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1. WYKAZ PUBLIKACJISTANOWI t RYOZH R A WN
DOKTORSK

Pracpr zegl Ndowa:

1. Angeli ka Buczy Eska,; |l wona Sid
Sgawomir Gawicki; Adam Jacek Kr
Krnt ows k a
Novelapproachesto an integrated route for Trisomy 21
evaluation
Biomolecues,2021,11(9),1328.

Doi: 10.3390/biom11091328
IF =4.879: MNISW =100

Praceoryginalne:

1. Angeli ka Buczy @&ska; | wona Sidor
Adam JacelKr nt o ws k ZhuckaKa mit koavs k a
The Significanceof Apolipoprotein E Measurementin the
Screening ofFetal Down Syndrome
Journalof Clinical Medicine,2020,9(12),3995.
Doi: 10.3390/jcm9123995
IF =4.241:MNiSW =140

2. Angeli ka Buczy &ska; | wona Sidor
Adam JaceKr nt oMosikazZhuckakK r nt ows k a
Prenatal Screeningof Trisomy21: Could Oxidative Stress
Markers Play a Role?
Journalof Clinical Medicine,2021,10(11),2382.
Doi: 10.3390/jcm10112382
IF =4.241:MNiSW = 140




2. ZESTAWIENIE PUBLIKACJI DOKTORANTA

Rodzajpublikaciji Liczba Impact Punktacja
Factor MNiSW
Pracev § N ¢ doo
rozprawy 3 13,36 380
doktorskiej
Prace, Kt
zost ag W
9 9 29,47 840
do rozprawy
doktorskiej
Streszczenia
_ 7 0 0
zjazdowe
Razem 19 42,83 1220




3. WYKAZSKRCTCW

AlAT- alfa-1-antytrypsyna

AGE T ang.advarcedglycationendproductsk o (Ec proadektyglikacji
AUC- ang. area under theurve,polepod kr zy wN

cbDNAT ang.cell-basedDNA, DNA uzyskane k o m- r e k

ELISAT ang. enzymdéinked immunosorbent assayietoda
immunoenzymatyczna

ffDNA i ang.freefetalDNAwo | n o k p § O NDNe e

IMA T ang. ischemianodified albuminalbumina modyfikowana
niedotlenieniem

NIPT i ang. Non Invasive Prenatal Testingeinwazyjne badania
przesiewowe

OR1 ang.oddsratio, iloraz szans

OSDP DNA/RNAI ang. oxidative stress dage productprodukty
oksydacyjnego rozpaddNA/RNA

ROG ang. receiver operating characteristic curkezywa
charakterystyki

ROSI ang. reactiveoxygen specieseaktywneformy tlenu
T217 trisomia 21 chromosomu

USGT badaniaultrasonograficzne



4. WS T NDPOT Y C Z t TEMATYKI PRACY
DOKTORSKIEJ

Trisomia 21 pary chromosomu (T21) t
aneuploidiaup g o[H,k t -fenaypowo( z e Ppwnax)wy st fjapou | e
zesp-g wrodzonych wad (m.in. serca, u
moczowep § ce @ ) z towarzyszNcym upoSledzen
W 2006 rokuNational Institute of Child Health and Human Development
oszacowag czfistotliwoSl wystfdpowania T
ur od bedéikowo,wy s t N p deyaneupleidii w populacji jest
nieza | eddip e zy nal egtipyetdazriej czisop o § €[3].z n e j

Obecnie,w celu oszacowaniaryzyka wy s t N paneepioidia
u pgodwi n s t miseuij rewnizo/g meemi ¢ zbnaed a n i pao § N
z badanienultrasonograficznynfUSG),gdziec z u dpad&nigrzekracza
90% [ 4, 5] . Nastnpni e, w celu potwierdz
T21 u pgodu stosuje sin badania i nwaz
biopsjak 0 s m- knmk-che r a k 5 ewyylzsuyEN s n id&ianiaN
nieinwazyjne, jednak wi N B N# 0,5% ryzykiem poronienia [6].
Przegomowym momentem diagnostyki ni ein
wprowadzenie t e s t gemetycznych, p o | e g a j ni c badahiu
wol nokr NUNcego, pgodowego DNA (ffDNA)
literaturowe ws k a znaj 99,8 c z u § ot&yo itestu, jednak
w dalszym ci Ngu metoda ta nie zostaga
Ponadt o, wykonani e tego badania jest z

k o s zarazzapewnieniem wysokospecjalistyczagaratury9].

Zastosowane nowych Dbiochemicznych mar ke

mo (bek ut kzowiafi k s z 2 0 §ie Bv@ii snteiovéazyjnych



b a d pré€Batalnychoraz ograniczeniemnieuzasadnionegstosowania
procedurinwazyjnychprzyjednoczesnymmniejszeniuyzykaporonienia

wpod N ¢ zzeastosewanierh a dimw@yjnych[10]. Daneliteraturowe
podkreSlajN zwi Nzek aberracji chr
proces-al eUnogc pot encyradae soksydacyjne
antyoksydacyjnych [11]. Ob e ¢ n do8atkowego chromosomu 21
powoduje zaburzenieszeregus z | a ketalolicznych,s k ut k uj Nc
wyst Npieniem wad wrodzonych u pgo
uwaghn fakt, Ue kluczowe geny szl ak
na chromosomie21, nal e Ua g olb g i do znaczenia stresu
oksydacyjnego nie tylko wwat ogenezi e T21, al e
prenatalnej [14]. Liczne dane literaturowe p o d k r ei SUvskijtel ,
wyst Npienia aberracji u pgodu doc
stresu oksydacyjnego oraz wy st Npz & b i avw epfcesch
antyoksydacyjnychpdpowiedzialnychz a pr z e ¢ iwwdszt i Napg aen
oksydacyjnychu s z k o strakeu@iologicznych [14,15]. Nadmierna
produkcja reaktywnych form tlenu (ROS) lub wyczerpanie endogennych
rezerwant yoks ynbamblt aw @wizly c powstania stresu
oksydacyjnego w przebiegu T21. Re e
zb i a § kpmlamiorazmat e r gemetyanmymp o w o dzmizdtenie
struktur kom-rkowych i Zzaburzeni e
Zana i in. w swojej pracy suge r u [J Bwolne rodniki os gabi a
i Nt ensywrsd ®imprawczych ma t e r geretycanego,tym
samymz wi fkszaj Nc prapwddbpbdnobhmuEgive o
[17]. W czasieprowadzonyctb a dzaa® wa U@ o o wy Umozomn y
stresuoksydacyjnegow patognezie T21 mo Upeo wo d atkenidnie
wielonienasyconyctk wa st- vu s z ¢ atywgampmwy wo gy wa |



efekty niszczNce bgony kom-rkowe. Suge
jednN z gg-wnych przyczyn zaburze@ poz
chorobie[1§ . Badania wykazagy r-wnieO, Ue p
oksydacyjneggpowodujeuszkodzenieDNA, r e o r g aaytoszkeelety n

i chromatyny, defekty w szlaku apoptozyk om- i ek epr awi dgowe
funkcjonowanie p un k t komtrolnych cyklu kom-r kowego.
Wo bec p o wlarych payamétrystresuoksydacyjnegomo g gy by

pedgni i roln wczesnych biomarker-w prze

oszacowaniayzykawy s t Nfdlenp@odu [ 10, 18, 19] .

Celem rozprawy doktorskie]j bydga oce
wybranychp ar ametr -w stresu oksydacyjnego w
W badaniu poddano ocenie u Uy t e cprzesewolwegooznaczania
nast i p ubjiNacgpeokbkty oksydacyjnegorozpadu DNA/RNA
(OSDP), a t a kibhgch powszechniestosowanychma r k estresw
oksydacyjngo (albumina modyfikowana niedokrwieniem (IMA)

i produkty k o Ec waawansowanejglikacji (AGE)) oraz nowe
b i aanptyaksydacyjné asprosin alfa-1-antytrypsyna(A1AT)
ioraz apolE(ApoEpiwo t a@idn m n

Nadodat kwalgra sujpufakt, i Upomimo U edefekt
genetycznyv przebiegwz e s @owiai trisomia2lparyc hr omos om- w
-jest znany, etiologia powstaj Ncych ni
zr ozuf@daNMaUma zy p u ddzpoznanie biochemicznych
mechani zm- wi aoldnpyocvhi eda&Z poj awi eni e sin
oraz ich wczesne rozpoznanie W oOKkresi ¢
zmienionych s z | a lpatogenetycznych,co mo g g opbtgncjalnie

Zzwi fksszzaymhp B awi d § o wy p[all

10



5. OME WI ERRAESKGADAJ!t GY IS
ROZPRAWN DOKTORSK!

5.1. Celepracy

Celem rozprawy doktorskiej b y § zbadanie potencjalnych
wczesnych biomarker -w biochemiczny
powo d u jzabargeaids z | a ketalolicznych.Cel pracy z o st a §

zrealizowanypoprzez:

1. Ocermpfizy da tponaucsit i U eApoiipaproteiny E, alfa-

1- antytrypsyny (A1AT) oraz b i a gakpaosin w diagnostyce
przesiewowej T21.

2.0cemph zydapgomiarSscti i Uwyhrangchma r k estreswv
oksydacyjnego: produkt - w o &lsuyidyacyj
modyfi kowane|j niedotlenieniem (I M
(AGE) w diagnostyceprzesiewowejr21.

