patient
stratification and personalized treatment improving clinical management [111].

9. Conclusions

The introduction of integrated omics methods into routine non-invasive prenatal
screening could increase the detection rate of fetal aneuploidy including T21. Based on
our literature search, it can be concluded that cbDNA and cffDNA analysis demonstrate
the vast potential in NIPT. However, there is still a need to provide useful data in order to
validate their usefulness. Moreover, the development of fully automated systems remains
essential to introduce modern technologies in prenatal screening. Accordingly, novel
approaches have provided new insights into the complex pathophysiology of T21, which
could be further used in novel therapeutic strategy evaluation.
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Abstract: Prenatal screening for Down syndrome (DS) is based on both noninvasive and invasive
methods. Noninvasive, cell-free fetal DNA genetic tests are expensive, whereas biochemical methods
remain imprecise. Amniocentesis is the most frequently used invasive diagnosis procedure, characterized
by 99.8% diagnostic efficiency and less than 1% risk of miscarriage. The aim of this study was to evaluate
the screening value of apolipoprotein E (ApoE) as a potential noninvasive biomarker for prenatal DS
assessment. This study was conducted on a group of female patients who decided to undergo routine
amniocentesis between the 15th and 18th week of pregnancy at the Department of Reproduction and
Gynecological Endocrinology of the Medical University of Bialystok, Poland. For the purpose of this
study, 20 women with DS fetuses were selected as the study group, and 20 healthy pregnant women
with euploid fetus karyotypes as the control group. The plasma levels of ApoE were significantly higher
in the study group compared to healthy subjects (p < 0.05). The area under the receiver operating
characteristic (ROC) curve was 0.978 (p < 0.001), with the cut-off set to 1.37 mg/mL, which was
characterized by 80% of sensitivity and 100% of specificity. The high sensitivity and specificity
demonstrate the screening utility of maternal ApoE concentration in prenatal fetal DS screening.

Keywords: Down syndrome; prenatal diagnosis; apolipoprotein E

1. Introduction

Trisomy 21, also known as Down syndrome (DS), is one of the most frequently occurring
chromosomal disorders worldwide [1,2]. The disease affects 1 in every 787 live births and is characterized by
the abnormal division of genetic material resulting in an additional chromosome 21 or its part [3].
Trisomy 21 is the major cause of DS, accounting for about 95% of cases [4]. This disease results in
unequal distribution of DNA material and metabolic pathway dysfunction, including lipid metabolism
disturbances, increased oxidative stress, mitochondrial dysfunction, and tau phosphorylation [5].
Maternal age above 35 years and the occurrence of balanced translocation in one of the parents are the
main risk factors.

Apolipoprotein E (ApoE), a glycoprotein with a linear polypeptide chain rich in arginine, is a
hydrophilic component of high-density lipoprotein (HDL), very low-density lipoprotein (VLDL),
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lipoproteins, and chylomicrons [6]. [t is mainly synthesized in the cell periphery of hepatocytes, but
also in macrophages, astrocytes, lungs, kidneys, spleens, and muscle cells, with the highest
expression in the liver and brain. In the brain, the main supply of ApoE is in the blood-brain barrier,
and it is observed in the cerebrospinal fluid at concentrations of ~5 mg/L; it is mainly produced by
astrocytes, neurons, and damaged microglia [6,7]. The maturation of the fetus is dependent on the
undisrupted development of the nervous system during its growth. Approximately 23% of lipids are
accumulated in the brain, particularly in neurons and astrocytes. During the first few weeks of
gestation, the developing fetus mainly uses maternal cholesterol. Fetal cholesterol and apolipoproteins
(ApoA1l, ApoE, and ApoB), together with HDL, LDL, or VLDL are crucial for moderating embryonic
signaling pathways [8]. Therefore, ApoE is considered to be a promoter of myelination, synaptogenesis,
and other processes related to neurodevelopment that involve lipids.

Nowadays, prenatal screening of DS is based on both noninvasive methods, which estimate the
risk of DS-affected pregnancy, and invasive techniques, which verify the presence of chromosomal
aberrations. Serum screening and ultrasounds are intended to identify women with pregnancies at high
risk of chromosomal abnormalities. However, diagnostic testing is indicated in international guidelines,
mainly focusing on individual risk assessment based on historical, biochemical, and biophysical
variables [9]. Amniocentesis is the most frequently used invasive procedure, which has a diagnostic
efficacy of 99.8% and poses less than 1% risk of miscarriage [10-12]. The discovery of genetic testing
using free fetal DNA (ffDNA), whose concentration can be measured in maternal peripheral blood,
was a significant breakthrough in noninvasive screening. In addition to the 0.5% false-positive rate,
this technique is still comparatively expensive [13-17]. Therefore, it is important to find a cost-effective
and noninvasive screening biomarker with high sensitivity and specificity that would provide
indisputable benefits, subsequently reducing the number of incorrect indications for amniocentesis
diagnosis. Moreover, more comprehensive knowledge of DS pathogenesis, including the understanding
of metabolic pathway alterations, may introduce new treatment targets and improve patients’ quality
of life.

The aim of the study was to evaluate the screening usefulness of maternal ApoE measurement as
a potential noninvasive marker in prenatal diagnostics of DS.

2. Experimental Section

The study and control groups consisted of women who underwent routine amniocentesis between
the 15th and 18th weeks of gestation at the Department of Reproduction and Gynecological
Endocrinology of the Medical University of Bialystok, Poland. The indication for amniocentesis was
an increased risk of chromosomal aberrations in noninvasive prenatal screening or patient age above 35
years. Exclusion criteria were as follows: chronic or acute diseases, hormonal treatment, anti-
inflammatory treatment, high-risk pregnancy, or preterm delivery in the patient’s medical history. All
participants were informed about potential risks prior to the procedure and received relevant
information regarding the study. Study participants were matched according to age, ethnicity,
socioeconomic status, the course of pregnancy, body mass index (BMI), and the number of pregnancies
with marked episodes of pregnancy pathology. The patient recruitment period started in 2017 and lasted
2 years. Following karyotype test result analysis, 20 women carrying fetuses with DS and 20 women
with euploid (non-DS) fetuses were enrolled in the study. All patients were submitted to amniocentesis
within a determined period, then randomized. An adequate sample size to detect a difference was
demonstrated using power analysis [18]. Venous blood (5.5 mL) was obtained from participants at the
day of amniocentesis, centrifuged, and plasma was subsequently separated and frozen at —80 °C.

Plasma ApoE concentration was determined using an enzyme-linked immunosorbent assay
(ELISA) (ELISA Kit for apolipoprotein E (ApoE); Cloud-Clone Corp. Wuhan, Hubei 430056, China,
SEA704Hu) according to the manufacturer’s protocol and observing the principles of internal laboratory
control for the performed determinations. Samples and controls were measured in the same run using
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the blind analysis method. Duplicate samples were assessed and the average of the two results was
calculated [19]. Statistical analyses were performed using Statistica 13.3 (StatSoft, Tibco Software Inc.,
Palo Alto, CA, USA). During the analysis, the normality of data distribution was demonstrated
(p > 0.05). Thus, the groups were compared using a parametric two-way ANOVA test; p < 0.05 was
considered statistically significant. In addition, the receiver operating characteristic (ROC) curves were
determined using a medical package included in the Statistica program. Diagnostic sensitivity and
specificity were calculated using a cut-off value that was calculated by the Youden’s index (as a criterion
for selecting the optimum cut-off point) [20].

The procedures were approved by the Local Ethics Committee of the Medical University of
Bialystok, Poland, and written informed consent was obtained from each participant (R-1-002/36/2014).

3. Results

In this research, the first participant was entered on 1 January 2015. The last participant was
randomized on 12 April 2019, at the end of the trial. A total value of 100 pregnant women were
screened, and 40 were randomized and enrolled for the subsequent analysis.

Statistical Analyses

Basic statistics that were measured in the study, control, and total group, such as average ApoE
concentration values, minimum and maximum values, and standard error, are presented in Table 1.
ApoE concentrations were significantly higher in the study group compared to healthy subjects
(p <0.001). The comparison of ApoE concentrations measured in the study vs. control group is
presented in Figure 1.

Table 1. Basic statistics of plasma ApoE measurement (data presented in mg/L).

Parameter Study Group (n = 20) Control Group (n = 20) Total Group (n = 40)
Minimum value 1.27 0.66 0.66
Maximum value 2.18 1.31 2.18

Mean 1.57 1.02 1.3
SD 0.25 0.18 0.35

Study group vs. Control group

1.8 " v v
o
L

~ 1.6 r.
-
) -
S LS ;
£
E 14}
g
8 13}
=
&
< 12}

l l 13 ﬁlf

1
1.0} [Sina—
1
B\ean
0.9 () Mean +SD
study group control group T Mean + 1,96*°SD

Figure 1. Concentration of apolipoprotein E (ApoE) measurements in study vs. control group. SD,
standard deviation.
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To determine the diagnostic utility of the ApoE test, the ROC curve was calculated as an illustration
of the relationship between sensitivity and specificity (Figure 2). The cut-off point was set at 0.85 using
Youden’s index, simultaneously establishing the diagnostic norm of ApoE as 1.37 mg/L. The sensitivity,
accuracy, specificity, and positive and negative predictive values (PPV and NPV, respectively) are
presented in Table 2.

ROC curve
1.0

08

0.6

Sensitivity

0.4

0.2

0.0

0.0 0.2 0.4 0.6 0.8 1.0
1-Specificity
Figure 2. Receiver operating characteristic (ROC) curve for ApoE in Down syndrome (DS) screening.

Table 2. Statistical parameters of ApoE measurement.

Parameter Sensitivity Accuracy PPV NPV Specificity
ApoE (cut-off point = 1.37 mg/L) 80% 82% 100% 83% 100%

NPV, negative predictive value; PPV, positive predictive value.

To evaluate the clinical applicability of ApoE as a prenatal screening tool, the area under the ROC
curve (AUC) was evaluated. The AUC value was 0.978, which was significantly higher in comparison
to AUC 0.5, which is the threshold of the diagnostic usefulness of a test (p < 0.001).

