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1. WPROWADZENIE

Niniejsza dysertacja doktorska pt. ,,Profil metylacji DNA zwigzany z zaburzeniami
metabolicznymi u pacjentdow z otyloscig”, powstala w oparciu o cykl tematycznie
powigzanych artykutéw oryginalnych opublikowanych w mig¢dzynarodowych
czasopismach naukowych znajdujacych si¢ na listach MNiSW, indeksowanych w bazie
PubMed oraz znajdujacych si¢ na Liscie Filadelfijskiej (Journal Citation Reports).

Na prace doktorska sktadaja si¢ nastepujace publikacje:

1. DNA methylation microarrays identify epigenetically regulated lipid related
genes in obese patients with hypercholesterolemia.

Platek T, Polus A, Goéralska J, Razny U, Gruca A, Kie¢-Wilk B, Zabielski P, Kapusta
M, Stowinska-Solnica K, Solnica B, Malczewska-Malec M, Dembinska-Kie¢ A. Mol
Med. 2020 Oct 7;26(1):93 (IF= 6.354, MNiSW: 100.000).

2. Epigenetic regulation of processes related to high level of fibroblast growth
factor 21 in obese subjects.

Platek T, Polus A, Goralska J, Razny U, Dziewonska A, Micek A, Dembinska-Kie¢ A,
Solnica B, Malczewska-Malec M. Genes (Basel). 2021 Feb 21;12(2):307 (IF= 4.096,
MNiSW: 100.000).

Wymienione artykuty beda cytowane w pracy jako publikacje 1, 2.

Sumaryczna warto$§¢ wspolczynnika oddziatywania (Impact Factor (IF)) wedtug
Thomson Reuters Journal Citation Reports dla wymienionych czasopism wynosi 10,45
oraz wedlug wykazu czasopism naukowych Ministerstwa Nauki 1 Szkolnictwa

Wyzszego (MNiISW) wynosi 200 punktow za 2020 rok.



2. WYKAZ ZASTOSOWANYCH SKROTOW
ALT - aminotransferaza alaninowa, (ang. alanine aminotransferase),
BMI - wskaznik masy ciata, (ang. Body mass index),

BIOCLAIMS- akronim projektu pt. Biomarkery stalosci rownowagi metabolicznej
regulowanej dieta, (ang. BIOmarkers of Robustness of Metabolic Homeostasis for
Nutrigenomics-derived Health CLAIMS Made on Food),

DNTML1 - metylotransferaza DNA typu | (ang. DNA methyltransferase 1),

DNTMB3A - metylotransferaza DNA typu Il A (ang. DNA methyltransferase 3 alpha),
DNTMB3B - metylotransferaza DNA typu Il B (ang. DNA methyltransferase 3 beta),
FGF21 - czynnik wzrostu fibroblastow 21 (ang. fibroblast growth factor 21),

FFA - wolne kwasy tluszczowe (ang. free fatty acids),

GGT - gamma — glutamylotranspetydaza (ang. gamma-glutamyltransferase),

GIP - glukozozalezny peptyd insulinotropowy (ang. glucose-dependent insulinotropic
polypeptide),

GWAS - badanie asocjacyjne catego genomu (ang. genome-wide association studies),
HDL - lipoproteina o0 wysokiej gestosci (ang. high-density lipoprotein),

HOMA-IR - wskaznik oceny modelu homeostazy opornosci na insuling (ang.

homeostasis model assessment of insulin resistance),

IL-6 - interleukina 6 (ang. Interleukin 6),

LDL-CH - cholesterol LDL (ang. low-density lipoprotein cholesterol),

LDL - lipoproteina o niskiej gestosci (ang. low-density lipoprotein),

MBPs - biatka wigzace grupy metylowe (ang. methyl-CpG-binding proteins),

MCP1 - biatko chemotaktyczne monocytow (ang. monocyte chemoattractant protein-
1),

NAFLD - niealkoholowa stluszczeniowa choroba watroby (ang. nonalcoholic fatty liver

disease),



NR1H2 - watrobowy receptor X beta (ang. liver X receptor beta),

PPARa - receptor aktywowany proliferatorami peroksysomow alfa (ang. peroxisome

proliferator-activated receptor alpha),
PUFA - wielonienasycone kwasy ttuszczowe (ang. polyunsaturated fatty acids),

SREBP - biatko wigzace element regulatorowy sterolu (ang. sterol regulatory element

binding transcription factor 1),
TG —triglicerydy (ang. triglicerides),

TLDA - mikromacierze o niskiej gestosci z sondami TagMan (ang. TagMan low-

density array),
TNFa - czynnik martwicy nowotwordéw (ang. tumor necrosis factor a)

VEGF - czynnik wzrostu $rodbtonka naczyniowego (ang. vascular endothelial growth

factor),
VLDL - lipoproteina o bardzo matej gestosci (ang. very-low-density lipoprotein),

WHR - stosunek obwodu talii do obwodu bioder (ang. waist-hip ratio).



3. OPIS PROJEKTU
3.1. WSTEP | UZASADNIENIE PRACY

Otylos¢ jest przewleklta chorobg charakteryzujaca si¢ nadmiernym i/lub
nieprawidtlowym gromadzeniem si¢ tkanki tluszczowej, ktora dotyka ponad 650
milionow ludzi na swiecie [1]. Choroba ta prowadzi do rozwoju wielu metabolicznych
powiktan 1 w wydatny sposob zwigksza ryzyko rozwoju chorob uktadu sercowo-
naczyniowego. Rozpowszechnienie otytosci stale narasta wsrdod populacji dorostych
i dzieci. Swiatowe dane dotyczace lat 1975- 2016 wskazuja na niemal trzykrotny wzrost
liczby o0sob dotknigtych ta chorobg [2]. Wystepowanie oOtyloSci wigze si¢ ze
zwigkszonym ryzykiem rozwoju chordb towarzyszacych takich jak cukrzyca typu 2,
dyslipidemia, niealkoholowa stluszczeniowa choroba watroby (ang. NAFLD),
nadci$nienie tetnicze, choroby ukladu krazenia, zespoly otgpienne, choroba
zwyrodnieniowa stawow oraz nowotwory [2].

Za etiologi¢ otylosci uznaje si¢ zlozone interakcje czynnikow srodowiskowych
z indywidualnymi  predyspozycjami  genetycznymi [3]. Obesogenne czynniki
srodowiskowe obejmuja gldwnie niska aktywnos¢ fizyczng oraz nieprawidtowe nawyki
zywieniowe, takie jak nadmierne spozycie kalorii pochodzacych z rafinowanych
weglowodandw 1 thuszczow zwierzecych [4]. Do rozwoju otytosci przyczyniaja si¢
réwniez wybrane endokrynopatie, czynniki psychologiczne, genetyczne, spoteczne oraz
czynniki jatrogenne — gtownie efekty uboczne stosowania farmakoterapii [5].