3. Przeprowadzenieanalizy w/w ma r k ew aspekcie patogenezy

wy st Np a b oioavej R § ozdozpoznanynz e s p BDayveam

52. Praca preteghddioMaa podsumowa

poruszanej w rozprawigoktorskiej

T Pracgp r z e g |pfNNA N evapprioaches anintegrated
routeof Trisomy2 1 eval uati onbo

11



521.Materiag i metody

Ocenn | iteratury przeprowadzono z Ww
wg kryter i i wz ab | etmategieznych PRISMA. Wykorzystam
ar t yrkadyganeopublikowanew latach 20002021. Ws p- gczynni k
oddziagywania (I F) analizowanych czaso
AbyocemlUyt edz ag8 o propgnoveamytimowychmar ker - w
z potencjalnynzastosowaniemw prenatalnyctbadaniaclprzesiewowych,
uwzgl fidniono wartoSci pod krzywN char a

krzywych charakterystyki (ROC).
5.2.2. Whnioski

Wprowadzenie  nieinwazyjnych prenatalnych badaEE
przesiewowychz wykorzystaniemwol n ok r NONMAc pgodowe go
(fFDNA) b y @nomentemp r z e § 0 W @zasienieustanneg@ozwoju
dziedzinyprenatalnych  badaniach przesiewowych. Dalsze
p 0 s tw pogwoju prenatalnychb a d a przesi ewowych
dopr owald zpodrawy d o k § a d met&lc biochemicznych
wykorzystywanych d o t ej pory. ChociaU czugoSi
w badaniach prenatalnyghe st duUo wyUsza ni U dotych
metod, nadal istnieje wieley z wawlE N z a icly wptowadzeniem
do rutynowej diagnostki. Niemniej jednak, metody omiczne mo g N
b y ktosowanedo szybkieji dokgadne|] analizy duUyc!
Ni estety b a d a n iretatywriiee drogie,0 @ o ayriaracgaN
wprowadzeniach dorutynowejd i agnost yki , zwgjgaszcza Ww
i SredhnnontryzhELSAVred Beyal Uy t enceztnoNd N,
umo Ul i wiwprgwsdzéttie wy n i k uayskanych metodami
omicznymi do codziennej rutynowej diagnostyki, z jednoczesnym
ujednoliceniem stosowanychprocedur.
12



Przypuszcza sin, iU wkoizystangem metddy d a
ELISA u mo U | wydebycie zalet wy n i kuzyskanych metodami
omicznymi,z ap ews iz § pdkotk § @ @ n &RkW Ziwi Nezyk u
nadal istnieje potrzeba kontynuacji b a d aoffartych na metodach
omicznych w cel u p styang pyeprowadzanyets ¢ i
prenatalnycb ada & pr zesi ewowych.

Dodatkowobadanigprzeprowadzanes celuposzukiwanianowych
mar k eF21 wno g plr o w a dozddKrycia potencjalnychc e | - w
terapeutycznyct? o d k r e §lodJjaNeah & iv ¢  1E p pgddtasy ¢ h
rozwgu T21,zastosowanieintegrowanycimetodomicznychdozbadania
patogenezytej aneuploidii mo Ule y Inajskuteczniejszymsposobem

wprowadzeniadpowiedniego leczenjarenatalnegd2lwpr zy sz §o S
5.3. Publikacjeoryginalne

1 A T I8ignificanceof Apolipoprotein EMeasuremenin the
Screeningf Fetal DownSy ndr o me 0

1 A P r e Bcaeenintpf Trisomy21: Could OxidativeStress
Markers PlapRo | e ? 0

53.1. Materi ag

Materiag potrzebny do badani a
wczeSniej prowadzonych e@rongetkd g av W
pozwolenie Komisji Bioetycznej Uniwersytetu Medycznego
wBi a gy niRIt002K36/2014).

Pacjent ki zostagy zakwalifikow

kontrolnejna podstawiew y n i kariotypowaniauzyskanychw trakcie

13



amniopunkcji wykonanej w Klinice Ro z r o d ¢ Emd&krynologii
Ginekol ogicznej Uni wersytetu Medyczneg
tegobadaniaz o0 s rzakwiplifikowanych20 pacjentekz rozpoznanynir21
u pgodu (stanowi Nce gr uppir abva damoN)y mor a
kariotypem (grupa kontrolna). Pacjentki z o s twajg\yc zdo badania
na podstawie kryteri-w wgNczenia (rozp
(niestosowanie terapii hormonalnej, pr z e wl eckojoby

oraz ni e prehigeidyOowy.

5.3.2. ZgodaKomisji Bioetycznej

Pr ot o kkspgrymentalny przygotowany na potrzeby
przeprowadzeniab a d ad®artych w rozprawie doktorskiej z o st a g
zatwierdzonyprzezK o mi s j n Bi oetycznN Uni wer
wBi agymstoku (APK/ 002/351/2020) .

5.3.3. Metody

5.3.3.1. Materiag badany

Materiag biologiczny (osocze oraz p

pacjenteb y § pr z e ovlempeyatraes 9 A C .
5.3.3.2. Oznaczenigaboratoryjne

St nUevAi &GE, AIAT i b i a (pkpeosin oznaczono
zwykorzystanient e s immumoazymatycznyc{ELISA) (Cloud-Clone
Corp.,Wuhan,Chiny; odpowiednioCEA825Hu,CEB353Ge SEB697Hu
i SEA332Hu) zgodnie z instrukcjami dostarczonymi przez producenta.
St n UeDNA/RNA OSDP oznaczonmzy uUywaniiwedU
zestawu ELISA (DNA/RNA Oxidative Damage (High Sensitivity)

14



CaymanChemicals Ann Arbor, Michigan, MI, USA, 589320).Zestawten

umo Ul ijwd danjo ¢ d e 5 @ KOSPHAI DNA/RNA, takich jak
8-hydroksyguanozyna (8-OHG), 8-hydroksy?2 -@eoksyguanozyna

(8- OHdAG)i 8-hydroksyguaninaC a g kyopamigrwitaminy D oceniono

met odN chemiluminescencj i Eallfwmk or z
Roche (074642-0H)wi SamUepi B 286stago
ELISA (Gentaur, Sopot, Po | s k a, KAP1971) .byHry- b
randomizowanea n a s t fmperzonew tej samej serii, przyu Uy c i u

metodyS | eagmadizy.

5.3.3.3. Analizastatystyczna

Wy ni ki bada® poddano anali zie
GraphPad PRISMv.9.0. (GraphPadSoftware Inc., San Diego,CA)
zuUyciem klasycznyclRR-aticed sitzataynot
statystycznie przy p 0, 05. W celu
badanych parametr - w wykreSlono k
gdziepol e pod krzywN (AUC) oraz wyl.i
mi azrwN Nuikifuekspoy c j wynikiem, poddan@nalizie.

15



5.3.4. Wyniki

5.3.4.1. Por-wnanie stinUe@® marker  -w w
owodni owym pomi fidzy kobietami w ci NUy

orazc i n Uazemuyrhioi dal nym pJjodem

Przeprowadzonebadaniau d o w o dstotnig wy Uesszt i Ueni e
ApoE u kobiet zrozpoznanym T21 pp gow upor - wWao@gupy u
kontrol nej (p < 0,001). Analizuj Nc pal
mar ker -w stresu oksydacyjnego wykazano
by gsyotniewy Usw @r - b kpajo emwoedniowego pozyskanych
od kobiet w ciNUy z rozpoznanN T21 u
kontrol nej (p < 0,05). Ni e zaobser wowa
OSDPDNA/RNA w osoczyp 0 mi 1y d zibpaNd aknoN\n t rWogrupieN .
pacjentek z T21 ui e groidlus zwey ksatzialheon iias t 2G|
w pr-bkach osocza, jak i pgynu owodni o
uzyskanymiw grupie kontrolnefp < 0,001).Dodatkowos t i UbA i a
wosoczub y § ¥y Uw grepiebadanejvp or - wazgmnikpoNnt r ol n N
(p<0,0001).

AnalizuNc parametry antyoksydacyjne oce
c a § k s i thetamingD w osoczlb y Ftgtnien i Uwpmer - wnani u
z grupN kontrolnN (pni<ed0l,b0d5) . wiAbayni mot
zmierzonos t i1 U251OH evitaminy D w p r - b kosoczhi p iy n
owodniowego. Nie wykazano istotnych r - U mii @i duzyskanymi
oznaczeni ami W grupie badane] [ kontr
zaobserwowanao i Urs izltecanes t 11 (26-@H witaminyD ( p o wy Ue |
30 ng/ml).

16



StinUenia biagka agprboysjiyn ivet gt u
zar -wpo - b lsadjak i p § yowadniowegow por - wnani
zg r ukpohh t (pe 0,001 PonadtostwierdzonoJ e t i1 (N@ATb & § y
i stotni e ni Usze w pr - bka:
w grupie paciente z rozpoznanN T21 u pgod
pacjentekz ¢ i N (@aphidalnymi(p < 0,001).W trakcieanalizywy n i k - w
otrzymanych stnUe® A1AT w osoczu,
mi 1@z ybpaNd akandNnt r ol nN.