4. Discussion

Despite DS being the most common chromosomal aberration occurring in all races, the pathological
process, as well as the incorrect division of DNA material, are not yet fully understood [21-23]. It has
been demonstrated that pregnant women with a DS fetus suffer from lipid disorders related to
disturbed cholesterol metabolism and lipid transport; incorrect distribution of VLDL, LDL, and lipid
peroxidation [4]; and altered concentration of sphingolipids, which leads to improper myelination
of fetal neurons [24]. These patients also show insufficient endothelial function, which is related to
the inflammation process, oxidative stress, and dysregulated lipid metabolism, which may result in
insufficient cell division [25].

Screening tests are used to survey a population by measuring a specific marker to define screening
cut-off levels, with subsequent identification of a high-risk group for a particular disorder [26].
Multiple screening tests are used, involving the combination of a few biochemical tests, usually combined
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with maternal age or an ultrasound examination, to estimate the risk of DS occurrence [27]. To compare
the diagnostic efficiency, the combination of ultrasound examination with pregnancy-associated plasma
protein A (PAPP-A) and serum-free human chorionic gonadotropin (B-HCG) measurement, using a 5%
screen-positive rate, allows for the detection of 82-87% DS pregnancies [28]. Increased maternal serum
ApoE concentration in DS-affected pregnancies has been previously explored, but the diagnostic utility of
this marker has not been comprehensively illustrated [27].

The first attempt to evaluate the influence of ApoE on adolescent neurodevelopment was made by
Tratnik et al.,, who conducted research on the association between prenatal exposure to mercury (Hg)
and child neurodevelopment, while considering genetic ApoE polymorphism. The study revealed that
the presence of the APOE ¢ 4 allele combined with Hg exposure resulted in a decline in cognitive
performance in the studied children [29]. Pinto et al. demonstrated that women carrying a fetus with DS
may display impaired lipid metabolism [30]. Pranami et al. demonstrated that women carrying the APOE

¢ 4 allele and having increased cholesterol levels have impaired microcirculation in capillaries, which
may cause atherosclerosis of the microcirculation vessels surrounding ovarian follicles that may result in
incorrect meiotic division 2, indirectly leading to DS [31].

In our study, plasma ApoE levels were considered low, but comparable to those found in the study
by Kaneva et al.,, where the shift in plasma ApoE toward lower levels in European residents as a result
of specific features of lipid metabolism was demonstrated [32]. We also demonstrated the screening
utility of maternal serum ApoE measurement as a potential noninvasive marker of DS. Comparing this
result with the commonly used biochemical markers, the screening usefulness of the test was much
higher (AUC = 0.978) compared to PAPP-A (AUC = 0.7771) and B-HCG (AUC = 0.6682) or combined
PAPP-A + B-HCG (AUC = 0.8533) measurements [33]. Our results indicate that ApoE concentration
could be added in a combined test screening approach or proposed as an alternative examination.
However, further evaluation with subsequent data validation with ultrasound tests and combined
screening tests using a larger cohort is required.

The study performed by Rindler et al. identified the placental ApoE synthesis as the major
maternal lipid profile modifier during pregnancy. ApoE has been suggested to play a supportive role
in regulating maternal and fetal homeostasis [34-36]. ApoE may also balance the oxidative and
antioxidative processes through LDL oxidation inhibition and methylation reduction [37]. The elevated
levels of oxidative stress markers were observed in DS fetuses, as well as in DS pregnancies. Referring to
the result above and that obtained by Melhem et al. where the secretion pattern demonstrated a
predominant maternal orientation [37], it can be concluded that maternal ApoE synthesis emphasizes its
pleiotropic role in preventing fetal abnormalities [38,39]. Thus, preconception ApoE screening in
women may be of clinical importance in the prediction of fetus health complications.

In our study, women with a confirmed DS pregnancy had significantly higher plasma ApoE
concentrations compared with healthy subjects. The traceability of commonly used biochemical
noninvasive tests can be characterized by PAPP-A tests, with sensitivity estimated at 90% with
5% false-positive results, and the triple test (combination of three markers: free B chorionic
gonadotropin, a -fetoproteins, and unconjugated estriol), whose sensitivity is estimated at 60-70% [9-14].
Screening based on Caucasian reference ranges has a detection rate of 86.8% for contingent first
trimester screening, 76.2% for second trimester screening, and 83.8% for their combination.
However, first trimester screening had a higher false-positive rate compared to second trimester screening
(13.7% vs. 7.7%) [40]. Regarding ApoE, the sensitivity, accuracy, specificity, and PPV and NPV were
80%, 82%, 100%, 83%, and 100%, respectively. The diagnostic power of the test was proven by the
determination of an AUC of 0.978. Introducing maternal ApoE measurement to the methods commonly
used in DS risk assessment may increase the sensitivity and specificity of noninvasive prenatal screening.
However, the present investigation is a preliminary study, and further research on a larger cohort
is required.
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5. Conclusions

Our study demonstrated the relationship between maternal ApoE and fetal DS occurrence,
and showed that ApoE can be used as a predictive marker of this disease, but further studies are
required. The discovery of dysregulated metabolic pathways could lead to the establishment of new
diagnostic targets, which may enable optimal early diagnosis, resulting in improved therapy application
and enhanced quality of life.
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Abstract: Despite significant progress in trisomy 21 (T21) diagnostic tools, amniocentesis is stillused
for the confirmation of an abnormal fetal karyotype. Invasive tests carry the potential risk of
miscarriage; thus, screening biomarkers are commonly used before undergoing invasive procedures.
In our study, we investigated the possible application of oxidative stress markers in the prenatal
screening of trisomy 21. The DNA/RNA oxidative stress damage products (OSDPs), advanced glycation
end (AGE) products, ischemia-modified albumin (IMA), alfa-1-antitrypsin (A1AT), asprosin, and vitamin
D concentrations were measured in both maternal plasma and amniotic fluid in trisomy 21 (T21) and
euploid pregnancies. The obtained results indicated increased levels of DNA/RNA OSDPs and asprosin
with simultaneous decreased levels of vitamin D and A1AT in the study group.The diagnostic utility
of the plasma measurement based on the area under the received operative characteristic (ROC) curve
(AUC) calculation of asprosin (AUC = 0.965), IMA (AUC = 0.880), AGE (AUC = 0.846) and DNA/RNA
OSDPs (AUC = 0.506) in T21 screening was demonstrated. The obtained results indicate a potential
role for the application of oxidative stress markers in the prenatalscreening of T21 with the highest
screening utility of plasma asprosin.

Keywords: trisomy 21; Down syndrome; oxidative stress; antioxidant protein; prenatal screening

1. Introduction

Trisomy 21 (T21), also known as Down syndrome, is an autosomal aneuploidy, ap-
pearing in 1/700 live births. An additional copy of chromosome 21 is a result of the
incorrect separation during gametogenesis (95% of patients) [1-3]. Trisomy 21 is a complex
condition associated with congenital anomalies, which include intellectual developmental
disorder, congenital heart defects, gastrointestinal anomalies, immune system defects,
thyroid disease, bone defects, genitourinary system defects, strabismus, and many other
diseases. Additionally, an increased risk of many chronic diseases typically associated
with older age such as Alzheimer’s disease, dementia, and obesity is observed [4]. In T21
prenatal screening, serum biomarkers combined with ultrasound examination and cell-
free fetal DNA are used to calculate the risk of T21 occurrence [5-9]. Despite the fact that
cell-free fetal DNA evaluation is characterized by high accuracy (almost 99%), it is still
combined with high costs which has not yet allowed for very wide diffusion to the general
population, or acceptance by various national healthcare systems into their protocols [10].
Furthermore, mothers with a high calculated risk of trisomy 21 (either by combined test
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and/or cell-free fetal DNA) should be counselled, and invasive testing, such as chorionic
villus sampling (CVS) and/or amniocentesis, should be offered. The application of novel
biochemical screening markers may result in the elevation of the sensitivity and specificity
of noninvasive prenatal tests and may reduce the unjustified use of invasive procedures
while simultaneously decreasing the risk of miscarriage, combined with the use of invasive
tests [11]. Data in the literature underline the connection between fetal chromosomal
aberrations and disturbances in oxidative stress with antioxidant processes [12-15]. It was
previously hypothesized that the upregulated oxidative stress level is related to T21 patho-
genesis; this was later proved by Zitiianova et al., who demonstrated upregulated levels
of oxidative stress markers measured in T21 individuals [16]. Thus, it seems necessary
to evaluate the hypothesis about oxidative stress biomarkers in T21 prenatal screening.
Considering the fact that crucial genes of the oxidative stress pathway are mapped on
chromosome 21 [17], the hypothesis of the significance of oxidative stress, not only in T21
postnatal pathology but also in prenatal diagnosis, needs to be evaluated. Accordingly, the
biomarkers of oxidative stress measurements could be relevant in the screening of T21 [18].
The aim of this study was to assess the utility of selected parameters of oxidative stress
markers in maternal plasma and amniotic fluid for T21 screening. DNA/RNA oxidative
stress damage products (OSDPs), as well as other commonly used oxidative stress markers
(ischemia-modified albumin (IMA) and advanced glycation ends products (AGE)), were
evaluated in this study. Furthermore, novel antioxidant proteins—asprosin and alfa-1-
antitrypsin (A1AT)—and vitamin D were also assessed and compared between T21 and
euploid pregnancies.