Duzy wptyw na rozwdj otylosci ma odziedziczony po rodzicach zestaw wariantow
genetycznych. Udziat czynnikow dziedzicznych w zmiennos$ci masy ciata ocenia si¢ na
40 — 75 % [6]. Szacuje si¢, ze podloze genetyczne odpowiada za 40% do 50%
zmienno$ci wagi ciala odnoszac si¢ do calej populacji, ale jest nizsze wsrdéd osob
0 normalnej wadze (okoto 30%) i znacznie wyzsze w subpopulacji 0sob z otytoscig
I cigzka otytoscig (okoto 60% do 80%) [6]. Wyrdznia si¢ 3 rodzaje otytoéci genetycznie
uwarunkowanej: otylos¢ zespotows, niezespotowa otylos¢ jednogenowa i otylosé
wielogenows. Zaledwie bardzo maty odsetek przypadkéw otytosci stanowi otytosé
zespotowa [7, 8]. Obecnie znanych jest 79 zespotow syndromicznych, czyli
wrodzonych zespotéw chorobowych, ktorych podlozem sg mutacje w genach
plejotropowych lub rearanzacje chromosomowe [7, 9]. Przyktadami sg m. in. Zespot
Pradera-Willego (zaburzone pigtnowanie genomowe regionu chromosomu 15q11-13),
Zespot Bardeta i Biedla (zidentyfikowano mutacje w 21 genach: BBS1, BBS2, ARL6



(BBS3), BBS4, BBS5, MKKS (BBS6), BBS7, TTC8 (BBS8), BBS9, BBS10, TRIM32
(BBS11), BBS12, MKS1 (BBS13), CEP290 (BBS14), WDPCP (BBS15), SDCCAGS8
(BBS16), LZTFL1 (BBS17), BBIP1 (BBS18), IFT27 (BBS19), IFT72 (BBS20)
i CBORF37(BBS21)), Zespot Alstroma (mutacje w genie ALMS1), Zespdt tamliwego
chromosomu X (transkrypcyjne wyciszenie genu FMR1), Zespot WAGR (ang. Wilms-
Tumour-Aniridia Syndrom, delecje chromosomu 11pl4), Zespdét Downa (trisomia
chromosomu 21) czy Zesp6t Turnera (monosomia chromosomu X) [7, 8, 9].

Najczestszg przyczynag rozwoju niezespotowe] otylosci jednogenowej sa mutacje
w genach: MC4R, LEP, LEPR, PCSK1, ADCY3 i POMC, odgrywajace role w regulacji
homeostazy energetycznej mediowanej przez szlak leptyna-melanokortyna oraz mutacje
genow kontrolujacych apetyt (NPY, FTO, GHSR i MC3R) [7, 9, 10]. Wielogenowa
forma otytosci rozwija si¢ jako efekt obecno$ci polimorfizmow genetycznych wielu
roéznych genow i ich interakcji z czynnikami srodowiskowymi [10]. Najwazniejsza rolg
odgrywaja polimorfizmy gendéw kontrolujacych wydzielanie i dziatanie insuliny,
regulujacych apetyt i syto$¢, adipogenezg¢ oraz metabolizm energetyczny i lipidowy
(BDNF, NEGR1, TCF7L2, IRS1, MAP2K5, SLC6A14, ADRB1, ADRB2, ADRB3, UCP1,
UCP2 i UCP3) [7, 10]. Wyniki ostatnich badan naukowych ujawniaja kolejne warianty
genetyczne predysponujace do rozwoju otytosci [11, 12]. W dwodch metaanalizach
z wykorzystaniem badania asocjacyjnego catego genomu (GWAS- genome wide
association studies) przeprowadzonych na kohorcie okoto 700 tys. os6b wykazano
istnienie 536 genowych loci zwigzanych ze zmienno$cig wartosci BMI (wskaznika
masy ciata) oraz 346 zwigzanych ze zmiennoscig wskaznika WHR (stosunek obwodu
talii do obwodu bioder) skorygowanego do wartosci BMI [8, 11, 12]. Potencjalne nowe
geny kandydujace zidentyfikowane przez GWAS to m.in. GNPDA2, BDNF, NEGR1,
SH2B1, ETV5, MTCH2, KCTD15, RBJ, GPRC5B, MAP2K5, QPCTL, TNNI3K,
SLC39A8, FLJ35779, LRRN6C, TMEM160, FANCL, CADM2, PRKD1, LRP1B,
PTBP2, MTIF3, ZNF608, RPL27A, NUDT3, HSD17B12, STAG3L1, KRTCAP2,
THBS3, FAM150B, VRK2, RFTN, WDR6, NSD1, KCNH2, BNC2, RALGPS, PLCEL1,
AP0066212.1, ORAOV1, MAP4K5 i ASB16 [11, 13 - 15].

W ostatnim dziesigcioleciu dynamicznie rozwijaja si¢ badania epigenetyczne
w otylosci. Epigenetyka jest dziedzing nauki badajaca dziedziczne zmiany funkcji
genéw, ktore nie sg zwigzane ze zmianami w sekwencji nukleotydow w DNA [16].
Regulacja epigenetyczna transkrypcji gendéw, moze zachodzi¢ poprzez chemiczng

modyfikacj¢ chromatyny (metylacic DNA) oraz liczne potranslacyjne modyfikacje
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histonow (takie jak acetylacja, metylacja, fosforylacja, ubikwitynacja i sumoilacja) oraz
synteze¢ nickodujacego mikroRNA [17, 18, 19].

W ostatnich latach, coraz czesciej podkresla si¢, ze modyfikacje epigenetyczne
thumacza mechanizmy oddziatywania czynnikow srodowiskowych na ekspresje genow
zwiazanych z rozwojem otylosci i jej powiktan, zwlaszcza metabolicznych [16].

Proces metylacji DNA polega na kowalencyjnym przytaczeniu grupy metylowej do
pigtego atomu wegla pierScienia cytozyny [20]. Metylacja dinukleotydow cytozyna-
guanina w obr¢bie promotorow gendw oraz istotnych miejsc regulatorowych moze
blokowa¢ wigzanie czynnikow transkrypcyjnych i / lub biatek wigzacych grupy
metylowe (MBPs) wyciszajac transkrypcje genow [20, 21]. Fizjologicznie metylacja
DNA odgrywa wazng role w inaktywacji chromosomu X, monoallelicznej ekspresji
genow podlegajacych pietnowaniu rodzicielskiemu, regulacji roznicowania komorek,
ekspresji genow specyficznych dla komorki, oraz utrzymaniu stabilnosci i struktury
genomu [16, 22]. Metylacja DNA jest komorkowo i tkankowo-specyficzna, odwracalna,
oraz wrazliwa na wptyw czynnikow $rodowiskowych (m. in. przyjmowanych lekow,
dymu papierosowego, zanieczyszczenia powietrza, aktywnosci fizycznej, podazy
weglowodandw 1 kwasow thuszczowych, a takze sktadu mikrobiomu jelitowego) [7, 22,
23].

Metylacje cytozyny katalizuja enzymy nazywane DNA metylotransferazami. Znane
sg trzy ssacze metylotransferazy: DNTM1, DNTM3A oraz DNTMS3B.
Metylotransferaza DNA typu | (DNTM1) odpowiada za utrzymanie wzoru metylacji
DNA w trakcie podziatdéw komoérkowych, natomiast metylotransferazy typu Il A'i B
(DNTM3A i DNTM3B) odpowiadajg za wprowadzanie wzoru metylacji DNA de novo,
ktora zachodzi na wczesnym etapie rozwoju zarodkowego [22].