5.3.4.2. Wzajemna a | e thin & $ddarymi markerami

WS r -pda r a meltiochemicznych zmierzonych w grupie
kontrolnej zaobserwowanododatnie korelacje mi i drzayst fip uj N
oznaczeniami:s t 1 Ue a § le o witamirg jD w osoczu, a 250H
wi t a Bwosdtzur=0,85;p<0,001)orazmi i ¢ & fvk &Nt ami n |
D w osoczu,a A1IAT w p g y owo@niowym (r = 0,59; p < 0,05).
Dodatkowozaobserwowandodatniekorelacjemi n @%OH witaminaD
[ A1AT w grupie kontrolnej (r =
owodniowymorazmi f &z yi U ébri iadgpramn, a ALAT (r = 0,45;

p < 0, 05) zmi erzonej w pgynie ow
dodakari 8l acji mindzy A1AT zmierzoc
a st i O8DP IDEARNA mierzonym w osoczu (r = 0,44; p < 0,05).
Wykazanor - wnu jeerkroM e ma 6 fABAT 0 z n a cepdyNn | e
owodni owym, a osoczowym stnUeniem
kontrolnej (r = -0,45; p < 0,05). W odniesieniudo grupy badanej
zaobserwowanasilne dodatnie korelacje w osoczumi f dczayg k o wi t
witaminN D a -OMi(t=a0@D;rp&l ©, ®®1) or a:
cagkowitN witaminN D a IMA (r = 0
badanej zaobserwowanod o d akorrieN mtc ji &2 yi UeMA e m

17



zmi er z ony mowadniopyinyanpozgomem 28H wi t ami nN D
oznaczon Nv tym materiale(J= 0,52; p < 0,05). Wykazano

r-wnieU ujemnN korelacjni mindzy pomiar
owodniowym,a s t i U e25Ok witaminy D w osoczu(r=1 0, 5 4

p<005),at akUe pomi fidzAGE d® AIAE miergonyma mi

w osoczu(r = T 0serowo wa n<o Or, -0wsn)i.e (Z auwojbe mn M
mi N dOSHPDNA/RNA, a A1IAT w p g y omiodniowym(r =1 0, 54 ;
p<005). Nezaobser wowano i st asdczem,] kor e

a p gy navodniowym dla p 0 z o s tpaadr yacnheahi rw- gvupie
kontrolnej,jak i badane;j.

5.3.4.3. UY t e c praesiéowdadanyctp ar amet r - w

W czasie trwania badania przeanalizowano,jakie parametry
spoSr-d badanych majN wpdyw na wzrost
T21..Stwierdzon a | e (proonB civy 5y i p oTRh asiteme ni e m
asprosinuw p g g owodniowym (OR=22,78), AGE (OR=2,11),
IMA (OR=0,18)oraz w osoczu(OR=8,20)i A1AT (OR=5,75)
(b < 0,05). W celu o k r e Sd remyi daadiagnos/czinejpadanych
par ame(twa rwAdG,ib i d N cpyzedstawionychza p o mo ¢ N
zal eUnoSxzugmaSidiwy,i st oSci N, przygotowan
War t @3 @ini ¢ z n estalane zmtpaogmno indeksu Youdena.
Naj wiikszN czugoSli charakteryzowago oz
w osoczui p § y owodniowym,s t 1 UAGE wa § y owiodniowym
oraz ApoE w osozu(odpowiednio AUC=1,00; 0,95; 0,950,98)
(Tabelal).
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Tabela 1. WartoSi diagnostyczna b

przesiewowychi21.
Punkt . )
Marker Jednostka AUC .. Czugc Swoi s
odci n
ApoE
ng/mL 0.98 >1.37 80% 100%
PS
Asprosin
ng/mL 0.97 >12.70 100% 85%
PS
Asprosin
ng/mL 0.83 >12.91 95% 65%
AF
AGE PS ng/mL 0.85 <11.00 81% 80%
AGE AF ng/mL 0.96 <4.184 95% 90%
AlAT PS mg/L 0.53 <2.341 81% 33%
AL1AT AF mg/L 0.87 <0.3180 76% 86%
DNA/RN
A OSDP pg/mL 0.51 <40.30 80% 40%
PS
DNA/RN
A OSDP pg/mL 0.73 >31.76 84% 58%
AF

A1AT - alfa-l-antytrypsyna; AH p gy n o0 wo d n-iapolippproteiAgpEy AGE
ko@Eowe produktypobgeipadj ikir zhAWE charakteryst.
oksydacyjnego rozpaddNA/RNA; PS- osocze.
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5.3.5. Wnioski

Podczas przeprowadzonych b a d aw@kazano u Uyt eczno Si
di a g n o sozngczeniandwych b i a §vepkenatalnychbadaniach
przesiewowych T21, a osoczowe sthnUeni e
AGE wykazady najwyUsze wartoSci czudo
uzyskane wyni ktienpgtawineer dzzaisgtyo sppovani e me
oksydacyjnegav badaniach przesiewowych T21.

Badanie wybranych b i a @ednychw p § y mwodniowym
i osoczuc i i Uazpnoytcwhi e F2d zpdditlaus t a mformaciji o
natematwy s t i p wjalbay ezt @ketamolcznychs k ut kuj Ncych
powstaniem defekt- - wPomerdNjdawyehTu- dbFo
oksydacyjnegov ¢ i NzUrgl objawias iwis zczegwlyo &8 s ik u,
ale pochodzir - wniz ledm- mathki i/lub pJoorazczynni k- w
z ewn it rPenadfoovhczasieb ada&u wabnbo 8o mé&eni e
A1AT w p § y owiodniowym pozyskanymod kobietc i fn Uaz T2d c h
u p § o dPotencjalnie,o b n i Usetnfi BIAT ano Upowodowa i
wy s t N pszeseguiwad rozwojowych spowodowanychniedoborem
A1AT, b i d Ngeenym z najsilniejszych modu | at ou k gva d u
odpornoSS8kiuti wegdoboru rAwWATeU mowlNni k a
ze zwi i kezbrousteguoksydacyjnegok t -rr-ywni @dJt a §
potwierdzony w przeprowadzonych badaniach na podstawie oznaczenia
st A Uen od u loksydacyjnego rozpadu DNA/RNA w pgyni e
owodniowym. Podczasanalizy wy n i kwvykazanou j e nkno\f el acj i
mi ndzy OSDP DNA/ RNA, a Al1lAT, gdzie is
stresu oksydacyjnego m-ggby skutkowal
obni Usn i &AAT zaobserwowanynw p § y pwoeniowym.

Ztegowz g | mal Whdamlatkowop r zy pu $ brganizmc j A Uar nej
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ni e j est w stani e zneutralizowa
oksydacyjnego spowodowanego pot wi e

dalsze badanianad mechanizmamitransferu pancjalnychmar ker - w

mi ndzy prmaetdzi yargyem i pgodowym, a
mi ngayametr ami badany mi W pgyni e
w matczynym 0OsoCzu. Ponadt o,

wraz z obniUonym stnUeniym saiitGem
bi agka asprosin i DNA/RNA OSDP sN
z deregulacjiwielu S ¢ i enmgtbbolicznychz wi N z a& rrozwolem

T21 u pgodu. N a podstawi e ni nestej s
przypuszczenie,U estres oksydacyjny wy st fg-dwneiwep gy ni e
owodni owy m, gdzie bezpoSrednio zw
powoduj NcN szereg zaburze@ metabo
wad nar zNdowy&ddu. Sugeruj ejest o,
niewydajny w pr zez wyc ni &dp b antyoksydacyjnych
spowodowanych przez wzrost poziomu stresu oksydacyjnego
spowodowaneggoprzezwy s t Npi2lewW iz evi Nzgkawyz0s z yn
zasadnym wydaj N sifi dalsze badani
w p § yastosowania nt y o k sw mtematainejnterwencjimedycznej

w przebiegu T21. Potencjalny korzystny wp § y podawania
przeciwutleniaczypodczasrozwoju T21 mo Uzmn i e pysfanicje
poznawcze neuronalneObliczeniaORwy k a Uazgwi , ik sz bden i
b i a faépeosin oznaczanegow osoczu i p § y nowedniowym
wrazzobni Ushffeni em AL1AT mierzonej
orazst AUeniem | MAyzyhko ihkvyzsadfNpi eni a
W przeprowadzonynmbadaniu potwierdzona Uy t e cpzrrzoe&ii e wo
oznaczaniaApoE, b i a @dpmsin orazwybranychma r kwestresu

oksydacyjnegow celuoszacowaniayzykawy st Njpdl.e ni a
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Dodanie p o wy U spotgncjinych nowychma r k e 721 w celu
przeprowadzenigkalkulacji ryzyka wy s t N prRlemma Chemo U1l i wi |
popr anail t adigadstycznychstosowanychdotychczast ew t -

nieinwazyjnych.