2. Materials and Methods
2.1. Experimental Overview—Patient Recruitment

This was a prospective case-control study. The study and control groups consisted
of women who underwent routine amniocentesis between the 15th and 18th weeks of
gestation at the Department of Reproduction and Gynecological Endocrinology of the Med-
ical University of Bialystok, Poland. A total amount of 100 pregnant women underwent
screening procedures between 2017 and 2020, and 40 were included and recruited for the
subsequent evaluation. The increased risk of chromosomal aberrations in noninvasive
prenatal screening and an age greater than 35 years were indications for amniocentesis.
Chronic or acute diseases, hormonal treatment, anti-inflammatory treatment, high-risk
pregnancy, and preterm delivery in the patient’s medical history were the exclusion cri-
teria [19]. All participants were aware of the potential risks prior to the amniocentesis
procedure and received relevant and necessary information about the study. The study
group did not differ with respect to the course of pregnancy and body mass index (BMI). A
necessary sample size to detect the significant differences in all studied parameters between
groups was confirmed using power analysis [20]. Considering a 5% margin of error and
95% confidence level, the recommended sample size of our preliminary study was 16.
Following karyotype test analysis, 20 women carrying T21 fetuses and 20 women with
euploid fetuses qualified for the study. All participants had 5.5 ml of venous blood drawn
on the day of amniocentesis. The biological material was centrifuged, with subsequent
plasma separation, and frozen at—80 °C. Amniotic fluid samples with possible blood
contamination were excluded from the study.

2.2. Ethics Statement

The experimental protocol was approved by the Bioethics Committee of the Medical
University of Bialystok, Poland (APK/002/351/2020), and confirmation consent was
received from each participant.

2.3. Laboratory Examinations

The IMA, AGE, A1AT, and asprosin concentrations were measured using an enzyme-
linked immunosorbent assay (ELISA) (Enzyme-linked Immunosorbent Assay Kit; Cloud-
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Clone Corp., Wuhan, China; CEA825Hu, CEB353Ge, SEB697Hu, and SEA332Hu, respec-
tively) according to the manufacturer’s instructions. The DNA/RNA OSDP concentrations
were assayed using an immunoassay kit (DNA/RNA Oxidative Damage (High Sensitivity)
ELISA Kit, Cayman Chemicals, Ann Arbor, Michigan, MI, USA, 589320). This kit enabled
the simultaneous detection of DNA/RNA OSDPs, such as 8-hydroxyguanosine (8-OHG), 8-
hydroxy-2’-deoxyguanosine (8-OHdG), and 8-hydroxyguanine. The vitamin D concen-
tration was evaluated using a commercial kit for 25-OH Vitamin D Total ELISA (Gentaur,
Sopot, Poland, KAP1971). The total vitamin D measurement was evaluated through the
chemiluminescence method using Cobas E411, from Roche company (07464215). The
samples and controls were randomized, then measured in the same run, using the blind
analysis method.

2.4. Data Management and Statistical Analysis

Statistical analyses were performed using Statistica 13.3 (StatSoft, Tibco Software Inc.,
Palo Alto, CA, USA) and GraphPad Prism v. 9.0 (GraphPad Software, Inc., San Diego, CA,
USA). During the analysis, the lack of data distribution normality was demonstrated using the
Shapiro-Wilk test. Thus, the groups were compared using the nonparametric Mann-
Whitney test, and p < 0.05 was considered statistically significant. The Spearman test for
multiple comparisons was used to perform correlation analyses between the concentrations
of all the studied parameters in plasma and amniotic fluid samples. In addition, the receiver
operating characteristic (ROC) curves were determined with simultaneous sensitivity and
specificity calculations. Screening cutoff points were determined using Youden’s index [21].
Odds ratios (ORs) were calculated using commercially available MedCalc software [22].

3. Results
3.1. The Comparison of Oxidative Stress-Related Parameters between the Study and
Control Groups

Following the oxidative stress marker analyses, the concentrations of the DNA/RNA
OSDPs were found to be significantly higher in amniotic fluid samples in T21 individuals
compared to those from the control group (p < 0.05). No significant difference was observed
in the plasma concentrations of the DNA/RNA OSDPs between the study and control
groups. In the T21 group, the AGE concentrations were found to be significantly lower in
both plasma and amniotic fluid samples compared to those from healthy subjects (p < 0.001).
Additionally, the maternal plasma IMA concentrations were also lower in the T21 group in
comparison to control group (p < 0.0001).

Considering the antioxidant parameters assessed in the study group, the total vitamin D
plasma concentrations were significantly lower when compared to the control group (p
< 0.05). To verify vitamin D deficiency, the 25-OH vitamin D concentrations were
measured in plasma and amniotic fluid samples. Significant differences between the study
and control groups were not proven, but 25-OH vitamin D levels lower than recommended
were observed in both groups.

Novel antioxidant protein concentrations were also determined. The study group
asprosin concentrations were significantly higher in both plasma and amniotic fluid sam-
ples compared to euploid pregnancies (p < 0.001). Interestingly, the A1AT concentrations
were found to be significantly lower in amniotic fluid samples in the T21 group than in
euploid pregnancies (p < 0.001). We did not notice any significant difference in plasma
A1AT between the study and control groups (Figure 1).
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Figure 1. The studied protein concentrations measured in the plasma and amniotic fluid samples. Different asterisks above
the bars indicate significant differences compared to the control (* p < 0.05; *** p <0.001; **** p < 0.0001). (A) Plasma
asprosin; (B) amniotic fluid asprosin; (C) plasma total vitamin D; (D) plasma advanced glycation end products; (E) amniotic

fluid advanced glycation end products; (F) plasma 25-OH vitamin D; (G) amniotic fluid 25-OH vitamin D; (H) plasma

ischemia-modified albumin; (I) amniotic fluid ischemia-modified albumin; (J) plasma DNA/RNA oxidative stress damage

product; (K) amniotic fluid DNA/RNA oxidative stress damage products; (L) plasma alfa-1-antitrypsin; (M) amniotic fluid

alfa-1-antitrypsin. A1AT, alfa-1-antitrypsin; AF, amniotic fluid; AGE, advanced glycation end products; Control, control

group; IMA, ischemia-modified albumin; OSDP, oxidative stress damage product; PS, plasma; T21, trisomy 21.

Table 1 substantiates all the parameters analyzed with the concentrations found in
T21 and control samples and the statistical comparison results (Table 1). No differences
were observed between T21 plasma and amniotic fluid 25-OH vitamin D concentrations
(p > 0.05). However, 25-0H vitamin D in the control group was higher in amniotic fluid than
in plasma samples (p < 0.01). In the case of asprosin and DNA/RNA OSDP, no differences
were noted between plasma samples and amniotic fluid in either euploid pregnancy or T21
groups (p < 0.05). AGE and A1AT concentrations in the control and T21 groups were higher
in plasma than in amniotic fluid (AGE: p < 0.01; p < 0.0001; A1AT: p < 0.001; p < 0.0001,
respectively). Control group IMA concentrations were lower in amniotic fluid than in
plasma samples (p < 0.0001).
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Table 1. Basic statistics and comparison of studied protein concentrations measured in the plasma and amniotic fluid samples.

Marker Material Study Group Unit Median Value  Min Max p Value — pValue (between Study Material)
(Control vs. T21) Control PS vs. Control AF  T21PSvs. T21 AF
PS Control 22.22 14.00 35.92 NS
25-0OH vitamin D T21 mg/mL 19.51 14.24 30.44 p<0.01 NS
AF Control 30.60 14.24 51.34 NS
T21 25.20 12.59 42.07
PS Control 10.57 445 15.17 p<0.0001
T21 . . .
Asprosin ng/mL 17.28 1294 26:59 NS NS
AF Control 10.87 4.01 17.03 p<0.0001
T21 15.53 8.09 24.77
PS Control 12.96 4.96 26.03 p<0.001
AGE T21 ng/mL 916 4.52 1301 p<0.01 p<0.0001
AF Control 8.27 3.06 11.55 p<0.0001
T21 3.00 1.67 4.89
PS Control 6.79 5.00 12.00 p<0.0001
IMA T21 pg/mL 3.61 0.90 22.52 p<0.0001 NS
AF Control 2.64 1.05 9.34 NS
T21 2.28 0.33 6.23
PS Control 1.98 0.95 3.38 NS
A1AT T21 mg/L 1.95 1.26 1.69 p<0.001 p<0.0001
AF Control 0.49 0.08 2.90 p<0.0001
T21 0.18 0.01 0.56
PS Control 37.81 23.21 46.83 NS
DNA/RNA T21 pg/mL 37.57 28.53 58.40 NS NS
OsSDP AF Control 31.16 12.64 4522 p<0.05
T21 38.48 27.06 51.46

A1AT, alfa-1-antitrypsin; AF, amniotic fluid; AGE, advanced glycation end products; IM4, ischemia-modified albumin; NS, not significant; OSDP, oxidative stress damage product; PS, plasma; T21, trisomy 21.
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3.2. Correlations between Examined Parameters

Spearman coefficients to describe the relationships between the studied parameters
were calculated; the obtained results are presented on correlation matrices (Figure 2).
Among the biochemical parameters measured in the control group, positive correlations
were observed between total plasma vitamin D and plasma 25-OH vitamin D (r = 0.85;
p <0.001), and between plasma total vitamin D and amniotic fluid A1AT (r= 0.59; p < 0.05).
Additionally, positive correlations were noticed between the control group’s amniotic fluid
25-OH vitamin D and A1AT (r=0.47; p < 0.05), as well as between amniotic fluid asprosin and
A1AT (r=0.45; p < 0.05). Accordingly, a positive correlation was demonstrated between
A1AT and DNA/RNA OSDPs measured in plasma (r = 0.44; p < 0.05). A negative
correlation was also demonstrated between amniotic fluid A1AT and plasma DNA OSDPs
in the control group (r =8.45; p < 0.05) (Figure 2A).