W badaniach ostatniej dekady wykazano, ze geny kontrolujace apetyt: POMC,
NPY, FTO, MCHR1, ADIPOQ i LEP, oraz geny zwigzane z metabolizmem cholesterolu
i lipidow: LPL, PPARG, SREBF1, ABCAL, ABCG1 i CPT1A i metabolizmem glukozy:
IRS1, IGF2/H19 regulowane sa rowniez poprzez metylacje DNA [7, 24 - 26].

Uwaza si¢ ze czynniki Srodowiskowe, ktore sa odpowiedzialne za mechanizmy
epigenetyczne w otylosci naleza glownie do kategorii zywieniowych i fizjologicznych.
Czynniki te wptywaja na metylom w okreslonym oknie czasowym w zyciu osobniczym.

Nieprawidlowe nawyki zywieniowe modyfikuja epigenom tkanki tluszczowej,
migsni szkieletowych, watroby oraz komoérek beta trzustki, prowadzac tym samym do
dysfunkcji tych narzadow [7, 22- 23].
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Jak wykazano, dieta bogata w wegglowodany rafinowane, nasycone kwasy
thuszczowe (zwlaszcza kwas palmitynowy), kwasy tluszczowe typu trans lub dieta
wzbogacona o wielonienasycone kwasy ttuszczowe (n-3 PUFA) moze istotnie hamowac
lub aktywowa¢ transkrypcje wielu genow [16, 27 - 29]. Podobny efekt zaobserwowano
przy nadmiernej podazy kalorii lub w wyniku znacznych restrykcji kalorycznych,
a takze po zabiegach bariatrycznych [27, 30 — 36].

Szczegbdlnym okresem zwigkszonej podatnosci na dziatanie aktywnych sktadnikow
pozywienia na genom jest okres prenatalny i wczesny okres rozwojowy. Coraz
liczniejsze doniesienia naukowe wskazujg, ze dieta matek w czasie cigzy wplywa na
epigenom potomstwa. Zaobserwowano istotng korelacje miedzy wskaznikiem masy
ciala (BMI) matki przed i we wczesnym okresie cigzy i metylacja DNA w 86 loci we
krwi noworodkéw [37]. Kolejne badania na ludziach wykazaty, ze na status metylacji
DNA genu POMC u potomstwa ma wptyw sposob odzywiania matki w pierwszym
trymestrze cigzy, co zostalo powigzane ze zwigkszonym ryzykiem rozwoju otytosci
u dzieci i dorostych [38, 39].

W ostatnich latach wykazano tez $ciste powigzania pomiedzy procesem starzenia
si¢ organizmu, otytoscig i statusem metylacji DNA wybranych genow [40, 41, 42].
Zauwazono, ze metylacja DNA genow i ekspresja mMRNA w tkance tluszczowej osob
otylych jest odmienna w poréwnaniu z osobami o prawidtowej masie ciata [43, 44].
Obserwowany w otylosci rozwdj przewlektego stanu zapalnego, insulinoopornosci,
dyslipidemii i stresu oksydacyjnego, to czynniki, ktore nasilajg zwigzane z wiekiem
zmiany w profilu metylacji DNA wybranych genow [19, 44, 45]. Dodatkowym
czynnikiem, ktéry moze wplywac¢ na procesy epigenetyczne w otytosci jest odmienny
sktad mikrobiomu jelitowego [46].

Tkanka tluszczowa jest narzadem aktywnym wydzielniczo, bowiem w jej obrebie
produkowane sg liczne substancje o dzialaniu endokrynnym i zapalnym, okreslane
mianem ,,adipocytokin”, ktore regulujg ogolnoustrojowe przemiany metaboliczne [8].
Ekspansja tkanki ttuszczowej prowadzi do zmian w jej anatomii i fizjologii. W otytosci
obserwujemy nasilone zmiany w ekspresji adipocytokin, za co odpowiedzialne sa
przynajmniej czg¢sciowo modyfikacje epigenetyczne. Wykazano na przyklad, ze
metylacja DNA odgrywa kluczowa role w procesie represji syntezy adiponektyny
I zwigkszonej produkcji leptyny czy TNFa (czynnika martwicy nowotworow) [47, 48,
49]. Niemniej jednak, szczegétowa wiedza na temat mechanizméw epigenetycznych

regulacji syntezy wielu adipocytokin jest nadal ograniczona. Dysfunkcja tkanki
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tluszczowej prowadzi do rozwoju wielu zaburzen metabolicznych, takich jak
insulinoporno$¢ i w konsekwencji zaburzenia weglowodanowe, czy uposledzony
metabolizm i klirens lipoprotein [50- 52]. Dyslipidemia jest czestym zaburzeniem
wystepujacym w otylosci 1 charakteryzuje si¢ gldéwnie zwigkszonym stezeniem we krwi
lipoprotein o bardzo niskiej gestosci (VLDL) i zmniejszonym stezeniem lipoprotein
0 duzej gestosci (HDL). Czgsto obserwuje si¢ tez podwyzszone stezenie lipoprotein
0 niskiej gestosci (LDL) z réwnoczesng zmiang ich fenotypu (mate, geste czasteczki)
[8]. Otytos¢ i jej metaboliczne powiklania w wydatny sposob zwigkszajg ryzyko
rozwoju choréb uktadu sercowo-naczyniowego [53].

Ekspansja brzusznej tkanki tluszczowej 1 zwigkszenie zawartosci tluszczu
W obrgbie watroby prowadza do podwyzszonego stezenia FGF21 w surowicy [54].
Zaobserwowano korelacj¢ migdzy poziomami FGF21 a profilem lipidowym (TG, HDL
i LDL) oraz insulinowrazliwo$cig/opornoscia (HOMA-IR, insuling na czczo),
poziomem adiponektyny, wysokim ci$nieniem krwi, wskaznikiem BMI i wiekiem [54].
PodwyzZszone poziomy FGF21 obserwowane sa w chorobach zwiazanych ze stresem
metabolicznym, np. w NAFLD, cukrzycy typu 2, nadci$nieniu tetniczym, miazdzycy,
retinopatii cukrzycowej, chorobie nerek czy lipodystrofii [54].

Ocena metylomu we krwi obwodowej, tkance tluszczowej, watrobie lub migs$niach
szkieletowych moze wskaza¢ zaburzone szlaki metaboliczne w otytosci. Umozliwia
poznanie nowych genow kandydatow uczestniczacych w ztozonych interakcjach
srodowiska i genow. Dodatkowo otwiera mozliwosci wprowadzania przysztych strategii
prewencji i leczenia otytos$ci wptywajac na docelowe geny poprzez zmiang diety i stylu
zycia.