6. KOPIE PUBLIKACJIWCHODZt CYCH W SKGAD
ROZPRAWY DOKTORSKIEJ
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Abstract: Trisomy 21 (T21) is one of the most commonly occurring genetic disorderscaused 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 reled to a maternal risk of miscarriage. In this
case, novel prenatal biomarkers are still being evaluated using highly specialized techniques, which
couldincreasethe diagnosticusefulnessof biochemical prenatal screeningfor T21. From the other
hand,the T21¥pathogenesiscausedby the improper division of genetic material,disrupting many
metabolic pathways, could be further evaluateavith the use of omics methods, which could result
in bringing relevant insights for the evaluation of potential medical tagets. 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 discover of potential medical targets. These metanalyses
are focused on novel approaches designed with the use of omics techniques,-regsenting the
most rapidly developing and promising field in research today. Considering the limitations and
progressof thesemethods,the useof omicstechniquesin evaluating T21 pathogene sis could bring
beneficialresults 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 chromosomalaberrations, appearingin 1in 319 to 1 in 1000 live births [1]. The most
frequently diagnosed duplication of chromosome 21 as a result of the abnormal
nondisjunction of chromosomesoccurs in an estimated95% of cases,and the remaining
5% are associatedwith translocation and somatic mosaicism [1z3]. T21 patients strug-
glewith physicaland mental disabilities and many others comorbidities, suchasheart defects,
thyroid disease, leukemia, cancers,! 1 U E A Edisdasefa others [1,3z5]. The clinical
manifestation of an additional chromosome 21 determines the weltecognized phenotype,
which includes an altered facial appearance (flathess of the bridge of the nogeidfacial
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 prematal screening for T21is currently based on noninvasive methods, which
enable the estimation of the risk of its occurrence, and invasive techniques, mainly used to
verify the presenceof chromosomalaberrations. Serumscreeningand 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 2tisomic 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 miscarriag6,7]. On the other
hand, material collected using invasive techniques, such as amniotic fluid, is still useful for
research B]. The breakthrough moment in preratal diagnosis was the development of non
invasive celtfree 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 prenataldiagnosis, but the number of patients undergoing invasive tests
remains constant [/,8]. Therefore, it is still important to find a costeffective and noninvasive
screening method for biomarkerdiscovery 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 speific novel techniques, may lead to a reduction in unnecessary invasive
procedures[9].

Clearly, there is still a needto evaluate the insufficiencies in metabolic pathways
involved in the patomechanism of T21. Bioinformaticshas enabled comprehensive multi
omics and clinical data integration for insightful interpretation. In this review, we outline
considerationsof omics methods applied to experimental designand generalframeworks for
the integration of omics data in T21 esearch, 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 andhe 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 developmat, 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 EQUATORetwork guidelines [10z13]. We considered medical papers
published in 2000z2021. 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 excludedfrom the study (Figure 1).

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

3. Current Recommendation for Down Syndrome Screening

Thescreeningfor T21 is currently basedon noninvasive methods using serum biomark-
ers and ultrasound examination. Firsttrimester aneuploidy screening is perbrmed during
the 11th to 13th weeks of gestation and includes the measurementof nuchal translucency
by ultrasound and maternal serumfree betahuman chorionic gonadotrophin @ hCG) and
pregnancy-associatedplasmaprotein A (PAPRA) [15].

Lately, the seconetrimester screening for T21 has been primarily assigned to lower
levels of maternal serum alpha fetoprotein (MSAFP) and unconjugated estriol tivielevated
a4 hCG and inhibin a concentrations. An increased concentration of MSAFP was associated
with open spinabifida in the fetus [16]. The most reliable serum biomarkers? 4 hCGalpha-
fetoprotein (AFP), unconjugated estriol (E3), and PAPRA? were associatedwith 5z710%
rates of false positives (Table 1) [2,7,17z19].

Table 1. Biochemicalprenatal screeningmarkers [10,20z24].

Pregnancy Period Ultrasound Biochemical Test Sensitivity  Specificity

First trimester (11713 weeks) +(NT) PAPRA andfreed hCG 85790% 82287%
Secondtrimester (18724 weeks) + a hCG+ uE3+ AFP+inhibin A 69792% 81796%
First or secondtrimester + PAPRA,AFP UE3,total hCG 88% 90795%
First or secondtrimester + PAPRA, inhibin A,AFP,uE3,free & hCG/totalhCG 85% 90795%

AFP alpha-fetoprotein; & hCG chorionic gonadotropin beta subunit; hCG chorionic gonadotropin; uE3,unconjugatedestradiol; NT, nuchal
translucency; PAPPA, pregnancy-associatedplasmaprotein A.

In the last decade,the first-trimester prenatal screening replaced the performance
of secondtrimester measurements. It was proved that firsttrimester prenatal screening
biochemicaltests,when combinedwith 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 technologyfor the comprehensivecomparative analysisof genomes knowledge
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of the metabolomeand proteasomecould enhancethe diagnosticuse of prenatal screen
ing. These methods are characterized by high sensitivity, specificity, and reproducibility.
Moreover, these studies enable the dissemitian of knowledge about the disturbances
of metabolic pathways involved in T21 development, which could reveal unanticipated
metabolic perturbations and lead to the discoveryof novel medical targets.The detection
of fetal cells and fetal DNA circulatingn maternal blood has increased the role of prenatal
screening [26,27]. The progressive integration of different omics methods in T21 pathogen
esiscould elucidate potential causativechangesthat leadto this diseaseor determine the
treatment targets that couldbe 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 establishedB]. The
next generation and the rapid development oEcienceled to the discoveryof 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 largescale genetics projects basd on clinical diagnosis and medical intervention
possibilities for many diseases 30]. The basic method used to determine trisomy 21 is
amniotic fluid chromosome analysis B1]. Amniocentesis isusually performed between
the 15th and 18th gestationalweeks. Although invasive techniquesare associatedwith a
risk of miscarriage, the removal of amniotic fluid itself causes no harm to the developing
fetus andis optimal for obtaining fetal cellsfor culture. Metaphasechromosomeanalysis
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 biomarker
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 technisjueapid
progress has been observed in prenatal genetic testing3]. Gene identification is important
for understanding the pathophysiology of diseases and improvingdiagnosis, prevention,
and treatment. The complete sequenéng 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 timeonsuming and expensive Moreover, postdata
analysishas beenimproved by the establishment of huge public data repositories.

NGS technology facilitates a high dettion 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), E&transcription factors,
Down syndrome critical region 1 (DSCR1) streseducible factor, betasite APP cleaving
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 sufficientgmduce
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 analysisdanan 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 genomaitiated 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 whic
originates from the mother herself, but with relevant fetal components contributing
approximately 10z20% of the total. Most cffDNA is derived from villous cells; its concen
tration increases with increasing gestational age, and it is rapidly cleared fno the maternal
circulation within hours of delivery, making it pregnancyspecific [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 procedwé].[ 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 chrenosomal rearrangements or mosaicism, maternal
malignancy, or confined placental mosaicism. However, false negativescan occurin cases
of decreased concentrations or inconsistent laboratory techniques. Moreover, NIPT is not
considered as a diagnostic tooin less economically developed countries, and the confirma
tion of positive results by invasive testing is still required P9]. 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, cbksed
NIPT (cbNIPT) has been proposed as a superior alternative to overoe 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) [40z42]. 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 el. has demonstrated no significant cor
relation between maternal age, body mass index, and trophoblast yield of single circulating
trophoblast testing, which proves the advantageover cffDNAtesting [43].

One of the most Initing factors in coDNA 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 onphysical characteristics,antigens, and proteins have
been proposed as useful methods to obtain information regarding the cellular origir4f].
Recently, automated fetal nRBC and extravillous trophoblast capturgystems 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 fetal
aneuploidy diagnosisstill 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 expressiothrough 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 &nethylcytosine (5-mc) catalyzed by DNA methyltransferases.
Studyingthe baselineepigeneticeffectson chromosome?21 is auseful approachfor eval-
uating novel therapies. Studies focused on the epigenonveide evaluation of T21 have
identified 1052 differentially methylated regions associated with this disease, including
significant hypermethylation regions of RUNXfamily tr anscription factor 1 (RUNX1)and
Fli-1 proto-oncogene (FLI1), the main regulators of hematopoiesig!8]. Furthermore, it
was proved that reduced neuronrestrictive silencer factor/RE1-silencing transcription
factor (NRSF/REST expression with the simultaneous upregulation of DYRK1A (mapped
on chromosome 21g22.13) and protocadherin gamma cluster (PCDHG) gene expression
observedduring early T21 developmentmay contribute to insufficient neural circuit for-
mation in the developing brain. Theupregulation of DNMT3L(on chromosome21g22.4)
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could additionally lead to de novo methylation during neurodevelopment, resulting in
DNMT3A and DNMT3B downregulation in the brains of T21 fetuse$(]. 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 medicaltargets for prenatal therapeutic interventions.

Analyses of novel markers in T21 screening have mainly focused on noncoding nucleic
acids such asnicroRNA (miRNA).A miRNA isa single, non-coding RNA molecule thatcan
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 express and to
understand the impact on gene clusters that affect particular pathways3f},35]. Data in the
literature prove that T21 is associated with multiple patterns of deregulation in maternal
plasma miRNA expression, such as that of {&c, miRNA99a, miRNA125b, miRNA- 155,
MiRNA-802, miRNA-3118, miRNA-3156, miRNA-3196, miRNA-3648, miRNA-3687,
mMiRNA-4327, miRNA-4759, and mir-99a[32,34z36]. This differential expressionis related to
the occurrence of neuropathology, leukemia, hematopoiesis, congenital heart defects,and
autism during T21 development B2,33,37,38]. Moreover, altered expression of miR
1973, miR-3196, and miR138 related to T21 comorbidities has also been reported3Bz40].
Deregulated expression of miRL38-5b and miRNA155 has a significant impact on hip
pocampaltissues from T21 fetuses,and the downregulation of this target may be involved
in intellectual disability and neurological deficiency [35,38,41]. Zbucka-Krétowska et al.
revealed 13 miRNAs differentially expressed six miRNAs upregulated (hsamiR-15a, hsa
let-7d, hsamiR-142, hsamiR-23a, hsamiR-199 and hsamiR-191) and seven downregulated
(hsa-miR-1290, hsamiR-1915, hsamiR30e, hsamiR-1260, hsamiR-483, hsamiR-548 and
hsamiR-590)7 in maternal plasma obtained from T21 pregnancies, which were considered
to make up a potential noninvasive secondrimester prenatal screening panel B5]. The
study was conducted on 12 patients vth 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, predicton and clinical management 28]. Since the pathophysiology
of T21is extremely complicated,determining the disturbed metabolic pathwaysis highly
recommended. It can be hypothesized that assessing the trisomy -2duced overexpres-
sion of chromosome 21derived 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 obsrved with miR-802 assessed in T21 tissues
was associatedwith 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 byDown 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 rtahe RT-PCR.
In this case, differentiation nto Th-1 lymphocytes, leading to a reduced number of em
bryonic B cells and extrafollicular B cells, was observed. The deregulation of microRNA
expression may be the reason for the reduced synthesis of higtifinity 1gG antibodies
observed in T21 patiens [30,34]. These results could also be analyzed using novel medical
target approaches.