Considering the study group, strong positive correlations were observed between
plasma total vitamin D and 25-OH vitamin D (r = 0.80; p < 0.001), as well as between
plasma total vitamin D and plasma IMA (r = 0.45; p < 0.05). A positive correlation between
amniotic fluid IMA and amniotic fluid 25-0OH vitamin D was observed in the study group
(r=0.52, p < 0.05). Negative correlations between amniotic fluid 25-OH vitamin D and
plasma asprosin measurements (r=-0.54 p < 0.05), along with plasma AGE and plasma
A1AT, were also demonstrated (r =-0.60; p < 0.05). Additionally, a negative correlation
between the T21 group’s amniotic fluid DNA/RNA OSDPs and amniotic fluid A1AT was
observed (r = 6:54; p < 0.05) (Figure 2B). No significant correlation was observed between
the plasma and the amniotic fluid for the corresponding parameters, either in the control
or the study group.
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Figure 2. Graphical Spearman correlation matrix of the biochemical parameters in (A) the control group and (B) the study

group. A1AT, alfa-1-antitrypsin; AF, amniotic fluid; AGE, advanced glycation end products; IMA, ischemia-modified

albumin; OSDP, oxidative stress damage product; PS, plasma; Vit D, vitamin D.

3.3. Screening Utility of the Tested Parameters

To determine the diagnostic utility of the tested parameters, the ROC curve was calcu-
lated (Table 2), and an illustration of the relationship between sensitivity and specificity is
presented in the ROC graphs (Figure 3). The cutoff values were set using Youden’s index.
The highest sensitivity was observed for plasma and amniotic fluid asprosin, as well as
amniotic fluid AGE (1.00; 0.95; and 0.95, respectively). Plasma IMA and amniotic fluid
AGE demonstrated the highest specificity in the T21 screening (1.00 and 0.90, respectively).
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Differences regarding the chance of detection (OR) for T21 patients based on the studied
parameter concentrations are also shown. Relationships between T21 occurrence and
amniotic fluid asprosin (OR 22.78), AGE (OR 2.11), IMA (OR 0.18) and plasma asprosin
(OR 8.20) and A1AT (OR 5.75) concentrations were noted (p < 0.05).

Table 2. Diagnostic criteria of the receiver operating characteristic (ROC) curve for the tested parameters.

Marker Unit AUC p (AUC =0.50) Cut Off Sensitivity Specificity OR p
Value
25-0OH vitamin D PS mg/mL  0.59 NS <26.18 0.85 0.40 1.62 NS
25-0H vitamin D AF mg/mL  0.66 NS <31.21 0.85 0.50 3.27 NS
Asprosin PS ng/mL 0.97 <0.0001 >12.70 1.00 0.85 820 p<0.05
Asprosin AF ng/mL 0.83 <0.001 >12.91 0.95 0.65 22.78 p<0.05
AGE PS ng/mL 0.85 <0.001 <11.00 0.81 0.80 1.00 NS
AGE AF ng/mL 0.96 <0.0001 <4.184 0.95 0.90 211 p<0.05
IMA PS pg/mL 0.84 <0.001 <4.798 0.67 1.00 1.05 NS
IMA AF Hg/mL 0.54 NS <1.798 0.38 0.76 0.18 p<0.05
A1AT PS mg/L 0.53 NS <2.341 0.81 0.33 5.75 p<0.05
A1AT AF mg/L 0.87 <0.0001 <0.3180 0.76 0.86 0.71 NS
DNA/RNA OSDP PS pg/mL 0.51 NS <40.30 0.80 0.40 3.27 NS
DNA/RNA OSDP AF pg/mL 0.73 <0.05 >31.76 0.84 0.58 3.78 NS

A1AT, alfa-1-antitrypsin; AF, amniotic fluid; AGE, advanced glycation end products; AUC, area under the received operative characteristic
(ROC) curve; IMA, ischemia-modified albumin; NS, not significant; OR, odds ratio; OSDP, oxidative stress damage product; PS, plasma.
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Figure 3. ROC curves of the studied parameters. (A) Plasma 25-OH vitamin D; (B) amniotic fluid 25-OH vitamin D; (C)
plasma asprosin; (D) amniotic fluid asprosin; (E) plasma advanced glycation end products; (F) amniotic fluid advanced

glycation end products; (G) plasma ischemia-modified albumin; (H) amniotic fluid ischemia-modified albumin; (I) plasma alfa-

1-anitrypsin; (J) DNA/RNA oxidative stress damage product; (K) plasma DNA/RNA oxidative stress damage products;
(L) amniotic fluid DNA/RNA oxidative stress damage products. AF, amniotic fluid; PS, plasma; OS, oxidative stress.
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To evaluate the diagnostic usefulness of asprosin, A1AT, IMA, AGE, and DNA/RNA
OSDPs as prenatal screening tools, the areas under the ROC curves (AUCs) were calculated
and compared to AUC = 0.50 (borderline of the diagnostic usefulness of a test). Asprosin
and A1AT demonstrated the highest screening value. The highest AUC value was demon-
strated for plasma asprosin (0.97; p < 0.0001) and amniotic fluid AGE (0.96; p < 0.001). The
amniotic fluid A1AT assay was characterized by AUC = 0.87 (p < 0.001). Furthermore, the AUC
value of the DNA/RNA OSDP concentration in amniotic fluid samples was calculated to be
AUC = 0.73 (p < 0.05). The 25-OH vitamin D (both in plasma and amniotic fluid), amniotic
fluid IMA, plasma A1AT, and DNA/RNA OSDPs concentrations demonstrated no
diagnostic usefulness in T21 screening (p > 0.05) (Figure 3).

4. Discussion
4.1. Main Findings

In our study, we determined the T21 screening utility of DNA/RNA OSDPs, aswell
as other commonly used oxidative stress markers: IMA and AGE. Furthermore, novel
antioxidant proteins—asprosin and Al1AT—and vitamin D were also assessed and
compared between T21 and euploid pregnancies. To the best of our knowledge, this is the
first comparative analysis of oxidative stress biomarkers in prenatal T21 in both amniotic
fluid and maternal plasma. Significant differences in plasma asprosin, AGE, and IMA,
as well as amniotic fluid asprosin, AGE, DNA/RNA OSDPs, and A1AT, were observed
between T21 and euploid pregnancies, suggesting the substantial role of oxidative stress in
T21 pathology. Referring to the fact that the maternal compartment is constantly connected
to the fetus [23-25], these parameters were analyzed in maternal plasma to determine
the potential screening utility. Moreover, a concentration comparison between maternal
plasma and amniotic fluid was evaluated to determine the insufficient metabolic pathway
origins during T21 prenatal development.

It has been noticed that upregulated oxidative stress levels in T21 pathogenesis may
result in the oxidation of polyunsaturated fatty acids, and therefore induce cell membrane-
destructive effects. This oxidation process has been suggested as one of the major causes
of cognitive disabilities observed in this disease [13]. Studies have also indicated that
an increased level of oxidative stress results in DNA injury, cytoskeletal and chromatin
reorganization, defects in apoptotic cell pathway, and aberrant cell cycle checkpoint func-
tion [15,26-29]. To evaluate the degree of DNA damage and the effectiveness of DNA
repair processes in T21 pregnancy, concentrations of the DNA/RNA OSDPs, such as 8-
OHG, 8-OHdG, and 8-hydroxyguanine, were determined in both plasma and amniotic fluid
samples [30]. Our results showed an increased level of amniotic fluid DNA/RNA OSDPs
measured in the study group. The lack of a strong correlation observed between
DNA/RNA OSDPs and other oxidative stress markers suggests that oxidative stress in T21
pregnancy is a multifactorial and complex process [31]. Referring to the fact that we did
not observe any significant difference in the maternal plasma DNA/RNA OSDPs between
the study and control groups, it could be hypothesized that the processes associated with
increased oxidative stress are more likely related to disturbed metabolic pathways in the
fetal compartment. Interestingly, deregulated measurements were detected mainly in
the amniotic fluid and did not transfer through maternal circulation. Additionally, the
upregulated oxidative stress levels are a potentially important link of the pathological
mechanism of abnormal fetal development [26,32].

Following the increased oxidative stress status in T21 pregnancy, we also evaluated the
antioxidant state in which the key modulator is considered to be vitamin D. Despite bone
mineralization, vitamin D is also involved in many biological processes, such as immune
system modulation and antioxidation [33,34]. Vitamin D components can be divided into five
types (D1-D5); their biological functions are triggered by 1.25 OH vitamin D, which is
activated in the mitochondria from the 25-OH form [35]. Vitamin D supplementation is
associated with a decrease in oxidative stress, improvement in anti-inflammatory defense,
and activation of DNA repair processes [36,37]. In 2017, Zubillaga et al. proved that adults
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with T21 are at greater risk of vitamin D deficiency, and the additional supplementation
brings beneficial results [38]. Palacios et al. showed that vitamin D supplementation is nec-
essary for decreasing the risk of pregnancy-related abnormalities, including pre-eclampsia,
preterm birth, decreased birth weight, and other related diseases [35,36,38-42]. In our study,
decreased levels of vitamin D were found among women carrying T21 fetuses, similar to
the results received in T21 individuals [41]. The data obtained in the study showed de-
creased 25-OH vitamin D concentrations below the recommended level (<30 ng/mL) [32].
Furthermore, decreased vitamin D concentrations suggest insufficient antioxidant potential
in the maternal compartment, which may result in a more severe subsequent course of
fetal comorbidities [43]. Accordingly, in our study, the decreased 25-OH vitamin D concen-
tration observed in T21 pregnancies was found to be positively correlated with another
antioxidant and anti-inflammatory protein—A1AT [44]. A1AT, also known as serpin 1,
protects neurons and glial cells from oxidative stress and glucose deprivation [45,46]. It
is known that A1AT deficiency is a rare disease that significantly increases the risk of
serious lung and/or liver diseases [47]. In our research, the concentration of amniotic
fluid A1AT was significantly lower in the study group compared to the control group. The
results suggest that a decrease in the A1AT concentration combined with aggravated
inflammation processes and oxidative stress observed in T21 pregnancy may negatively
impact plural comorbidities and the occurrence of fetal malformations [48-50]. A1AT defi-
ciency combined with the decreased vitamin D levels observed in our study could have a
multitude of effects of deregulated paths in T21 pregnancy development [44]. Furthermore,
the negative correlation demonstrated between DNA/RNA OSDPs and A1AT showed that
an increased degree of oxidative stress is combined with A1AT deficiency observed in
amniotic fluid. Nevertheless, we did not observe any significant difference in the A1AT
plasma concentration between T21 and euploid pregnancies.