Podsumowujac, przejSciowa i odwracalna natura modyfikacji epigenetycznych,
umozliwia poszukiwanie nowych biomarkeréow otytosci, pozwalajac identyfikowac
osoby wysokiego ryzyka rozwoju choroby i towarzyszacych powiktan. Daje mozliwosci

poszukiwania nowych sposobow leczenia.
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3.2. CELE PRACY:
Ogolnym celem dysertacji doktorskiej bylo zbadanie czy istniejg regulacje

epigenetyczne zwigzane zZ powiktaniami metabolicznymi u otylych pacjentow.
Cele szczegdtowe obejmowaty:

Cel 1. Sprawdzenie czy istnieje profil metylacji DNA zwigzany z hipercholesterolemig

w badanej grupie otytych pacjentow.

Cel 2. Znalezienie genow regulowanych poprzez metylacje DNA oraz profilu ekspresji
miRNA zwigzanego z wysokim poziomem czynnika wzrostu fibroblastow 21 (FGF21)

W surowicy osob otytych.
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3.2. METODOLOGIA:
3.2.1. Opis grupy badawczej:

Badania zostaly przeprowadzone w grupie oséb dorostych z nadwagg i otyloscig
z minimalnym wskaznikiem BMI powyzej 27. Pacjenci zostali wybrani z projektu pt.
BIOCLAIMS (Biomarkery statosci rownowagi metabolicznej regulowanej dieta, ang.
BlOmarkers of Robustness of Metabolic Homeostasis for Nutrigenomics-derived
Health CLAIMS Made on Food), siodmego programu ramowego Wspolnoty
Europejskiej o numerze 244995. Protokot badan zostat zatwierdzony przez Komisje
Bioetyczng  Uniwersytetu  Jagiellonskiego (numery zgdéd: KBET/82/B/2009
i KBET/45/B/2012). Kryteriami wykluczenia z udzialu w projekcie byly choroby
uktadu krazenia, cukrzyca, niewydolno§¢ nerek lub watroby, zaburzenia
endokrynologiczne, przewlekle stany zapalne, terapi¢ hormonalng, stosowane leki
hipolipemizujace lub przeciwzapalne, stosowanie suplementow, palenie lub nadmierne
spozywanie alkoholu, cigza lub laktacja. Z danych zebranych w wywiadzie wiadomo,

ze pacjenci prowadzili nieaktywny tryb zZycia.
Publikacja 1:

Badanie przeprowadzono w grupie 137 osob dorostych z BMI powyzej 27 (min.
27 — maks. 45 kg /m?), sktadajacej si¢ z kobiet (n= 99) i mezczyzn (n= 38) w wieku od
25 do 65 lat.
Poréwnanie parametrow biochemicznych przeprowadzono w 2 grupach:
- w grupie z hipercholesterolemig (n= 68) obejmujacej pacjentOw z poziomem
cholesterolu LDL (LDL-CH) (> 3,4 mmol/l) w surowicy,
- w grupie kontrolnej (n = 69), ktora skladata si¢ z osdb otylych ze stezeniem

cholesterolu LDL w surowicy <3,4 mmol/l.
Publikacja 2:

Grupa badana obejmowala osoby doroste z nadwaga i1 otyloscig (n = 136; 100
kobiet i 36 mezczyzn) z BMI od 27 do 45 kg/m?. Pacjentéw podzielono na 2 grupy na
podstawie pozioméw FGF21 w surowicy na czczo (FGF21 <213 pg/ml i > 213 pg/ml).
Punktem odcigcia byta mediana poziomu FGF21 w surowicy.

Analizowano 2 grupy badawcze:
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- grupe badang (n= 68), ktora skladata si¢ z 0sob otytych z wysokim stezeniem FGF21
(> 213 pg / ml) w surowicy,

- grupe kontrolng (n = 68), ktora sktadata si¢ z 0sob otylych z niskim stezeniem FGF21
w surowicy <213 pg/ml.

3.2.2. Pomiary antropometryczne i badania biochemiczne:

Wszyscy uczestnicy mieli wykonane pomiary masy ciata, wzrostu, obwodu talii
i bioder, procentowej zawartosci tkanki tluszczowej oraz ci$nienia krwi. Od
uczestnikow pobierano na czczo probki krwi zylnej, a nastepnie odwirowywano w celu
separacji osocza lub surowicy. W surowicy oznaczono st¢zenie glukozy, insuliny,
wolnych kwasow tluszczowych (FFA), cholesterolu catkowitego, cholesterolu HDL,
triglicerydoéw (TG), adipokin (adiponektyny, leptyny, rezystyny i wisfatyny), organokin
(FGF21, czynnika wzrostu fibroblastoéw 19 (FGF19), miostatyny 1 iryzyny), markerow
zapalenia (interleukiny 6 (IL-6), biatka C-reaktywnego o wysokiej czutosci (hsCRP),
biatka chemotaktycznego monocytéw (MCP1), naczyniowej czasteczki adhezyjnej 1
(sVCAM-1), ptytkowo-srodbtonkowej czasteczki adhezyjnej 1 (SPECAM-1),
srodblonkowej E-selektyny (sEselectin)) oraz czynnika wzrostu $rodblonka
naczyniowego (VEGF). W o0soczu oznaczono stezenie glukozozaleznego peptydu
insulinotropowego (GIP), catkowitg zawarto$¢ kwasow tluszczowych oraz nasyconych
kwasow  thuszczowych  (mirystynowy, palmitynowy, stearynowy, behenowy,
lignocerynowy i arachidowy), jednonienasyconych kwasow  tluszczowych
(palmitooleinowy, oleinowy i nerwonowy) i wielonienasyconych kwasow ttuszczowych
(arachidonowy, linolowy, a-linolenowy, eikosapentaenowy i dokozaheksaenowy).

Pomiar stezenia glukozy, cholesterolu catkowitego, cholesterolu HDL 1 TG
wykonano za pomocg metod enzymatyczno-kolorymetrycznych na analizatorze
MaxMat. Insuling oznaczono metoda immunoradiometryczng zestawem INS IRMA
firmy Diasource, natomiast hsCRP oznaczono metoda immunoturbidymetryczng
zestawem firmy APTEC Diagnostics. Oznaczenie st¢zenia poszczegodlnych kwasow
thuszczowych wykonano metoda chromatografii gazowo-cieczowej. Adipokiny,
organokiny i cytokiny mierzone byly metoda immunoenzymatyczng ELISA przy
udziale komercyjnych zestawdéw  nastgpujacych firm (R&D, BioVendor,
Immunodiagnostik, EMD Milipore). Natomiast FFA zmierzono ilosciowa metoda

enzymatyczno-kolorymetryczng zestawem Free Fatty Acids, Half Micro Test firmy
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Roche.  Aktywnos¢  aminotransferazy  alaninowej (ALT) i gamma -
glutamylotranspetydazy (GGT) zmierzono na automatycznym analizatorze Hitachi
cobas ¢701/702. Stezenie cholesterolu LDL wyliczono wedlug formuty Friedewalda, tj.
LDL=TC- (HDL + TG/2,2) oraz stezenie nie-HDL wedlug wzoru: nie-HDL= calkowity
cholesterol - HDL cholesterol.