Undeniably,genomicsis still a new field in science.As mentioned, cffDNAhas had
a significant influenceon the evolution of prenatal T21 screening, and the promise of
miRNAis under constantexamination. Onthe other hand, genetictests are characterized
by limitations in sensitivity because only a subset of causative mutations can be identified
simultaneoudy. 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 dependenton the specific platform used[53]. Novel
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genetic technologies could enhance the diagnostic sensitivity. Genomic instability, areu
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 postlata 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 abnormaties, 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-
nigues used to quantify unknown/known biological materials, identify unknown com-
poundsin samplesand elucidate the structure and chemicalproperties of different molecules
with the subsequentevaluation of concentrations.NMR is characterized by the chemical
shift of protons (H-1 NMR) or carbon (13GNMR) atoms. The shift depends on the range of
AOT 1 O ET OEA OOAEAAO AOI 180 OEAET E@ifdmthe | AC
sample under investigation, followed by separation based on their specific ma$s-charge
ratio (m/ z). Thus, records of the relative abundanceof eachion type are established [57].

In comparison with genomics, méabolomics techniques can be used to analyze pleiotropic
molecular metabolites obtained from biological compartments, the quantitative determi
nation of which could be considered in screeningnovel biochemical and, in the future,
evaluating treatment follow-up markers [58]. The results obtained from maternal plasmaand
amniotic fluid evaluation are reliable and havebeen validated for the discovery of novel
T21 screeningbiomarkers [58z60].

Following a study performed by BahadeSingh et al.using NMRbased metabolomics, 11
maternal serum novel metabolites (2-hydroxybutyrat, 3-hydroxybutyrate, 2-hydroxyisov
alerate, acetamide, acetone, carnitine, dimethylamine, ladea methionine, pyruvate and L
methylhistidine) were revealed as being significantly different between T21 and euploid
pregnancies, and, more importantly, three of the examined molecules-(8/droxybutyrate, 3-
hydroxyisovalerate and 2hydroxybutyrate) wer e 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, whitare 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 processesand myelination.

Regarding sphingolipid pathways, Charkiewicz et al. proved the secondtrimester
screening utility of measuring selected sphingolipids in the maternal plasma and amniotic
fluid [61]. A significant increase in he levels of two ceramides, C22Cer (AUC =0.814)
and C24:1Cer (AUC = 0.729), in the T21 pregnancies was observed. On the other hand,
decreases in the concentrations of seven ceramides were reported: GC@r (AUC = 0.857),
C18Cer(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 C2@er (AUC = 0.802){1]. The study was conducted on
samples from 10 pregnancies with confirmed Down syndrome between the 15th and 18t
gestational weeks using ultrahigh performance liquid chromatography coupled with triple
quadrupole massspectrometry (UHPLC/MS/MS).

In another extended study, Parfieniuk et al. performed plasma metabolomics using
liquid chromatographyzmass 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 mtabolites: 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 abertins.
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 €aelease, and
the activation of serotonin and endocannabinoid receptorsg9]. Piperine, an exogenous
alkaloid, is characterized by antinflammatory, 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. Comprehensivelist of discriminating metabolites that can serve asreliable 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, benzoicacid,
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, prolinenethanal, creatinine

maternal urine

dihydrouracil, methanol, & -hydroxybutyrate

amniotic fluid

methylhistidine, hexanoylcarnitine, diacetylspermine, and p-cresol sulfate

A study conductedby Nemutlu et al. useda metabolomic platform, gaschromatographyz
mass spectrometry (GEMS), and liquid chromatographyzquadrupole time-of-flight mass
spectrometry (LGQTORMS) 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 |-threonic acid, beta-alanine, oxalic
acid, creatinine, alphatocopherol, cholesterol, uracil, and Zoiperidone, associated with an
increased risk of T21 occurrence §4]. All of these metabolites previously showed vital roles
in fetal development, such as betalanine (an antioxidant), which is the building block of
carnosineand has beenassociatedwith extended muscular endurancein 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 fetddrain)
development. Furthermore, uracil has neuroprotective properties as a substrate afracil-
DNA glycosylase and uridine phosphorylase enzymes. These enzymes also elimi- nate
mediators of oxidative stress, providing protection against brain neurodegenerationThe
decreased plasma levels of uracil observed in T21 pregnancies could potentially be
associated with fetal neurodegeneration and increased oxidatévstress 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
b A O E dehaly@e8, medical histories, disease developmersthnicities, 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, analyticatotocols with
different sample preparation methods and data analysis techniques may also contribute to
controversial and divergent outcomes $5,66]. 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,thesemethodsare widely usedin the
determination of disturbed metabolic pathways, constituting a foundation 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 tr@ment using stateof-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 pregancies, with potential for the evaluation of novel medical
targets. However, there is still a needto find cost-effective techniquesfor validation.

6. Proteomics and Down Syndrome Screening

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

Proteomics could also enable the detection of novel and more affordable T21 biomark
ers[68,69]. Accordingly, Charkiewiczet al. suggestedthat imbalancein the level of circulating
proteins in maternal blood canstimulate animmune responseproducing au- toantibodies. In
this study, 190 amniocenteses were performed, and 10 patients with afirmed fetal Down
syndrome (15thz18th weeks of gestation) were found. Statistical analysis of the expression
of 9000 autoantibodiesin T21 pregnancies revealedusing a protein microarray, which allows
for the simultaneousdetermination of 9000 proteins per sample,showedthat 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 alue (specificity and sensitivity) equal to 100%, 0%
classificationerrors, 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. Basedon
a protein microarray, that study reported that seven women with fetal DS in the 15t18th
weeks of gestation had increased plasma concentrations of one chemokine, CXCL7 {SAP
and decreasedplasma concentrations of four chemokines, hemofiltrate CC chemokine 4
(HCG4), interleukin 28A (IL-28A), interleukin 31 (IL-31), and monocyte chemotactic protein
2 (MCR2). The MCR2 measurementwas characterizedby the highestdiagnostic value, based
on AUC = 0.830 [71]. Research performed by ZbuckaKretowska et al. demonstrated
significant increases in the T21 maternal plasma concentrations of four angiogenic factors
(transforming growth factor beta 1 (TGFb1), angiostatin, chemokin¢C-C motif) ligand 1 (F
309), transforming growth factor beta 3 (TGFb3), and vascular emothelial growth factor D
(VEGFD)), and one antiangiogenic (angiostatin), and decreases in the concentrations of 14
angiogenic factors (leptin, angiopoietin 1 (ANG-1), angiostatin, epidermal growth factor
(EGF), interleukin Lbeta (IL-1b), interleukin 4 (IL-4), interleukin 12p40 (IL-12p40), MCR2,
matrix metalloproteinase-1 (MMP-1), matrix metalloproteinase-9 (MMP-9), platelet
endothelial cell adhesion molecule 1 (BCAM1), 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 enabthe simultaneous
determination of 60 angiogenicfactors per sample[72]. It was conductedon 20 patients with
T21 fetuses and a control group of 28 healthy patients with uncosrplicated pregnancies in
womenwho delivered healthy newborns at term. The biological material was collected during
the 15thz18th weeks of gestation. Based on bioinformatic analysis, these disturbances were
associatedwith tissueremodeling, boneformation during embryogenesisand the insufficient
immune system activity observedduring T21 fetusdevelopment [72,73].

Proteomicscanalsobeusedto determine disturbed metabolic pathways.Many stud- ies
have reported the overexpression of several plasma proteins as a result of trisomy 21
developmert [74z77]. In evaluating duplicated chromosome 21 genes, several antiangio
genic factor genes were mapped. These gene abnormalities were the basis for subsequent
researchin the field of disturbed protein expression,resulting in specific changesin T21
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pregnancy proteinograms. Several proteins have been shown to be differentially expressed
in T21 maternal serum[68,78]. A study byKolialexi 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 (CLUSY9]. In this study, plasma obtained from
eight women carrying DS fetuses and twelve with an-DS fetuses was analyzed using two
dimensional gel electrophoresis (2-DE) and matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TORMS). Three proteins (AFAM, CERU, and
TTHY) are involved in carrying factors, such as fasoluble vitamin E, copper, a thyroid
hormone, thyroxine (T4), and retinotbinding protein bound to retinol. These results were
also associated with poor pregnancy outcomes3p]. 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 stress3[L]. In this case, the disturbed
protein profile observed in the maternal compartment resulting from T21 pregnancy could
be related to the many comorbidities observedin T21 fetuses[79,82,83].