In our study, elevated levels of the novel antioxidant protein asprosin were found in
T21 amniotic fluid and plasma compared to those in the euploid control group. Asprosin is
a hormone secreted by white adipose tissue activated by fasting as a response to low plasma
glucose concentrations [51]. Interestingly, Zhang et al. proved that asprosin upregulates
the activity of the antioxidant enzyme superoxide dismutase 2, which is associated with a
decrease in the concentration of reactive oxygen species (ROS) and apoptosis processes [52].
An increased asprosin concentration may result from antioxidant maternal protection
related to the developing T21 fetus [51-54]. Vitamin D deficiency is inversely associated
with asprosin concentrations, which, combined with increased DNA/RNA OSDP levels,
confirms that the antioxidant deficiency caused by the developing T21 fetus is insufficiently
counteracted by the maternal organism.

The results of the present study are convergent with those obtained by other authors.
Perrone et al. suggested that an increased oxidative stress level is detectable in amniotic
fluid samples in early T21 pregnancy. In their study, upregulated isoprostane concen-
trations, a novel marker of free radical-catalyzed lipid peroxidation related to increased
oxidative stress, were noticed. Their hypothesis, based on these outcomes, referred to the fact
that T21 fetal development is interrupted by an environment with increased oxidative stress,
which may injure many tissues [32]. These results were updated by Perlugi et al.,where
decreased levels of glutathione (GSH) were observed and significantly increased levels of
several markers of oxidative stress were found in T21 amniotic fluid. The sources of
oxidative stress in pregnancy can be various, from the placenta to maternal and fetal
tissues, and the induction of oxidative stress reactions could also come from external
factors [55].

No significant correlations between corresponding parameters in plasma and amniotic
fluid were demonstrated. We found it confusing that studied parameter concentrations
in the amniotic fluid were not directly related (proportional) to the concentrations in the
maternal plasma—in a number of cases, higher maternal content was not readily
translated into higher concentrations in the amniotic fluid. This would also indicate that
the relationship between maternal and fetal oxidative stress is complex beyond a
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simple diffusion. The source of oxidative stress in pregnancy manifests in the placenta, in
particular, but also originates from maternal and/or fetal cells and external factors [55]. It
can be hypothesized that the correlation is described by some monotonic, but not linear
function. Studies on the transfer mechanisms between the maternal and fetal compartment
are needed to determine the association between the parameters studied in the amniotic fluid
and maternal plasma.

4.2. Strength and Limitations

It was previously hypothesized that the upregulated oxidative stress level is related to
T21 pathogenesis; this was later proved by Zitanova et al., who measured and reported
upregulated levels of oxidative stress markers in T21 individuals [22]. Thus, it seemed
necessary to evaluate the hypothesis about oxidative stress biomarkers in T21 prenatal
screening. The results indicate a potential role of the application of oxidative stress markers
in the pre-natal screening of T21 with the highest screening utility of plasma asprosin.
Moreover, the origins of the disturbed metabolic pathways were analyzed. Our study
indicates that oxidative stress-related parameters in the maternal plasma were not directly
related to concentrations in the amniotic fluid. It seems that disturbed metabolic processes in
the fetal compartment are not particularly counteracted by additional syntheses of
antioxidant substances in maternal circulation [38]. Furthermore, the analyzed protein’s
direct functions as antioxidants were not thoroughly examined. In this case, our study
has indicated the novel possibilities in basic research, especially referring to the fact that
insufficient antioxidants properties were established during T21 fetus development. These
analyses are of great importance in understanding the role of oxidative stress in the patho-
physiology of T21. Furthermore, the number of studies performed on T21 individuals to
establish the negative impact of increased oxidative stress status is still insufficient. Pre-
clinical studies concerning the impact of oxidative/antioxidative state on the development
of T21 are still needed [56]. However, in our study, the low diagnostic utility of measure-
ments of the oxidative stress marker IMA in T21 pregnancy were demonstrated. Although
IMA and AGE have never been measured in T21 pregnancy before, extensive data in the
literature suggest their promising diagnostic utility in pre-eclampsia and pregnancy hyper-
tension [57,58]. Despite confirmation of a higher level of oxidative stress, the IMA and AGE
levels have been shown to not be remarkably increased in various complications related
to T21 gestation [34,42,59-61]. Moreover, referring to the limited size of the experimental
group, further evaluation and data validation using a larger cohort are required to confirm
the diagnostic usefulness of the studied oxidative stress parameters.

4.3. Implications and Future Perspectives

Considering that oxidative stress markers are still investigated for their possible screen-
ing utility, the oxidative stress markers in T21 pregnancy screening were evaluated. The
commonly used noninvasive prenatal test for calculating the risk of T21, which combines
ultrasound markers with biochemical markers of pregnancy-associated plasma protein
A (PAPP-A) and serum-free human chorionic gonadotropin (B-HCG), is characterized by
93% accuracy. The separate diagnostic utility in maternal plasma has been proven (AUC
for PAPP-A = 0.777; AUC for B-HCG = 0.668; AUC for combined PAPP-A + B-HCG =
0.8533) [62]. Comparing these data to the plasma asprosin measurement, characterized by
AUC = 0.965, the diagnostic utility of maternal plasma asprosin as a potential noninvasive
marker in T21 prenatal screening was demonstrated. Moreover, these results are also
comparable with the free fetal DNA measurement, characterized by 99% accuracy [9].
Additionally, the possible association of the occurrence of T21 comorbidities and prenatal
determination of asprosin in follow-up studies should be evaluated. The OR calculation
has shown that deregulated concentration of plasma and amniotic fluid asprosin, A1AT,
and amniotic fluid IMA during the second trimester increased the risk of Down syndrome
among pregnant women (p < 0.05).
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The preventive effects of antioxidants counteracting the harmful impact of ROS or
acting as treatment for oxidative stress-related diseases are still constantly being examined.
Accordingly, the potential beneficial effect of antioxidant administration during T21 devel-
opment could reduce the cognitive and neuronal dysfunctions associated with T21 [63].
The evidence from studies performed in vitro and in vivo to evaluate the positive effects
of dietary antioxidants seems compelling [56,64,65]. However, nonconclusive results in
this area clearly demonstrate that more attention should be paid to the performance of
high-quality randomized controlled trials [64-67]. Despite this, Nachvak et al. proved
that alpha-tocopherol supplementation decreases the levels of oxidative stress markers
in T21 [68]. Furthermore, antioxidant supplementation in adult T21 individuals could
slow the development of dementia and Alzheimer’s disease, which are the most strongly
related to T21 diseases. Our results confirm the antioxidant deficiencies of pregnant women
with fetal T21 and the potential of antioxidant treatment of pregnant women. In this case,
this study has uncovered novel targets for evaluations in future preclinical trials [56,69].
Despite the relevant value of our research, this study should be considered as preliminary.
In future research, long-term follow-up studies performed on large cohort study groups
are of utmost importance.

5. Conclusions

The diagnostic utility in the prenatal screening of T21 of plasma measurements of
asprosin, IMA, AGE, and DNA/RNA OSDPs was demonstrated. The obtained results indi-
cate a potential role of the application of oxidative stress markers in the prenatal screening of
T21, with the highest screening utility of asprosin measurement. Decreased A1AT with
vitamin D and increased asprosin and DNA/RNA OSDP concentrations are related to T21
development. However, based on the present study, it is reasonable to speculate that oxida-
tive stress occurs in the T21 fetal compartment rather than in the maternal compartment, and
the maternal organism is inefficient in overcoming the antioxidant deficiencies caused by the
developing T21 fetus. Thus, antioxidant applications in T21 pregnancy should still be
evaluated.
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7. STRESZCZENIE
7.1.  Streszczenie w jezyku polskim

Pomimo znacznego postepu W diagnostyce trisomii 21 (T21),
amniopunkcja jest nadal wykorzystywana do potwierdzenia wystgpienia
nieprawidlowego kariotypu u ptodu. Ze wzgledu na to, ze testy inwazyjne
wigza si¢ z potencjalnym ryzykiem poronienia, biomarkery przesiewowe
sa powszechnie stosowane przed poddaniem si¢ zabiegom inwazyjnym.
Wprowadzenie nowych metod do diagnostyki przesiewowej moze
zmniejszy¢ 1los¢ wykonywanych zabiegéw inwazyjnych. W przysztosci
wprowadzenie zintegrowanych metod omicznych do rutynowych badan
prenatalnych moze zwiekszy¢ odsetek wykrywalno$ci aneuploidii ptodu,
w tym T21 metodami nieinwazyjnymi. Na podstawie przegladu literatury
mozna stwierdzi¢, ze analiza cbDNA i cffDNA wykazuje ogromny
potencjal w badaniach przesiewowych T21. Jednak nadal istnieje potrzeba
dostarczenia danych w celu potwierdzenia ich uzyteczno$ci.
Ponadto rozwo6] w pelni zautomatyzowanych systemow pozostaje
niezbedny do wprowadzenia nowoczesnych technologii w badaniach
prenatalnych. W zwigzku z tym przytoczone badania prenatalne
prowadzone z wykorzystaniem metod omicznych dostarczyty nowych
informacji na temat ztozonej patofizjologii T21.
Dodatkowo, zaproponowane wykorzystanie metod omicznych moze
umozliwi¢  szybsza ocen¢ nowych strategii  terapeutycznych.
Przypuszcza sie, iz dalsza walidacja wynikow z wykorzystaniem metody
ELISA umozliwi wydobycie zalet wynikéw uzyskanych metodami
omicznymi, zapewniajac  szybka | dokladng detekcje T21.
Dane literaturowe podkreslaja zwigzek aberracji

chromosomowych ptodu z zaburzeniami proceséw zaleznych od
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potencjalu  procesow  oksydacyjno-antyoksydacyjnych.  Obecnosé¢
dodatkowego chromosomu 21 powoduje zaburzenie szeregu szlakéw
metabolicznych, skutkujacych wystgpieniem wad wrodzonych u ptodu.
Dodatkowo, biorgc pod uwage fakt, ze kluczowe geny szlaku stresu
oksydacyjnego sa zmapowane na chromosomie 21, nalezatoby ujac
znaczenie stresu oksydacyjnego nie tylko w patogenezie T21,
ale takze w diagnostyce prenatalnej. Z tego wzgledu, w przeprowadzonym
badaniu, poddano ocenie mozliwos¢ zastosowania 0znhaczania
Apolipoproteiny E oraz wybranych markerow stresu oksydacyjnego
w prenatalnych badaniach przesiewowych stosowanych w celu okreslenia

ryzyka wystapienia T21.