3.2.3. Analiza metylacji DNA w leukocytach:

Do oznaczen profilu metylacji DNA pobrano krew zylng do probowek EDTA-
K3 (wersenian trojpotasowy). Analiza metylacji DNA w leukocytach krwi obwodowej
zostata wykonana przy udziale wysokoprzepustowych macierzy metylacyjnych firmy
Agilent Technologies (Human DNA Methylation Microarrays, G4495A-023795).
Zastosowana macierz zawiera 237 227 oligonukleotydowych sond przytwierdzonych do
szklanego szkietka mikromacierzowego. Sondy zaprojektowane zostaty do znanych
wysp CpG (27 627 sond) oraz do regionéw obejmujacych do 85 nukleotydow w poblizu
znanej wyspy CpG, oraz sondy dla niezmetylowanych regionéw (5081 sond).
Z zamrozonej krwi wyizolowano genomowe DNA. Dokonano pomiaru DNA
ilosciowego 1 jakosciowego za pomocag spektrofotometru NanoDrop NDZ1000.
Materiatem wyjsciowym bylo 5 ug DNA. Przeprowadzono sonifikacj¢ przy pomocy
homogenizatora ultradzwieckowego Sonopuls HD 2200. Pofragmentowane DNA zostato
podzielone na 2 czgsci: 4/5 ilosci zostalo wzigte do immunoprecypitacji, pozostata 1/5
cze$¢ zostata wykorzystana jako probka referencyjna. Immunoprecypitacje fragmentow
DNA bogatych w 5-metylocytozyny wykonano za pomocg przeciwciata
monoklonalnego przeciwko 5-metylocytozynie (Monoclonal Antibody to 5-Methyl
Cytosine / 5-MeC Purified from Acris Antibodies). Nastgpnie przeprowadzono
amplifikacje 1 wyznakowanie barwnikami fluorescencyjnymi: zmetylowane fragmenty
DNA znakowano cyjaning- 3 (Cy-3), natomiast material kontrolny znakowano
cyjaning- 5 (Cy-5). Przeprowadzono Konkurencyjng hybrydyzacjec DNA
wyznakowanego Cy-3 i Cy-5 do sond oligonukleotydowych na szkietku
mikromacierzowym przez 40 godzin w temperaturze 65°C w piecu hybrydyzacyjnym.
Kolejno wykonano odptukiwanie szkietka mikromacierzowego zgodnie z instrukcja
producenta. Skanowanie mikromacierzy przeprowadzono w skanerze DNA Microarray
Scanner. Ekstrakcje zeskanowanych danych na dane tekstowe przeprowadzono przy

uzyciu oprogramowania Agilent Features Extraction software v 10.10.1.1.
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Publikacja 1:

Do przesiewowego badania profilu metylacji DNA w leukocytach krwi
obwodowej sposrod catej kohorty wybrano 10 reprezentatywnych probek (po 5 na
grupe dobranych pod wzgledem pici, wieku i BMI: wysoki LDL-CH versus niski LDL-
CH).

Publikacja 2:

Wykonano 16 macierzy metylacyjnych w reprezentatywnych probkach
(wybranych po 8 na grupe dobranych pod wzglgdem pici i BMI: wysoki FGF21 versus
niski FGF21).

3.2.4. Badania poziomu ekspresji mMiRNA metoda Real-Time PCR na

mikromacierzach TLDA:

W celu oznaczenia profilu miRNA pobrano krew zylng do probowek
stabilizujacych (PAX gene Blood RNA Tubes), ktore zamrozono w temperaturze -
80°C.

Nastepnie miRNA zostato wyekstrahowane przy uzyciu zestawu: PAXgene 96
Blood RNA Kit oraz zestawu do oczyszczania RNA/miRNA: GeneMATRIX Universal
RNA/miRNA kit. Kolejno dokonano oceny ilosci oraz jakosci miRNA przy udziale
analizatora BioAnalyzer 2100 i spektrofotometru NanoDrop ND-1000. Nastepnie
przeprowadzono odwrotng transkrypcje przy uzyciu zestawow: TagMan MicroRNA
Reverse Transcription Kit and MegaPlexHuman Pool A and B i primerow do odwrotnej
transkrypcji (RT) oraz preamplifikacje przy uzyciu zestawu: Megaplex™ PreAmp Kit
I dedykowanych primeréw. Do analizy ekspresji miRNA wykorzystano mikromacierze
o niskiej gestosci z sondami TagMan (ang. TagMan Low-Density Array- TLDA), ktore
umozliwiajg oceng ilosciowg 754 ludzkich miRNA. Analiz¢ przeprowadzono metoda
PCR w czasie rzeczywistym (ang. Real-Time PCR) na aparacie 7900HT Fast Real-
Time PCR system.

Publikacja 2:

W celu ilosciowe]j analizy poziomu ekspresji miRNA w leukocytach wykonano
16 macierzy TLDA w reprezentatywnych probkach wybranych po 8 na grupe
dobranych pod wzgledem ptci i BMI (grupa wysoki FGF21 versus niski FGF21).
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3.2.5. Analizy statystyczne:

Opracowanie statystyczne danych biochemicznych i antropometrycznych
zostalo wykonane przy uzyciu programu Statistica v 13 (StatSoft Polska). Do oceny
normalno$ci rozktadu zmiennych cigglych zastosowano test Shapiro-Wilka. Do
porownywania obu grup w przypadku parametrow o rozkladzie normalnym
zastosowano test t-studenta niesparowany oraz dla danych nie spetiajgcych warunkow
rozktadu normalnego  test U- Manna-Whitneya. Dla zmiennych nominalnych
zastosowano test chi-kwadrat. Warto$¢ p< 0,05 uznawano za istotng statystycznie.

Analizy statystyczne danych mikromacierzowych zostaly wykonane przy
udziale nastgpujacego oprogramowania: Feature extraction software version 10.10.1.1,
BRB-ArrayTools software version 4.6, GeneSpring version 13 software oraz jezyk
programowania R. W programie Feature extraction nadano wartosci intensywnosci dla
dwoch barwnikéw fluorescencyjnych Cy3 i Cy5, odjeto wartosci tta oraz obliczono
stosunek intensywnos$ci $wiecenia Cy3 do Cy5 (ratio of Cy3/Cy5). Normalizacj¢
danych z mikromacierzy wykonano za pomoca algorytmu Lowess (ang. locally
weighted scatterplot smoothing) w programie BRB-ArrayTools. Tak przygotowane
dane byly analizowane w programie R. Zastosowano wartosci M (logarytmiczny
stosunek intensywno$ci M=log2 (Cy3/Cy5)) do dalszych analiz statystycznych. Model
regresji liniowej do porownywania dwoch grup zostat dostosowany do potencjalnych
czynnikéw zaklocajacych, w tym proporcji krwinek z morfologii krwi i wieku
pacjentow. Uzylismy funkcje ImFit i eBayes w pakiecie ,,limma” do budowania modeli
liniowych i obliczen z wykorzystaniem testu moderowany test t (obliczono warto$¢ p).
Uzyskane wartosci prawdopodobienstwa byly korygowane poprawka na wielokrotne
testowanie metodg FDR (metodg Benjamini-Hochberg) i pokazano jg jako warto$¢ q.