Sui et al. reported increased levels of seven pieins (oxoglutarate dehydrogenase L
(OGDHL),serum amyloid P component (SAP),ApoE, nucleosome assembly proteinl-like
1 (NAP1L1), thymosin beta 10 (& 10), complement factor B, and endoplasmic reticulum
oxidoreductase 1 alpha (ERO1L)) in maternal plasma dnumbilical cord blood obtained
from T21 pregnancies B3]. 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 iscenzyme of oxoglutarate dehydrogenase (OGDH) present in brain tissue, the
main malfunction of which is related to neurodegeneration §3]. 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 B3]. Ta 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, andaTlO proteins is associated with cognitive impair
ment in T21 individuals and the early development of Alzheimerd @isease(AD) observed
in early-stageT21 development[83,84].

In summary, the application of proteomic technologies to the evaluation of biological
compartments createsnovel possibilities for elucidating the patomechanismand discow-
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 phaseof the cell cycle,which canalsobeinterrupted by
many diseaseq68,69]. However, the extensivesoftware required for utilizing proteomic
data and the need for highly proficient technicians substantially increase the cost. Moreover,
quality control hasnot yet beendeveloped,sothe clinical requirements are not met [86].

It should be emphasized that proteomics has already contributed to significant progress
being madein determining insufficient biological pathwaysin T21 aneuploidy.

7. Single-Protein Determination

Single proteins can be measui using different methods, but the enzymdinked
immunosorbent assay (ELISA) is the one most often used. This is a pkai@sed method
used in a wide range of diagnostic laboratories around the world, designed for the sensitive
and quantified measurement ofsoluble substances such as peptides, proteins, antibodies,
steroids, and glycoproteins B7]. ELISA can be used in many settings, including the
clinical diagnosis of human diseases. Based on its cadffectiveness and uncomficated
protocols, not involving complicated sample pretreatment, this method is an important
part of medical care and scientific researcli88]. This method could also be a useful
tool for meeting the challenge of introdicing results obtained with omicsbased methods
into daily routine diagnostics while also validating procedures. Unfortunately, it cannot
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be ignored that traditional ELISA is timeconsuming and imprecise, on accounof 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 ELISAbased method could be a corresponding modification to mé¢hese
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 comprisiig 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. Astudy performed by Chambers et al. revealed that the additional
assessment ofi hCG with its cognate receptor (hCGLHCGR) increased the diagnostic
usefulness of singleprotein prenatal measurements. A comparison of the assessed methods
for prenatal screering with received AUGraluesis presented inTable 3.

Table 3. Utility of T21 prenatal screeningpanels.

T21 Screening Panel AUCBased on ROCCurves
a4 hCG+ PAPRA 0.918
PAPRA + NT 0.922
PAPRA + hCGsLHCGR 0.920
a hCG+ hCGsLHCGR 0.856
a hCG+NT 0.753
hCGsLHCGR-NT 0.888
NT + PAPRA +4 hCG 0.940
NT + PAPRA + hCGSLHCGR 0.928
hCGsLHCGRNT + PAPRPA +4& hCG 0.966

AUC, area under the receiver operating characteristic (ROC) cunée;hCG, chorionic gonadotropin betasubunit;
hCGsLHCGR, humarchorionic gonadotropin with its cognate receptor LH/hCGR or LHCGR; NT, nuchal
translucency;PAPRA, pregnancyassociatedplasma 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 thrdugoly-
morphism evaluation [91]. Studies suggest that an increasethaternal frequency of the
APOEA4 allele should be considered a risk factor of T21 occurrenc#[93]. Moreover, APOE
a 4 is associated with a worse prognosis in early development for individuals with DS4].
Following the evaluation of ApoE polymorphism, the screening utility of ApoE measure
ment in secondtrimester T21 screening was anafzed. 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 mgiL. 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 thecarbohydrate 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% ssitivity, 85% specificity, and AUC = 0.965.
The AGEassessmenshowed 80% specificity and 81% sensitivity for screening.Further-
more, the SODB2 genesmappedon chromosome?21 and the impact of oxidative stresson
T21 development have been studied95z99]. Accordingly, oxidative stress markers were
evaluated for T21 prenatal screeninglt was proved that measuring the products of
DNA/RNA damage induced by oxidative stress could be a novel tool T21 prenatal
screening. Moreover, the antinflammatory protein a -1-antitrypsin (A1AT), which has
antioxidative properties, was also suggested as a novel T21 screening markéoQ]. 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 characterizedin Table4 [101].

Table 4. Diagnostic utility of tested novel screening markers.

Marker Unit AUC Cut-Off Value Sensitivity Soecificity
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%
AGEPS ng/mL 0.850 <11.00 81% 80%
AGEAF ng/mL 0.960 <4.184 95% 90%
A1ATPS 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 OSDPAF pg/mL 0.730 >31.76 84% 58%

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

8. Discussion

The current trend in prenatal testing represents a massive rearrangement from in
vasive to noninvasive or lessinvasive sampling procedures 102]. The introduction of
noninvasive prenatal testing using cffDNAwas a breakthrough moment for prenatal ane-
uploidy screening [LO3]. It is reasonable to anticipate that further advances in prenatal
screening development coud lead to improvements in biochemical screening accuracy,
following the promising result obtained by the potential introduction of omics methods
into the prenatal screening [L04]. Our review reveals that, while the successfwse of omics
techniquesin prenatal screeninghasbeenreported, many challengesstill exist. Moreover, the
omics methodscan be used for rapid and precise screening of large amounts of samples.
Unfortunately, processing of biological material often reqires complex preparations, a
large amount of various reagents,and the work of a specializedgroup of scientists[105].
Moreover, the testing remains expensive, which limits its introduction into routine diag
nostics, espeally in less-developed and mediumdeveloped countries [L06]. From the
other hand, the complexity of omics data analysis requires data integration and pipeline
validation supported by bioinformatics and biostatistics.

Therefore, constantly updated databasesare neededto standardize the proposed T21
biomarker reference values and improve data management.Further integration of these
approachesexploits the advantagesof thesetechniques,providing a rapid and accurate on-
site method for T21 detection and quality control of potential screeningbiomarker validation

[107]. In this case,omics methods could be effectively incorporated from research
laboratories to everydayroutine diagnosticsascostsand processingtime for sampleanalyses
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 diagnostt procedures [L03,108]. Especially in prenatal screening the
results obtained with the used of omics could be particularly usefulin the early and precise
fetal defects screening.Up to date, ELISAwas a useful tool which meet the challenge of
introducing results obtained with omics-basedmethodsinto daily routine diagnosticswith
subsequentvalidation of different procedures. Accordingly, due to the recent advancein
genomics, current prenattesting has evolved mainly tocelbased assays and cffDNA(D3].

However, there is still a needfor novel, omics-basedstudiesin order to improve T21
prenatal screeningand, more importantly, to discover potential medical targets. Proposed

T21 therapy hasfocusedon pharmacological treatment to improve cognition. A number
of compoundshave beenshown 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 hippocampusbased learning and longterm poten-
tiation. Nevertheless, these trials are still carried out on a mouse model, @sDn (which
displays various DSphenotypes), which extends the time before the proposed solutions
are implemented in routine clinical management 20z22]. 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 ndés 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 personalizedtreatment improving clinical management[111].

9. Conclusions

The introduction of integrated omics methods into routine noninvasive 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 vastpotential in NIPT.However,there is still aneedto provide usefuldatain order to
validate their usefulness. Moreover, the development of fully automated systems remains
essential to introduce modern technologies in prenatal screening. Accordingly, novel
approacheshave provided new insights into the complex pathophysiology of T21, which
could be further usedin novel therapeutic strategy evaluation.
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Abstract: Prenatal screening for Down syndrome (DS) is based on both nomasive and invasive
methods. Noninvasive, celfree 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 efficiencyand less than 1% risk of miscarriage. The aim of this study was ¢valuate
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 decidedihdergo 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 selésd as the study group, and 20 healthy pregnant women
with euploid fetus karyotypes asthe control group. The plasmalevelsof ApoEwere significantly higher

in the study group compared to healthy subjectspg < 0.05). The area under the receiver operating
characteristic (ROC) curve was 0.978p(< 0.001), with the cutoff set to 1.37 mdgmL, 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 DSscreening.

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 Hects 1 in every 787 live births and is characterized by
the abnormal division of genetic material resulting in an additional chromosome 21 or its part3].
Trisomy 21 is the major cause of DS, accounting for about 95% of caséé [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 glycopreein 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]. It is mainly synthesized in the cell periphery of hepatocytes, but
also in macrophages, astrocytes, lungs, kidneys, spleens, and muscle cells, with the highest
expressionin the liver and brain. In the brain, the main supply of ApoEis in the bloodzbrain barrier,
and it is observed in the cerebrospinal fluid at concentrdons of ~5 mg/L; it is mainly produced by
astrocytes, neurons, and damaged microglié6[7]. The maturation of the fetus is dependent on the
undisrupted development of the nervous system durig 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
(ApoAl, AmE, and ApoB), together with HDL, LDL, or VLDL are crucial for moderating embryonic
signaling pathways B]. Therefore, ApoE is considered to be a promoter of myelination, synaptogenesis,
and other processes relatedo neurodevelopmentthat involve lipids.