Stezenie nastepujacych biatek: apolipoproteiny E (ApoE),
produktéw oksydacyjnego rozpadu DNA/RNA (OSDP), produktow
koncowe glikacji (AGE), albuminy modyfikowanej niedotlenieniem
(IMA), alfa-1-antytrypsyny (AL1AT), asprosinu i witaminy D oznaczono
zarbwno W 0soczu matki, jak i w ptynie owodniowym, pozyskanym
od kobiet w cigzy z potwierdzong T21 u ptodu, stanowigca grupe badana,
1 u kobiet w cigzy z potwierdzong euploidalng cigza, stanowigca grupe
kontrolng. Uzyskane wyniki wskazuja na podwyzszony poziom ApoE,
OSDPs DNA/RNA i biatka asprosin przy jednoczesnym obnizeniu stezeniu
witaminy D i A1AT w grupie badanej. Uzytecznos¢ diagnostyczna
oznaczen powyzszych biatek w  badaniu  przesiewowym  T21
w oparciu o powierzchni¢ pola pod krzywa ROC (AUC) byty nastgpujace:
ApoE (AUC=0,975); asprosin (AUC = 0,965), IMA (AUC = 0,880), AGE
(AUC= 0,846) i OSDP DNA/RNA (AUC = 0,506). Uzyskane wyniki
wskazuja na potencjalng uzyteczno$¢ oznaczania st¢zenia ApoE
oraz wybranych markerow stresu oksydacyjnego
w prenatalnych badaniach przesiewowych T21, przy czym najwigksza
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uzytecznos$cig przesiewowa charakteryzowalosi¢ oznaczenie st¢zenia

biatka ApoE oraz asprosinu.

7.2.  Streszczenie w jezyku angielskim

Despite the significant progress in the diagnostic tools applied for
prenatal screening, amniocentesis is still used to confirm abnormal fetus
karyotype. Invasive testing carries a potential risk of miscarriage; therefore,
screening biomarkers are commonly used before undergoing invasive
procedures. The introduction of novel screening methods may
subsequently reducing the number of incorrect indications
for amniocentesis diagnosis. In the future, the introduction of integrated
omics methods into routine non-invasive prenatal screening could
increase the detection rate of fetal aneuploidy including T21. Based on our
literature search, it can be concluded that coDNA and cffDNA analysis
demonstrate the vast potential in  NIPT. However, there is
still  a  need to provide useful data in order to validate their
usefulness. Moreover, the development of fully automated systems
remains essential to introduce modern technologies in prenatal screening.
Accordingly, novel approaches have provided new insights into the
complex pathophysiology of T21, which could be further used in novel
therapeutic strategy evaluation. Up to date, ELISA was a useful
tool which meet the challenge of introducing results obtained with
omics-based methods into daily routine diagnostics with subsequent
validation of different procedures.

Furthermore, literature data emphasize the relationship of fetal

chromosomal aberrations with disturbed processes dependent on the
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potential of oxidative-antioxidant processes. The presence of an additional
chromosome 21 disrupts a number of metabolic pathways, resulting in birth
defects in the fetus. In addition, given that key genes in the oxidative stress
pathway are mapped on chromosome 21, the importance of oxidative stress
not only in the pathogenesis of T21, but also in prenatal diagnosis should
be included. In this case, in this study, we examined the possibility of using
the determination of Apolipoprotein E and selected markers of oxidative

stress in prenatal screening of trisomy 21.

Concentrations of Apolipoprotein E (ApoE), concentration of
DNA / RNA damage products after increased oxidative stress influence
(OSDP), advanced glycation products (AGE), ischemia modified albumin
(IMA), alpha 1- antitrypsin (AL1AT), asprosin and vitamin D
concentrations were determined in both maternal plasma and
amniotic fluid in trisomy 21 (T21) and euploid pregnancies. The
obtained results indicate an increased level of ApoE, OSDPs DNA / RNA
and asprosin protein with a simultaneous decrease in the level of
vitamin D and A1AT in the study group. Diagnostic utility in screening
T21 of the above parameters based on the area under the obtained ROC
curve (ROC curve) was as follows: ApoE (AUC = 0.975); asprosin
(AUC = 0.965), IMA (AUC = 0.880), AGE (AUC = 0.846) and OSDP
DNA / RNA (AUC = 0.506) at the T21 screening. The obtained results
indicate the potential role of the use of ApoE determination and selected
markers of oxidative stress in the prenatal screening tests T21, where the
greatest screening utility was demonstrated by the determination of the

concentration of ApoE and asprosin protein.

65



7.  PISMIENNICTWO

Mai, C.T.; Isenburg, J.L.; Canfield, M.A.; Meyer, R.E.; Correa, A.;
Alverson, C.J.; Lupo, P.J.; Riehle-Colarusso, T.; Cho, S.J;
Aggarwal, D.; et al. National population-based estimates for major
birth defects, 2010-2014. Birth Defects Res. 2019, 111, 1420-1435,
d0i:10.1002/bdr2.1589.

Crawford, D.; Dearmun, A. Down’s syndrome. Nurs. Child. Young
People 2016, 28, 17, doi:10.7748/ncyp.28.9.17.5109.

Down Syndrome | NICHD - Eunice Kennedy Shriver National
Institute of Child Health and Human Development Available
online: https://www.nichd.nih.gov/health/topics/downsyndrome
(accessed on May 10, 2021).

Carlson, L.M.; Vora, N.L. Prenatal Diagnosis: Screening and
Diagnostic Tools. Obstet. Gynecol. Clin. North Am. 2017, 44, 245-
256.

Heft, H.; Soulodre, C.; Cowan, K.; Laing, A.; Kaulback, K.;
Mcdowell, S.; Ng, V.; Mitchell, A.; Lang, A.; Sikich, N.; et al.
Noninvasive Prenatal Testing for Trisomies 21, 18, and 13, Sex
Chromosome Aneuploidies, and Microdeletions: A Health
Technology Assessment. Ont. Health Technol. Assess. Ser. 2019,
19, 1-166.

Akolekar, R.; Beta, J.; Picciarelli, G.; Ogilvie, C.; D’Antonio, F.
Procedure-related risk of miscarriage following amniocentesis and
chorionic villus sampling: A systematic review and meta-analysis.
Ultrasound Obstet. Gynecol. 2015, 45, 16-26,
d0i:10.1002/u0g.14636.

66


http://www.nichd.nih.gov/health/topics/downsyndrome

10.

11.

12.

Bianchi, D.W.; Wilkins-Haug, L. Integration of noninvasive DNA
testing for aneuploidy into prenatal care: What has happened since
the rubber met the road? Clin. Chem. 2014, 60, 78-87.

Song, K.; Musci, T.J.; Caughey, A.B. Clinical utility and cost of
non-invasive prenatal testing with cfDNA analysis in high-risk
women based on a US population. J. Matern. Neonatal Med. 2013,
26, 1180-1185, doi:10.3109/14767058.2013.770464.

Wong, F.C.K.; Lo, Y.M.D. Prenatal diagnosis innovation: Genome
sequencing of maternal plasma. Annu. Rev. Med. 2016, 67, 419—
432, doi:10.1146/annurev-med-091014-115715.

Salomon, L.J.; Sotiriadis, A.; Wulff, C.B.; Odibo, A.; Akolekar, R.
Risk of miscarriage following amniocentesis or chorionic villus
sampling: systematic review of literature and updated meta-
analysis. Ultrasound Obstet. Gynecol. 2019, 54, 442-451.

Perrone, S.; Longini, M.; Bellieni, C. V.; Centini, G.; Kenanidis,
A.; De Marco, L.; Petraglia, F.; Buonocore, G. Early oxidative
stress in amniotic fluid of pregnancies with Down syndrome. Clin.
Biochem. 2007, 40, 177-180,
doi:10.1016/j.clinbiochem.2006.10.019.

Parfieniuk, E.; Samczuk, P.; Kowalczyk, T.; Pietrowska, K.;
Niemira, M.; Paczkowska-Abdulsalam, M.; Wolczynski, S.;
Kretowski, A.; Ciborowski, M.; Zbucka-Kretowska, M. Maternal
plasma metabolic fingerprint indicative for fetal Down syndrome.
Prenat. Diagn. 2018, 38, 876-882, d0i:10.1002/pd.5345.

67



13.

14.

15.

16.

17.

18.

19.

Bahado-Singh, R.O.; Akolekar, R.; Mandal, R.; Dong, E.; Xia, J.;
Kruger, M.; Wishart, D.S.; Nicolaides, K. Metabolomic analysis
for first-trimester Down syndrome prediction. Am. J. Obstet.
Gynecol. 2013, 208, 371.e1-371.e8,
doi:10.1016/j.aj0g.2012.12.035.

Barone, E.; Arena, A.; Head, E.; Butterfield, D.A.; Perluigi, M.
Disturbance of redox homeostasis in Down Syndrome: Role of iron
dysmetabolism. Free Radic. Biol. Med. 2018, 114, 84-93.

Barone, E.; Head, E.; Butterfield, D.A.; Perluigi, M. HNE-
modified proteins in Down syndrome: Involvement in development
of Alzheimer disease neuropathology. Free Radic. Biol. Med.
2017, 111, 262-269.

Arbuzova, S.; Hutchin, T.; Cuckle, H. Mitochondrial dysfunction
and Down’s syndrome. BioEssays 2002, 24, 681-684.