Analiza danych miRNA z macierzy TLDA zostata obliczona za pomocg
oprogramowania DataAssist v 3.01. Wzgledne poziomy miRNA wyrazono jako
krotno$¢ zmiany ((FC) = srednia geometryczna 2 (ACtgrupabadana) / ¢rednia geometryczna
2 (“ACtgrupa kontrolna)y v ghecnosci 3 genow (RNU44, RNU48, U6SRNA) zastosowanych
jako kontrole endogenne. MiRNA z wartosciag wzgledng FC wigksza lub réwng 2,0

brano do dalszych analiz statystycznych.

Szczegotowe opisy zastosowanych analiz statystycznych zostaly zamieszczone

w artykutach cytowanych jako 11 2.
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4. PODSUMOWANIE WYNIKOW
Szczegotowe wyniki omdéwiono w poszczegdlnych artykutach.
4.1. Publikacja 1
Badania biochemiczne:

Grupa pacjentéw z wysokim poziomem LDL-CH w surowicy byla porownywalna
z grupa kontrolng pod wzgledem masy ciata, BMI, obwodu talii, stosunku WHR,
ci$nienia tetniczego, masy tkanki tluszczowej oraz wydzielonych adipokin (leptyny
i adiponektyny). Badana grupa z hipercholesterolemig wykazata nie tylko wyzszy
poziom LDL-CH, ale takze cholesterolu catkowitego, TG, cholesterolu nie-HDL
I stosunku TG/HDL w pordéwnaniu z grupa kontrolng. Catkowita zawartos¢ kwasow
thuszczowych w osoczu oraz nasyconych i1 nienasyconych kwasow tluszczowych byta
wyzsza rowniez w grupie z wysokim LDL-CH. Roéznice biochemiczne miedzy grupa
badang, a kontrolng pozostaty w mniejszych podgrupach wybranych do badan metylacji

DNA.
Badania metylacji DNA:

W analizie roznicowej metylacji DNA zidentyfikowano 7480 sond istotnych
statystycznie porownujac grupe z wysokim LDL-CH do grupy z niskim LDL-CH. Z tej
listy sond wytypowano 190, zlokalizowanych w 143 genach jako zwigzane ze szlakami
metabolizmu lipidow. Wykazano, Zze geny te zaangazowane byly w nastgpujace Sciezki
metaboliczne: metabolizm i klirens lipoprotein LDL i VLDL, regulacja metabolizmu
lipidéw przez PPARa (receptor aktywowany proliferatorami peroksysomow alfa),
regulacja biosyntezy cholesterolu przez SREBP (biatko wiazace element regulatorowy),
regulacja ekspresji genow przez NR1H2 (watrobowy receptor X beta), metabolizm
| beta-oksydacja kwasow tluszczowych i metabolizm TG. Wykazano nowe geny
regulowane epigenetycznie: ABCG4, ANGPTL4, AP2A2, AP2M1, AP2S1, CLTC,
FGF19, FGF1R, HDLBP, LIPA, LMF1, LRP5, LSR, NR1H2 i ZDHHC8 zwiazane
z dyslipidemia. Przedstawiono wystgpowanie hypermetylacji DNA w promotorach
kluczowych gendéw regulujacych metabolizm cholesterolu: PCSK9, LRP1, ABCG1,
ANGPTL4, SREBF1 i NR1H2 w leukocytach pacjentow z hipercholesterolemis.
Dodatkowo wykazano r6znicowa metylacie DNA w genach czynnikow
transkrypcyjnych, takich jak NFKB2, TCF4, GATA4, INSM1, CTCF, TCF7L2, SREBF1,
KLF14, PPARD i PPARG.
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4.2. Publikacja 2:
Badania biochemiczne:

Obie badane grupy byly poréwnywalne pod wzgledem wieku, ptci, BMI, masy
tkanki tluszczowej, ci$nienia krwi, st¢zenia glukozy na czczo i cholesterolu. Grupa
z wysokim krazacym poziomem FGF21 charakteryzowata si¢ wyzszym WHR,
podwyzszonym poziomem insuliny na czczo i HOMA-IR, FFA oraz TG. Stwierdzono
robwniez podwyzszony poziom osoczowego hormonu GIP, a takze markerow
uszkodzenia watroby (ALT i GGT). Otyli pacjenci z wysokim poziomami FGF21 mieli
podwyzszone poziomy VEGF, biatkka MCP1 i obnizone poziomy adiponektyny,
podczas gdy inne adipokiny - leptyna, rezystyna i wisfatyna, miokiny — iryzyna

I miostatyna i IL-6 nie roznity si¢ migdzy tymi grupami.

Badania metylacji DNA:

Uzyskano 11198 sond CpG zmetylowanych w sposob roznicowy (p <0,01),
z ktorych 5425 byto hipometylowanych, a 5774 bylo hipermetylowanych w grupie
z wysokim FGF21 w poréwnaniu z grupa o niskim FGF21. Nastepnie wybrano 375
sond CpG zlokalizowanych w genach zaangazowanych w metabolizm lipidéw, glukozy,
adipokin oraz innych szlakow, znanych lub potencjalnie powigzanych z aktywnos$cia
FGF21.
Wykazano regulowanie nastgpujacych proceséw: transport glukozy (wykryte geny:
SLC2A4, SLC2A5, SLC2A8 i KLF15), wydzielanie i sygnalizacja insuliny (geny:
ADRA2A, CPT1A, GIPR, IGF1R, IGFBP1, INSR, IRS1, NEUROD1, PDK1, PFKM,
PPARA, PRKCI, SLC27Al1, SLC2A8, SOCS3, TCF7L2 i VLDLR), transport
i metabolizm komoérkowy lipidow (geny: ABCAL, ABCG4, ACOX3, ACOXL, ACS3,
ADIPOR1, CPT1A, CPT1B, CPT1C, DECR1, ELOVL4, ELOVL6, ELOVL7, FADS2,
LPIN1, PPARA, PRKAA1l, PRKAB2, PRKAR2B, SCD i SLC27Al), odpowiedz na
poziomy sktadnikow odzywczych (geny: ACSL3, BMP2, BMP4, BMPR2, BMP7,
CEBPA, CYP24A1, CYP27B1, GIPR, IGF1R, INSR, LIPG, PPARA, PDGFA, RARA,
RPTOR, SOCS3, SOD1, WNT3, WNT3A, WNT7B, WNT9A, WNT9B i VLDLR),
termogeneza (geny: PRDM16, ESRRA, CPT1C i CREB5), brazowienie tkanki
thuszczowej (geny: BMP4, FGF9 i FGFR3) i mineralizacja kosci (geny: BMP2, BMP4,
BMP6, BMP7, BMPR2, CYP27B1 i TFAP2A).
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Badania poziomu ekspresji miRNA:

WykazaliSmy statystycznie istotng réznice w ekspresji czterech miRNA
w leukocytach krwi obwodowej, ktore zostaly powigzane z wysokimi poziomami
FGF21 w surowicy. Ekspresja nast¢pujagcych miRNA: hsa-miR-133a-3p, hsa-miR-185-
5p i hsa-miR-200c-3p zostata obnizona, a hsa-miR-875-5p zostala zwigkszona.
Wykazano, ze wykryte miRNA reguluja FGFR1 i VEGFA [55- 57]. Przedstawione
zmiany w poziomie ekspresji miRNA zostaty powigzane z wysokim stezeniem FGF21,
VEGF i niskim poziomem adiponektyny w surowicy.