Nowadays,prenatal screening of DS isbased on both noninvasive methods, which estimate the
risk of DSaffected pregnancy, and invasive techniques, whiclverify the presence ofchromosomal
aberrations. Serum screening and tdasounds 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 assessmentbased 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 miscarriageOg12]. The discovery of genetic testing
using free fetal DNA (ffDNA), whose concentration can be measuredin 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 13z17]. Therefore, it is important to find a costeffective
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 P A O E 4ualiyO 8
of life.

The aim of the study was to evaluate the screeningusefulnessof maternal ApoE measurementas
a potential noninvasive marker in prenatal diagnosticsof DS.

2. Experimental Section

The study and control goups 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 pretermA Al EOAOU ET OEA DPAOGEAT 060 |
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 statusthe course of pregnancy, body mass index (BMI), and the number of pregnancies
with marked episodesof pregnancypathology. The patient recruitment period started in 2017 and lasted
2 years. Following karyotype test result analysis, 20 women carrying fetes 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 difference was
demonstrated using power analysis[18]. Venousblood (5.5 mL) was obtained from participants at the
day of amniocentesis,centrifuged, and plasmawas subsequentlyseparatedand frozen at1 80 Ec.
Plasma ApoE concentration was determined using an enzymelinked immunosorbent assay
(ELISA) (ELISA Kit for apolipoprotein E (ApoE); Cloud-Clone Corp., Wuhan, Hubei 430056, China,
3%w! xmt (O60q AAAT OAET ¢ OiF OEA 1 Al OpfEAchl&s@Onetal Gbormtory OT AT 1 A’
control for the performed determinations. Samplesand controls were measuredin the samerun using
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the blind analysis method. Duplicate samples were assessed and the average of the tegults 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 demamased
(p > 0.05). Thus, the groups were compared using a parametric twweay 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 he Statistica program. Diagnostic sensitivity and
specificity were calculated using a cubff OAT OA OEAO xAO AAlI AOI ACGAA AU OEA
for selectingthe optimum cut-off point) [20].

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

3. Results

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

Statistical Analyses

Basicstatistics that were measuredin the study, control, and total group, suchasaverageApoE
concentration values, minimum and maximum values, and standard error, are presented in Taldle
ApoE concentrations were significantly higher in the study group comparetb healthy subjects
(p <0.001). The comparison of ApoE concentrations measured in the study vs. control group is
presentedin Figure 1.

Table 1. Basicstatistics 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

ApoE concentration (mg/L)

]
1.0 B
L
B\ean
0.9 () Mean +SD
study group control group T Mean + 1,96°SD

Figure 1. Concentration of apolipoprotein E (ApoE) measurementsin 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?). The cutoff point was set at 0.85 using
9l OAAT 80 ET AAgh OEI Ol OAT AT 601 U AOOAAI/E T Behsgivity) E A
accuracy, specificity, and positive and negative predictive values (PPV and NPV, respectively) are
presentedin Table 2.

ROC curve

1.0

08

0.6

Sensitivity

0.4

0.2

0.0

0.0 0.2 0.4 0.6 08 1.0
1-Specificity
Figure 2. Receiveroperating 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 negativepredictive 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 AUCvalue was 0.978, which was significantly higher in comparison
to AUCO0.5,which is the threshold of the diagnostic usefulnessof atest (p < 0.001).

4. Discussion

DespiteDSbeing the most commonchromosomalaberration occurring in all races,the pathological
process, as well as the incorrect division of DNA material, are not yet fully understoodz23]. It has
been demonstrated that pregnant women with a DS fetus ffier 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 insfficient 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 screeningtestsare used,involving the combination of afew biochemicaltests,usually combined

AEAC
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with maternal age or an ultrasound examination, to estimate the risk of DS occurrencg?]. To compare
the diagnostic dficiency, the combination of ultrasound examination with pregnancyassociated plasma
protein A (PAPRA) and serumfree human chorionic gonadotropin (BHCG) measurement, using a 5%
screentpositive rate, allowsfor the detection of 8%87% DS pregnancies{8]. Increased maternal serum
ApoEconcentration in DSaffected pregnancieshasbeenpreviously explored, but the diagnostic utility of
this marker hasnot beencomprehensivelyillustrated [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 neuwodevelopment, while considering genetic ApoE polymorphism. The study revealed that
the presence of the APOR 4 allele combined with Hg exposure resulted in a decline in cognitive
performance in the studied children P9]. 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
a 4 allele and having increased cholesterol levels have impairadicrocirculation in capillaries, which
may causeatherosclerosisof the microcirculation vesselssurrounding ovarian follicles that may result in
incorrect meiotic division 2, indirectly leadingto DS[31].

In our study, plasma ApoE levels were considered low, but comparable to those found in the study
by Kanevaet al., where the shift in plasmaApoEtoward lower levelsin Europeanresidents as a result
of specific features of lipid metabolism was demonstrated32]. 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 PAPFA (AUC=0.7771) and BHCG (AUGC=0.6682) or combined
PAPRA + B-HCG (AUC=0.8533) measurements B3]. Our results indicate that ApoE concentration
could be added in a combined test screéng approach or proposed as an alternative examination.
However, further evaluation with subsequent data validation with ultrasound tests and combined
screeningtests 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 suggestedto play a supportive role
in regulating maternal and fetal homeostasis [34z36]. ApoE may also balance the oxidative and
antioxidative processes through LDL oxidation inhibition and methylation reduction $7]. The elevated
levels of oxidative stress markers were observed in DS fetuses, as well as in B&gypancies. Referring to
the result above and that obtained by Melhem et al. where the secretion pattern demonstrated a
predominant maternal orientation [37], it canbe concludedthat maternal ApoEsynthesisemphasizes 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 PAPRA tests, with sensitivity estimated at 90% with
5% falsepositive results, and the triple test (combination of three markers: freed chorionic
gonadotropin, a -fetoproteins, and unconjugated estriol), whose sensitivity is estimated at &70% [9z14].
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 higherdise-positive rate compared to second trimestescreening
(13.7% vs. 7.7%) B0]. Regarding ApoE, the sensitivity, accuracy, specificity, and PPV and NPV were
80%, 82%, 100%, 83%, and 100%, respectively. The diagnostic powef the test was proven by the
determination of an AUC of 0.978. Introducing maternal ApoE measurement to the methods commonly
usedin DSrisk assessmeninay increasethe sensitivity and specificity of noninvasive prenatal screening.
However, the present investigation is a preliminary study, and further researchon alarger 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 sl as a predictive marker of this disease, but further studies are
required. Thediscovery of dysregulated metabolic pathways could lead to the establishmentof new
diagnostic targets, which may enable optimal early diagnosis, resulting in improved thera@pplication
and enhanced qualityof 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 biomarkersare commonly used before undergoing invasive procedures.

In our study, we investigated the possible application of oxidative stress markers in the prenatal
screening of trisorry 21. The DNA/RNA oxidative stress damage products (OSDPs), advanced glycation

check ror end (AGE)products,ischemia-modified albumin (IMA), alfa-1-antitrypsin (A1AT), asprosin,and vitamin

updates D concentrations were measured in both maternal plasma and amniotic fluieh itrisomy 21 (T21) and
Citation: Buczyiiska, A.; euploid pregnancies. The obtained results indicated increased levels of DNA/RNA OSDPs and asprosin
Sidorkiewicz, ;1 Ax ESEEh with simultaneous decreasedlevels ofvitamin D and A1AT inthe study group.The diagnostic utility
Krétowski, A.1; Zbucka-Krgtowska, of the plasma measurement based othe area under the received operative characteristic (ROC) curve
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1. Introduction

00Al EOEA MDD stayb Gobitchl Trisomy 21 (T21), also known as Down syndrome, is an autosomal aneuploidy,-ap
with regard to jurisdictional claims i P€aring in 1/700 live births. An additional copy of chromosome 21 is a result of the
published maps and institutional affit  INCOrrect separation during gametogenesis (95% of patients)1z3]. Trisomy 21 is a complex

iations. condition associated with congenital anomalies, which include intellectual developmental

disorder, congenital heart defects, gastrointestinal anomalies, immune system defects,

thyroid disease, bonedefects, genitourinary system defects, strabismus, and many other
diseases.Additionally, an increased risk of many chronic diseases typically associated
Copyright: * 2021 by theauthors. xEOE 11 AARO AGCA OOAE AO '1 UEAEI A0SO 4ABOAHAOAL
LicenseeMDPI, Basel, Switzerland. prenatal screening, serum biomarkers combined with ultrasound examination and cell-
This article is an openaccess article free fetal DNA are used to calculate the risk of T21 occurrencBzP]. Despite the factthat
distributed under the terms and cell-free fetal DNA evaluation is characterized by high accuracy (almost 99%), it is still
conditions of the Creative Commons combined with high costs which has not yet allowed for very wide diffusion to the general
Attribution (CCBY)license (https:/f population, or acceptance by various national healthcare systems intheir protocols [10].
creativecommons.org/licenses/by/ Furthermore, mothers with a high calculated risk of trisomy 21 (either by combined test
4.00).
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and/or cell-free fetal DNA) should be counselled, and invasive testing, such as choroni
villus sampling (CVS) and/or amniocentesis, should be offered. The application of novel
biochemical screeningmarkers may result in the elevation of the sensitivityand specificity

of noninvasive prenatal tests and may reduce the unjustified use of inviae procedures
while simultaneously decreasing the risk of miscarriage, combined with the use of invasive
tests [1L1]. Data in the literature underline the connection between fetal chromosomal
aberrations and disturbances inoxidative stress with antioxidant processes J2z15]. It was
previously hypothesized that the upregulated oxidative stress level is related to T21 patho
genesis; this was later proved by Yitiinov§ et al., who demonstrated upregulated levels

of oxidative stress markers measured in T21 individuals]6]. Thus, it seems necessary
to evaluate the hypothesis about oxidative stress biomarkers in T21 prenatal scremg.
Considering the fact that crucial genes of the oxidative stress pathway are mapped on
chromosome 21 [L7], the hypothesis of the significance of oxidative stress, not only in T21
postnatal pathology but also in prenataldiagnosis, needs to be evaluated. Accordingly, the
biomarkers of oxidative stress measurements could be relevant in the screening of T2113].
The aim of this study was to assess the utility of selected parameters of oxitleg 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 proteing asprosin and alfal-
antitrypsin (A1AT)? and vitamin D were also assessed and compared between T21 and
euploid preghancies.