Zana, M.; Janka, Z.; Kalman, J. Oxidative stress: A bridge between
Down’s syndrome and Alzheimer’s disease. Neurobiol. Aging
2007, 28, 648-676.

Muchova, J.; Zithanova, I.; Durackova, Z. Oxidative stress and
Down syndrome. do antioxidants play a role in therapy? Physiol.
Res. 2014, 63, 535-542.

Carbone, L.; Cariati, F.; Sarno, L.; Conforti, A.; Bagnulo, F.;
Strina, 1.; Pastore, L.; Maruotti, G.M.; Alviggi, C. Non-Invasive
Prenatal Testing: Current Perspectives and Future Challenges.
Genes (Basel). 2020, 12, 15, doi:10.3390/genes12010015.

68



20.

21.

Zbucka-Kretowska, M.; Niemira, M.; Paczkowska-Abdulsalam,
M.; Bielska, A.; Szalkowska, A.; Parfieniuk, E.; Ciborowski, M.;
Wolczynski, S.; Kretowski, A. Prenatal circulating microRNA
signatures of foetal Down syndrome. Sci. Rep. 2019, 9,
d0i:10.1038/s41598-018-35876-5.

Gardiner, K.J. Pharmacological approaches to improving cognitive
function in down syndrome: Current status and considerations.
Drug Des. Devel. Ther. 2014, 9, 103-125.

69



9. SUPLEMENT

9.1. Informacje o charakterze udziatu wspotautoréw w publikacjach

wraz z szacunkowym okresleniem procentowego wktadu kazdego

z nich oraz o$wiadczenia o0 zgodzie na wykorzystanie publikacji

w rozprawie doktorskiej

1. Angelika Buczynska; Iwona Sidorkiewicz; Anna Trochimiuk;

Stawomir Lawicki; Adam Jacek Kretowski: Monika Zbucka-

Kretowska

Novel approaches to an integrated route for Trisomy 21

evaluation

Biomolecules, 2021, 11(9), 1328.

Doi: 10.3390/biom11091328

Imie i nazwisko
wspolautora

Charakter udziatu

Procentowy wkitad

doktorant — mgr
Angelika Buczynska

Udzial w planowaniu
planu pracy,
przeprowadzanie
przegladu literatury prac
prezentowanych w pracy,
opracowanie i analiza
wynikow, przygotowanie
manuskryptu,
przygotowanie tabel
wchodzacych w sktad
manuskryptow

60%

dr lwona
Sidorkiewicz

Pomoc przy przegladzie
literatury

1 wspottworzenie
manuskryptu, korekta
jezykowa

8%

70




Udzial w przegladzie

Mgr A.‘nr!a literatury, tworzeniu bazy 2%
Trochimiuk danych
Prof. dr hab. Konsultacja 204
Stawomir Lawicki merytoryczna
Prof. dr hab. Adam Konsultacja 10%
) 0

Jacek Kretowski merytoryczna

Stworzenie koncepcji
dr hab. Monika pracy, pomoc przy

przygotowaniu 18%

Zbucka-Kretowska

manuskryptu, nadzor
merytoryczny

Oswiadczam, ze wszyscy wspotautorzy wyrazili zgodg na wykorzystanie
powyzszej publikacji w pracy doktorskiej mgr Angeliki Buczynskie;j.

71




2. Angelika Buczynska; Iwona Sidorkiewicz; Stawomir Lawicki; Adam Jacek

Kretowski; Monika Zbucka-Kretowska

| iqnifi : i . int .
of Fetal Down Syndrome

Journal of Clinical Medicine, 2020, 9(12), 3995.

Doi: 10.3390/jcm9123995

Imie i nazwisko

wspotautora

Charakter udziatu

Procentowy wkitad

doktorant — mgr
Angelika Buczynska

Udzial w planowaniu
eksperymentow,
przeprowadzanie
eksperymentow
prezentowanych w pracy,
opracowanie i analiza
wynikow, przygotowanie
manuskryptu,
przygotowanie tabel
wchodzacych w sktad
manuskryptow

60%

dr Iwona
Sidorkiewicz

Pomoc przy
przeprowadzeniu
oznaczen

i wspottworzenie
manuskryptu, korekta
jezykowa

10%

Prof. dr hab.
Stawomir Lawicki

Konsultacja
merytoryczna

2%

Prof. dr hab. Adam
Jacek Kretowski

Konsultacja
merytoryczna

10%

dr hab. Monika
Zbucka-Kretowska

Stworzenie koncepcji
pracy, udziat w
planowaniu
eksperymentow, pomoc

18%

72




przy przygotowaniu
manuskryptu, nadzor
merytoryczny

Oswiadczam, ze wszyscy wspotautorzy wyrazili zgodg na wykorzystanie

powyzszej publikacji w pracy doktorskiej mgr Angeliki Buczynskie;.

73



3. Angelika Buczynska; lwona Sidorkiewicz; Stawomir Lawicki;

Adam Jacek Kretowski: Monika Zbucka-Kretowska

Prenatal Screening of Trisomy 21: Could Oxidative Stress
Markers Play a Role?

Journal of Clinical Medicine, 2021, 10(11), 2382.

Doi: 10.3390/jcm10112382

Imie i nazwisko
wspolautora

Charakter udziatu

Procentowy wkitad

doktorant — mgr
Angelika Buczynska

Udzial w planowaniu
eksperymentow,
przeprowadzanie
eksperymentow
prezentowanych w pracy,
opracowanie i analiza
wynikow, przygotowanie
manuskryptu,
przygotowanie tabel
wchodzacych w sktad
manuskryptow

60%

dr Iwona
Sidorkiewicz

Pomoc przy
przeprowadzeniu
oznaczen

1 wspottworzenie
manuskryptu, korekta
jezykowa

10%

Prof. dr hab.
Stawomir Lawicki

Konsultacja
merytoryczna

2%

Prof. dr hab. Adam
Jacek Kretowski

Konsultacja
merytoryczna

10%

dr hab. Monika
Zbucka-Kretowska

Stworzenie koncepcji
pracy, udzial w
planowaniu
eksperymentow, pomoc

18%

74




przy przygotowaniu
manuskryptu, nadzor
merytoryczny

Oswiadczam, ze wszyscy wspotautorzy wyrazili zgodg na wykorzystanie

powyzszej publikacji w pracy doktorskiej mgr Angeliki Buczynskie;.

75



mgr Angelika Buczynska
Centrum Badan klinicznych

Uniwersytet Medyczny w Biatymstoku

OSWIADCZENIE

Oswiadczam, iz mdj udzial w przygotowaniu publikacji:

1. Angelika Buczynska; Iwona Sidorkiewicz; Anna Trochimiuk; Stawomir Lawicki; Adam
Jacek Kretowski; Monika Zbucka-Krgtowska, Novel approaches to an integrated route for
Trisomy 21 evaluation; Biomolecules, 2021, 11(9), 1328.Doi: 10.3390/biom11091328,
wchodzacej w sktad rozprawy doktorskiej polegal na: udziale w planowaniu planu pracy,
przeprowadzaniu przegladu literatury prac prezentowanych w pracy, opracowaniu i analizie
wynikow, przygotowaniu manuskryptu, przygotowaniu tabel wchodzacych w  skfad
manuskryptow.

Jednoczesnie stwierdzam, iz moj indywidualny udzial w powstaniu niniejszej pracy wyniost
60%.

2. Angelika Buczynska; Iwona Sidorkiewicz; Stawomir Lawicki; Adam Jacek Kretowski;
Monika Zbucka-Kretowska, The Significance of Apolipoprotein E Measurement in the
Screening of Fetal Down Syndrome; Journal of Clinical Medicine, 2020, 9(12),
3995.D0i:10.3390/jcm9123995, wechodzgcej w sktad rozprawy doktorskiej polegal na: udziale
w planowaniu eksperymentdéw, przeprowadzaniu eksperymentéw prezentowanych w pracy,
opracowaniu i analizie wynikow, przygotowaniu manuskryptu, przygotowaniu tabel
wchodzacych w sktad manuskryptow.

Jednocze$nie stwierdzam, iz moj indywidualny udzial w powstaniu niniejszej pracy wynidst
60%.

3. Angelika Buczynska; Iwona Sidorkiewicz; Stawomir Lawicki; Adam Jacek Kretowski;
Monika Zbucka-Kretowska, Prenatal Screening of Trisomy 21: Could Oxidative Stress
Markers  Play a  Role?; Journal of  Clinical  Medicine,2021,  10(11),
2382.D0i:10.3390/jem10112382, wehodzacej w sktad rozprawy doktorskiej polegal na: udziale
w planowaniu eksperymentdw, przeprowadzeniu eksperymentdw, opracowaniu i analizie
wynikow, przygotowaniu manuskryptu, przygotowaniu tabel wchodzacych w  sklad
manuskryptu.

Jednocze$nie stwierdzam, iz méj indywidualny udzial w powstaniu niniejszej pracy wyniost
60%.

W(”)%/K/ZQ oy M%JK@-



dr hab. Monika Zbucka-Kr¢towska
Kierownik Zaktadu Endokrynologii Ginekologicznej
i Ginekologii Wieku Rozwojowego

Uniwersytet Medyczny w Biatymstoku

OSWIADCZENIE

Oswiadczam, iz moj udziat w przygotowaniu publikacii:

1. Angelika Buczynska; Iwona Sidorkiewicz; Anna Trochimiuk; Stawomir Lawicki; Adam
Jacek Kretowski; Monika Zbucka-Kretowska, Novel approaches to an integrated route for
Trisomy 21 evaluation;, Biomolecules, 2021, 11(9), 1328.Doi: 10.3390/biom11091328,
wehodzacej w sktad rozprawy doktorskiej Pani mgr Angeliki Buczynskiej polegal na:
stworzeniu koncepcji pracy, pomocy przy przygotowaniu manuskryptu, nadzorze
merytoryczny.

Jednoczesnie potwierdzam, iz indywidualny udzial Pani mgr Angeliki Buczynskiej w
powstaniu niniejszej pracy wyniost 60%.