Podsumowujac wyniki wskazuja na istotng role regulacji epigenetycznej gendow

zaangazowanych w szlaki metaboliczne zwigzane z dzialaniem FGF21.
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5.

WNIOSKI.

Ponizej przedstawiono wnioski z prac oryginalnych wchodzacych w sktad niniejszej

rozprawy doktorskiej.

a.

Wykazano istnienie specyficznego profilu metylacji DNA w leukocytach krwi
obwodowej zwigzanego z wysokim poziomem cholesterolu LDL u otylych
pacjentow.

Przedstawiony wzoér metylacji DNA zwigzany byl z genami zaangazowanymi
w metabolizm lipidéw. Najbardziej regulowanymi $ciezkami sg metabolizm
I klirens lipoprotein LDL i VLDL, regulacja metabolizmu lipidow przez PPARa,
SREBP i NR1H2, metabolizm i beta-oksydacja kwasow tluszczowych i metabolizm
TG.

Wykryto nowe geny regulowane poprzez metylacjc DNA: ABCG4, ANGPTLA4,
AP2A2, AP2M1, AP2S1, CLTC, FGF19, FGF1R, HDLBP, LIPA, LMF1, LRP5,
LSR, NR1H2 i ZDHHCS8, ktore zostaly powigzane =z wysokim poziomem
cholesterolu LDL w surowicy.

Na podstawie uzyskanych danych nie mozna stwierdzi¢ czy wykryty wzér metylacji
DNA jest przyczyna rozwoju czy tez efektem dyslipidemii w badanej grupie
pacjentow.

Wykazano wystepowanie profilu metabolicznego zwigzanego z podwyzszonym
poziomem FGF21 w badanej grupie otytych pacjentow.

Przedstawiono profil metylacji DNA w leukocytach krwi obwodowe] zwigzany
z wysokim poziomem FGF21 u os6b otytych. Najbardziej regulowanymi procesami
sg sygnalizacja 1 wydzielanie insuliny, utrzymanie homeostazy i transport lipidow,
termogeneza i brazowienie tkanki tluszczowej oraz regulacja kostnienia
I mineralizacji koSci.

Wykazano zmieniong ekspresje czterech miRNA: obnizong dla hsa-miR-133a-3p,
hsa-miR-185-5p, hsa-miR-200c-3p i podwyzszong dla hsa-miR-875-5p
W leukocytach krwi obwodowej u osob otytych z wysokim poziomem FGF21
w surowicy. Wykryte miRNA zostaly powigzane z wysokimi stezeniami FGF21,

VEGF i niskim poziomem adiponektyny w surowicy otytych pacjentow.

Opisane wyniki moga mie¢ potencjalne znaczenie kliniczne w terapii otylosci.

Wykrycie nowych $ciezek regulacji metabolizmu cholesterolu poprzez zmiang profilu

metylacji DNA oraz specyficznej metylacji DNA i ekspresji mikroRNA zwigzanych
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z wysokim poziomem FGF21 stwarzajag mozliwo$¢ opracowania nowych biomarkerow

oraz leczenia zaburzen lipidowych towarzyszacych otytosci.
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6. STRESZCZENIE

Otytos¢ jest chorobg przewlekla, ktora dotyka ponad 650 milionow ludzi na Swiecie.
Za przyczyne rozwoju choroby uznaje si¢ ztozone interakcje czynnikow
srodowiskowych z indywidualnymi predyspozycjami genetycznymi. CzynnikKi
srodowiskowe obejmuja niska aktywnos$¢ fizyczng oraz nieprawidlowe nawyki
zywieniowe. Tylko niewielki odsetek przypadkow otylosci stanowi otytosc
monogenowa. Pozostaly wplyw na rozwoj otytosci dopatruje si¢ w licznych regulacjach
epigenetycznych: metylacji DNA, potranslacyjnych modyfikacjach histonow i syntezie
nieckodujacego mikroRNA, ktore wywotujg zmiany aktywnosci genow. Metylacja DNA
polega na przytaczeniu grupy metylowej do pigtego atomu wegla pierscienia cytozyny.
Zmiany sga te zachodza w obrgbie promotorow gendw oraz istotnych miejsc
regulatorowych. Metylacja DNA jest specyficzna dla komorek i tkanek, wrazliwa na
wplyw §rodowiska, moze zmienia¢ si¢ w odpowiedzi na zmian¢ aktywnosci fizycznej,
dietg czy operacje bariatryczne. Postuluje si¢, ze metylacja DNA moze by¢ przyczyng
rozwoju otytosci 1 powiktan jej towarzyszacych, ale rowniez powstaje w odpowiedzi na
chorobg. Przeprowadzona w ramach niniejszej rozprawy doktorskiej ocena profilu
metylacji DNA w leukocytach pacjentdow z otylo$cig zwigzana byla z wysokimi
poziomami cholesterolu LDL i hormonu FGF21 w surowicy.

Celem rozprawy doktorskiej bylo zbadanie czy istniejg regulacje epigenetyczne
zwigzane z powiklaniami metabolicznymi u otylych pacjentow. Sprawdzenie czy
istnieje profil metylacji DNA zwigzany z hipercholesterolemia w badanej grupie
otylych pacjentow. Znalezienie genoéw regulowanych poprzez metylacjc DNA
zwigzanych z wysokim poziomem czynnika wzrostu fibroblastow 21 (FGF21) u osob
otylych. Zbadanie czy istnieje specyficzny profil ekspresji miRNA zwigzany z wysokim
poziomem FGF21.

METODYKA I WYNIKI BADAN

1. Artykul oryginalny: Platek T. et al.. DNA methylation microarrays identify
epigenetically regulated lipid related genes in obese patients with
hypercholesterolemia. Mol Med. 2020 Oct 7;26(1):93.