2. Materials and Methods
2.1. Experimental Overview Patient Recruitment

This was a prospective casgontrol 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, anihflammatory treatment, high-risk
DOACT AT Auh AT A POAOAOI AAI EOGAOU ET OrRA DA
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 cairse 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 analysisZ0]. Considering a 5% margin of error ad
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 fetusesqualified for the study. All participants had 5.5 ml of venousblood drawn
on the day of amniocentesis. The biological material was centrifuged, with subsequent
plasma separation, and frozen at80 . Amniotic fluid samples with possible blood
contamination were excludedfrom the study.

2.2. Ethics Statement

The experimental protoml was approved by the Bioethics Committee of the Medical
University of Bialystok, Poland (APK/002/351/2020), and confirmation consent was
receivedfrom eachparticipant.

2.3. Laboratory Examinations

ThelMA, AGE A1AT,and asprosinconcentrationswere measuredusing an enzyme-
linked immunosorbent assay(ELISA)(Enzyme-linked Immunosorbent AssayKit; Cloud
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Clone Corp., Wuhan, China; CEA825Hu, CEB353Ge, SEB697Hu, and SEA332Hu,-respec
were assayedusing animmunoassaykit (DNA/RNA Oxidative Damage(High Sensitivity)

ELISA Kit, Cayman Chemicals, Ann Arbor, Michigan, MI, USA, 589320). This kit enabled
the simultaneous detection of DNA/RNAOSDPs, such as-l8ydroxyguanosine (80OHG), 8
hydroxy-¢ -deoxyguanosine (80HdG), and &hydroxyguanine. The vitamin D concen
tration was evaluated using a commercial kit for 250H Vitamin D Total ELISA (Gentaur,
Sopot, Poland, KAP1971). The total vitami® 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
analysismethod.

2.4. Data Managementand Statistical Analysis

Statistical analyses were performed using Statistica 13.3 (StatSoft, Tibco Software Inc.,
Palo Alto, CA,USA)and GraphPadPrism v. 9.0 (GraphPad Software, Inc., SanDiego, CA,
USA) During the analysis,the lack of data distribution normality was demonstrated using the
ShapirazWilk test. Thus, the groups were compared using the nonparametric Mannz
Whitney test, andp < 0.05 was considered statistically significant. The Spearman test for
multiple comparisons was used to perform correlation analyses beteen 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 pointk AOA AAOAOI ET AA OQHI ¢ ¢
Oddsratios (ORs)were calculated using commercially available MedCalcsoftware [22].

3. Results
3.1. The Comparison of Oxidative StreRelated Parameters étween 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 < 0.06). No significant difference was observed
in the plasma concentrations of the DNA/RNA OSDPsbetween the study and control
groups. In the T21 group, the AGE concentrations were found to be significantly lower in
both plasmaand amniotic fluid samplescompared to thosefrom healthy subjects(p <0.001).
Additionally, the maternal plasma IMA concentrations were also lower in the T21 group in
comparisonto control group (p <0.0001).

Consideringthe antioxidant parametersassessedn 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 betweéme study
and control groups were not proven, but 250H vitamin D levels lower than recommended
were observedin both groups.

Novel antioxidant protein concentrations were also determined. The study group
asprosin concentrationswere significantly higher in both plasmaand amniotic fluid sam-
ples compared to euploid pregnanciesg < 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 mt notice any significant difference in plasma
A1AT betweenthe study and control groups (Figure 1).
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Figure 1. The studied protein concentrations measured in the plasma and amniotituid samples. Different asterisks above
the bars indicate significant differences compared to the control (p ©0.05; *** p 00.001; **** p 00.0001). (A) Plasma
asprosin; (B) amniotic fluid asprosin; (C) plasma total vitamin D; O) plasma advanced glycgon end products; (E) amniotic
fluid advanced glycation end products; F) plasma 250H vitamin D; ) amniotic fluid 25-OH vitamin D; {H) plasma
ischemiamodified albumin; (I) amniotic fluid ischemiamodified albumin; (J) plasmaDNA/RNA oxidative stressdamage
product; (K) amniotic fluid DNA/RNA oxidative stressdamageproducts; (L) plasmaalfa-1-antitrypsin; (M) amniotic fluid
alfa-1-antitrypsin. A1AT, alfal-antitrypsin; AF, amniotic fluid; AGE, advanced glycation end products; Control, control
group; IMA,ischemiamodified albumin; OSDP, oxidativestressdamageproduct; PSplasma; T21 trisomy 21.

Table 1 substantiates all the parameters analyzed with the concentrations found in
T21 and control samples and the statisticatomparison results (Table1). No differences
were observed between T21 plasma and amniotic fluid 25-OH vitamin D concentrations
(p> 0.05). However, 250H 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 weraghér
in plasma than in amniotic fluid (AGEp < 0.01;p < 0.0001; A1AT:p < 0.001; p < 0.0001,
respectively). Control group IMA concentrations were lower in amniotic fluid than in

plasmasamples(p <0.0001).
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Table 1. Basicstatistics and comparison of studied protein concentrations measuredin the plasmaand amniotic fluid samples.

Marker Material Study Group Unit Median Value  Min Max p Value b Value (between Study Material)
(Control vs.T21) Control PSvs. Control AF T21 PSvs. T21 AF
PS Control 22.22 14.00 35.92 NS
25-OHvitamin D el 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 4.45 15.17 p<0.0001
Asprosin T21 ng/mL 17.28 12.94 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 T2l ng/mL 9.16 452 13.01 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 Gg/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
ALAT T21 mg/L 1.95 1.26 1.69 p<0.001 p<0.0001
AE 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
osP AE Control 31.16 12.64 45.22 p<0.05
T21 38.48 27.06 51.46

A1AT, alfa-1-antitrypsin; AF, amniotic fluid; AGE,advancedglycation end products; IMA, ischemiamodified albumin; NS,not significant; OSDP pxidative stress damageproduct; PS,plasma; T21, trisomy 21.
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3.2. CorrelationsbhetweenExaminedParameters

Spearman coefficients to describe the relationships between the studied parameters
were calculated; the obtained results are prsented on correlation matrices (Figure2).
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 A1ATr(= 0.59;p < 0.05).

' AAEOET T AT T UR DPI OEOEOA Al OOAT ACETT O xAOA 11
25-OHvitamin Dand A1AT(r =0.47;p < 0.05),aswell ashetweenamniotic fluid asprosinand

Al1AT (r = 0.45;p < 0.05). Accordingly, a positive correlation was demonstrated between
A1AT and DNA/RNA OSDPsmeasured in plasma (r = 0.44; p < 0.05). A negative
correlation was alsodemonstrated between amniotic fluid A1AT and plasmaDNAOSDR

in the control group (r =10.45; p <0.05) (Figure 2A).

Consideringthe study group, strong positive correlations were observedbetween
plasma total vitamin D and 250H vitamin D ¢ = 0.80;p < 0.001), as well as between
plasma total vitamin D and pasma IMA ¢ = 0.45;p < 0.05). A positive correlation between
amniotic fluid IMA and amniotic fluid 25-OH vitamin D was observed in the study group
(r = 0.52,p< 0.05). Negative correlations between amniotic fluid 280H vitamin D and
plasma asprosin measurements (r=10.54 p < 0.05), along with plasma AGEand plasma
A1AT, were also demonstrated (r =10.60; p < 0.05). Additionally, a negative correlation
AAOxAAT OEA 4¢p CcOI OPBO AiTEI OEA &I OEA $.
observed (r =1.54; p < 0.05) (Figure 2B). No significant correlation was observed between
the plasmaand the amniotic fluid for the corresponding parameters,either in the control
or the study group.

Figure 2. Graphical Spearman correlation matrix of the imchemical parameters in A) the control group and B) the study
group. A1lAT, alfa-1-antitrypsin; AF, amniotic fluid; AGE, advanced glycation end products; IMA, ischemiamodified
albumin; OSDPoxidative stressdamageproduct; PS plasma;Vit D, vitamin D.

3.3. ScreeningUtility of the TestedParameters

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 specificityis
presented in the ROC graphs (Figurd). 4 EA A OOT £& OA1 OAO xAOA 0O/
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 demonstratedhe highest specificityin the T21 screening(1.00 and 0.90,respectively).






















