2. Angelika Buczyfiska; Iwona Sidorkiewicz; Stawomir Lawicki; Adam Jacek Kretowski;
Monika Zbucka-Kretowska, The Significance of Apolipoprotein E Measurement in the
Screening of Fetal Down Syndrome; Journal of Clinical Medicine, 2020, 9(12),
3995.D0i:10.3390/jcm9123995, wehodzacej w sklad rozprawy doktorskiej Pani mgr Angeliki
Buczynskiej polegal na: stworzeniu koncepcji pracy, udziale w planowaniu eksperymentdw,
pomocy przy przygotowaniu manuskryptu, nadzorze merytorycznym.

Jednoczesnie potwierdzam, iz indywidualny udziat Pani mgr Angeliki Buczynskiej w
powstaniu niniejszej pracy wynidst 60%.

3. Angelika Buczynska; Iwona Sidorkiewicz; Stawomir Lawicki; Adam Jacek Kretowski;
Monika Zbucka-Kretowska, Prenatal Screening of Trisomy 21: Could Oxidative Stress
Markers ~ Play a  Role?;  Journal of  Clinical  Medicine,2021, 10(11),
2382.D0i:10.3390/jem10112382, wchodzacej w sklad rozprawy doktorskiej Pani mgr Angeliki
Buczynskiej polegal na: stworzeniu koncepcji pracy, udziale w planowaniu eksperymentdw,
pomocy przy przygotowaniu manuskryptu, nadzorze merytorycznym.

Jednoczesnie potwierdzam, iz indywidualny udzial Pani mgr Angeliki Buczynskiej w
powstaniu niniejszej pracy wyniost 60%.

;’o]Om(L (& i, iﬂ«wﬁ



dr Iwona Sidorkiewicz
Centrum Badan klinicznych

Uniwersytet Medyczny w Biatymstoku

OSWIADCZENIE

Oswiadczam, iz méj udziat w przygotowaniu publikacii:

1. Angelika Buczyniska; Iwona Sidorkiewicz; Anna Trochimiuk; Stawomir Lawicki; Adam
Jacek Kretowski; Monika Zbucka-Kretowska, Novel approaches to an integrated route for
Trisomy 21 evaluation; Biomolecules, 2021, 11(9), 1328.Doi: 10.3390/biom11091328,
wchodzgcej w sktad rozprawy doktorskiej Pani mgr Angeliki Buczynskiej polegat na: pomocy
przy przegladzie literatury i wspéttworzeniu manuskryptu, korekcie jezykowe;.

Jednoczesnie potwierdzam, iz indywidualny udzial Pani mgr Angeliki Buczynskiej w
powstaniu niniejszej pracy wynidst 60%.

2. Angelika Buczynska; Iwona Sidorkiewicz; Stawomir Lawicki; Adam Jacek Kretowski:
Monika Zbucka-Kretowska, The Significance of Apolipoprotein E Measurement in the
Screening of Fetal Down Syndrome; Journal of Clinical Medicine, 2020, 9(12),
3995.D0i:10.3390/jcm9123995, wehodzacej w sktad rozprawy doktorskiej Pani mgr Angeliki
Buczyniskiej polegat na: pomocy przy przeprowadzeniu oznaczeh i wspditworzeniu
manuskryptu, korekcie jezykowe;j.

Jednoczesnie potwierdzam, iz indywidualny udzial Pani mgr Angeliki Buczynskiej w
powstaniu niniejszej pracy wyniost 60%.

3. Angelika Buczynska; Iwona Sidorkiewicz; Stawomir FPawicki;Adam Jacek
Kretowski;Monika Zbucka-Kre¢towska, Prenatal Screening of Trisomy 21: Could Oxidative
Stress  Markers Play a Role?; Journal of Clinical Medicine,2021, 10(11),
2382.D0i:10.3390/jem 10112382, wehodzacej w sktad rozprawy doktorskiej Pani mgr Angeliki
Buczynskiej polegal na: pomocy przy przeprowadzeniu oznaczen i wspottworzeniu
manuskryptu, korekcie jezykowe;.

Jednoczesnie potwierdzam, iz indywidualny udzial Pani mgr Angeliki Buczynskiej w
powstaniu niniejszej pracy wynidst 60%.

lwoua  Solwdueny



Prof. dr hab. Adam Jacek Kretowski
Kieronik Kliniki Endokrynologii, Diabetologii i Choréb Wewngtrznych
Kierownik Centrum Badan Klinicznych

Uniwersytet Medyczny w Biatymstoku

OSWIADCZENIE

Os$wiadczam, iz méj udziat w przygotowaniu publikaciji:

1. Angelika Buczyfska; Iwona Sidorkiewicz; Anna Trochimiuk; Stawomir Lawicki; Adam
Jacek Kretowski; Monika Zbucka-Kretowska, Novel approaches to an integrated route for
Trisomy 21 evaluation; Biomolecules, 2021, 11(9), 1328.Doi: 10.3390/biom11091328,
wehodzacej w sktad rozprawy doktorskiej Pani mgr Angeliki Buczynskiej polegat na udzieleniu
konsultacji merytoryczne;.

Jednocze$nie potwierdzam, iz indywidualny udzial Pani mgr Angeliki Buczynhskiej
w powstaniu niniejszej pracy wynidst 60%.

2. Angelika Buczyfiska; Iwona Sidorkiewicz; Stawomir Lawicki; Adam Jacek Kretowski;
Monika Zbucka-Kretowska, The Significance of Apolipoprotein E Measurement in the
Screening of Fetal Down Syndrome; Journal of Clinical Medicine, 2020, 9(12),
3995.Doi:10.3390/jcm9123995, wehodzacej w sktad rozprawy doktorskiej Pani mgr Angeliki
Buczyniskiej polegat na udzieleniu konsultacji merytorycznej.

Jednoczeénie potwierdzam, iz indywidualny udzial Pani mgr Angeliki Buczynskiej

w powstaniu niniejszej pracy wyniost 60%.

3. Angelika Buczyfiska; Iwona Sidorkiewicz; Stawomir Lawicki; Adam Jacek Kretowski;
Monika Zbucka-Kretowska, Prenatal Screening of Trisomy 21: Could Oxidative Stress
Markers Play a  Role?; Journal of Clinical Medicine, 2021, 10(11),
2382.D0i:10.3390/jcm10112382, wehodzacej w sktad rozprawy doktorskiej Pani mgr Angeliki
Buczynskiej polegal na udzieleniu konsultacji merytorycznej.

Jednoczesnie potwierdzam, iz indywidualny udzial Pani mgr Angeliki Buczynskiej

w powstaniu niniejszej pracy wyniost 60%.



Prof. dr hab. Stawomir fawicki

Zaktad Medycyny Populacyjnej i Prewencji Choréb Cywilizacyjnych

Uniwersytet Medyczny w Biatymstoku

OSWIADCZENIE

Oswiadczam, iz mdj udziat w przygotowaniu publikacji:

1. Angelika Buczynska; Iwona Sidorkiewicz; Anna Trochimiuk;Stawomir Fawicki; Adam
Jacek Kretowski; Monika Zbucka-Kretowska, Novel approaches to an integrated route for
Trisomy 21 evaluation; Biomolecules, 2021, 11(9), 1328.Doi: 10.3390/biom11091328,
wehodzacej w sktad rozprawy doktorskiej Pani mgr Angeliki Buczynskiej polegat na udzieleniu
konsultacji meytoryczne;j.

Jednocze$nie potwierdzam, iz indywidualny udziat Pani mgr Angeliki Buczynkiej w powstaniu
niniejszej pracy wyniost 60%. AR A 2

2. Angelika Buczynska; Iwona Sidorkiewicz; Stawomir Lawicki;Adam Jacek Kretowski;
Monika Zbucka-Kretowska, The Significance of Apolipoprotein E Measurement in the
Screening of Fetal Down Syndrome; Journal of Clinical Medicine, 2020, 9(12),

3995.D0i:10.3390/jcm9123995, wehodzacej w skiad rozprawy doktorskiej Pani mgr Angeliki
Buczynskiej polegat na polegat na udzieleniu konsultacji meytoryczne;.

Jednocze$nie potwierdzam, iz indywidualny udziat Pani mgr Angeliki Buczynkiej w powstaniu
niniejszej pracy wyniost 60%. oZ/ 5 (A F 7

3. Angelika Buczynska; Iwona Sidorkiewicz; Stawomir Lawicki;Adam  Jacek
Krgtowski;Monika Zbucka-Kretowska, Prenatal Screening of Trisomy 21: Could Oxidative
Stress  Markers Play a Role?; Journal of Clinical Medicine,2021, 10(11),
2382.D0i:10.3390/jem10112382, wehodzacej w sklad rozprawy doktorskiej Pani mgr Angeliki
Buczyniskiej polegat na polegat na udzieleniu konsultacji meytoryczne;j.

Jednoczesnie potwierdzam, iz indywidualny udzial Pani mgr Angeliki Buczynkiej w powstaniu

niniejszej pracy wyniost 60%.



mgr Anna Trochimiuk

Klinika Endokrynologii, Diabetologii i Chorob Wewnetrznych

Uniwersytet Medyczny w Biatymstoku

OSWIADCZENIE

Oswiadczam. iz moj udziat w przyeotowaniu publikacii:

1. Angelika Buczynska; Iwona Sidorkiewicz; Anna Trochimiuk;Stawomir Lawicki; Adam
Jacek Kretowski; Monika Zbucka-Kretowska, Novel approaches to an integrated route for
Trisomy 21 evaluation; Biomolecules, 2021, 11(9), 1328.Doi: 10.3390/biom11091328,
wchodzacej w sktad rozprawy doktorskiej Pani mgr Angeliki Buczynskiej polegat na: udziale
w przegladzie literatury i tworzeniu baz danych.

Jednoczesnie potwierdzam, iz indywidualny udzial Pani mgr Angeliki Buczynskiej w
powstaniu niniejszej pracy wynidst 60%.