Badanie przeprowadzono w grupie 137 osob (99 kobiet i1 38 mezczyzn) z BMI powyzej
27 (min. 27 — maks. 45 kg /m?) w wieku od 25 do 65 lat. Poréwnanie parametrow

biochemicznych przeprowadzono w 2 grupach: w grupie z hipercholesterolemia
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z poziomem LDL-CH > 3,4 mmol/l (n=68) i w grupie kontrolnej z poziomem LDL-CH
<34 mmol/l (n = 69) w surowicy. Oznaczono st¢zenie glukozy, cholesterolu
catkowitego, cholesterololu HDL, TG, insuliny, leptyny, adiponektyny, FGF19, FGF21,
GIP w surowicy oraz calkowitej zawartosci kwasoéw thuszczowych w osoczu. Badana
grupa wykazata wyzszy poziom LDL-CH, cholesterolu catkowitego, TG, cholesterolu
nie-HDL i stosunku TG/HDL w poréwnaniu z grupg kontrolng. Przesiewowa analiza
metylacji DNA catego genomu zostala wykonana na macierzach firmy Agilent
Technologies (Human DNA Methylation Microarray: G4495A, Design 1D, 023795)
w dziesieciu losowo wybranych probkach DNA sposrod catej grupy. W analizie
réznicowej metylacji DNA zidentyfikowano 7480 sond istotnych statystycznie
porownujac grupe z wysokim LDL-CH do grupy z niskim LDL-CH. Z tej listy
wytypowano 190 sond zwigzanych ze szlakami metabolizmu lipidow. Wykazano, ze
geny zaangazowane byly w nastepujace Sciezki metaboliczne: metabolizm 1 klirens
lipoprotein LDL i VLDL, regulacja metabolizmu lipidow przez PPARo, SREBP
i NR1H2, metabolizm i beta-oksydacja kwaséw tluszczowych i metabolizm TG.
Wykazano nowe geny regulowane epigenetycznie: ABCG4, ANGPTL4, AP2A2,
AP2M1, AP2S1, CLTC, FGF19, FGF1R, HDLBP, LIPA, LMF1, LRP5, LSR, NR1H2
I ZDHHCS8 zwigzane z dyslipidemig.

2. Artykul oryginalny: Ptatek T. et al.: Epigenetic regulation of processes related to
high level of fibroblast growth factor 21 in obese subjects. Genes (Basel). 2021 Feb
21;12(2):307.

Grupa badana obejmowata osoby doroste z nadwagg i1 otyloscia (n = 136; 100 kobiet
i 36 mezczyzn) z BMI od 27 do 45 kg/m?. Pacjentéw podzielono na 2 grupy na
podstawie poziomow FGF21 w surowicy na czczo (FGF21 <213 pg / ml 1 > 213 pg/
ml). Zmierzono poziom glukozy, insuliny, GIP, lipidow, wybranych adipokin, miokin
I cytokin 1 porownano w grupie z wysokim poziomem FGF21 (n = 68) z grupg z niskim
poziomem FGF21 (n = 68) w surowicy. Grupa z wysokim krazagcym poziomem FGF21
charakteryzowata si¢ wyzszym WHR, podwyzszonym poziomem insuliny na czczo
I HOMA-IR, wolnych kwasow ttuszczowych oraz triglicerydéw. Stwierdzono réwniez
podwyzszony poziom GIP, a takze markeréw uszkodzenia watroby (ALT, GGT). Otyli
pacjenci z wysokim FGF21 mieli podwyzszone poziomy czynnika wzrostu srodbtonka
naczyniowego (VEGF), biatka chemotaktycznego monocytow (MCP1) i obnizone
poziomy adiponektyny.
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Przeprowadzono analize¢ metylacji DNA na macierzach metylacyjnych (Human DNA
Methylation Microarray: G4495A, Agilent Technologies) oraz ekspresj¢ miRNA na
mikromacierzach TLDA (TagMan® Array Human MicroRNA A+B Cards Set v3.0,
Thermo Scientific) w leukocytach losowo wybranych probek (po 8 z kazdej grupy).
Uzyskano 11198 sond CpG roznicowo zmetylowanych (p <0,01) w grupie
z wysokim FGF21 w poréwnaniu z grupa o niskim FGF21. Zidentyfikowane geny
zwigzane byly z transportem glukozy, wydzielaniem 1 sygnalizacja insuliny,
transportem lipidow 1 metabolizmem komoérkowym, odpowiedzia na poziomy
sktadnikéw  odzywczych, termogeneza, brazowieniem tkanki tluszczowej
I mineralizacjg kosci. WykazaliSmy statystycznie istotng roéznice w ekspresji czterech
miRNA w leukocytach krwi obwodowej, ktore zostaly powigzane z wysokimi
poziomami FGF21 w surowicy. Zwigkszong ekspresj¢ hsa-miR-875-5p i zmniejszong
ekspresje hsa-miR-133a-3p, hsa-miR-185-5p i hsa-miR-200c-3p stwierdzono w grupie z
wysokim FGF21 w surowicy. Wykryte regulacje zwigzane byly z wysokim stezeniem

FGF21, VEGF i niskim poziomem adiponektyny w surowicy.

WNIOSKI

1. Wykazano istnienie specyficznego profilu metylacji DNA w leukocytach krwi
obwodowej zwigzanego z wysokim poziomem cholesterolu LDL u otylych
pacjentow.

2. Przedstawiony wzor metylacji DNA zwigzany byl z genami zaangazowanymi
W metabolizm lipidow.

3. Wykryto nowe geny regulowane poprzez metylacic DNA: ABCG4, ANGPTL4,
AP2A2, AP2M1, AP2S1, CLTC, FGF19, FGF1R, HDLBP, LIPA, LMF1, LRP5,
LSR, NR1H2 i ZDHHC8 powigzane z wysokim poziomem cholesterolu LDL
W SUrowicy.

4. Wykazano wystepowanie profilu metabolicznego zwigzanego z podwyzszonym
poziomem FGF21 w badanej grupie otytych pacjentow.

5. Przedstawiono profil metylacji DNA w leukocytach krwi obwodowej zwigzany
z wysokim poziomem FGF21 u 0sob otytych.

6. Wykazano zmieniong ekspresje czterech miRNA: obnizong dla hsa-miR-133a-3p,
hsa-miR-185-5p, hsa-miR-200c-3p i podwyzszong dla hsa-miR-875-5p
w leukocytach krwi obwodowej u osob otytych z wysokim poziomem FGF21

W surowicy.
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Podsumowujac opisane wyniki moga mie¢ potencjalne znaczenie kliniczne, poniewaz
wykazano istnienie regulacji epigenetycznych proceséw zwigzanych z wysokim
poziomem cholesterolu LDL oraz hormonu FGF21 w otytosci. Odwracalny charakter
metylacji DNA daje mozliwo$¢ opracowywania nowych metod prewencji i leczenia

zaburzen lipidowych towarzyszacych otylosci.
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7. ABSTRACT

Obesity is a chronic disease that affects over 650 million people worldwide. The
causes for the development of the disease are increased consumption of fat and
carbohydrates, low physical activity and individual genetic predisposition. Only a small
percentage of obesity is monogenic. The remaining impact on the development of
obesity is considered in the epigenetic regulations as DNA methylation, post-
translational modifications of histones and synthesis of non-coding microRNAs that
cause changes in genes activities. DNA methylation occurs by attaching a methyl group
to the fifth carbon of the cytosine in gene promoters and important regulatory sites.
DNA methylation is cell and tissue specific, sensitive to environmental influence, and
may alter in response to changes in physical activity, caloric restrictions and bariatric
surgery. It is postulated that DNA methylation may be the cause of development of
obesity and its accompanying complications, but it also arises in response to disease.
The assessment of the DNA methylation profile in obese patients' leukocytes, carried
out as part of this doctoral dissertation, was associated with high levels of LDL

cholesterol and FGF21 in the serum.
OBJECTIVES

The overall aim of the dissertation was to investigate whether there are epigenetic
regulations related to metabolic complications in obese patients.

Specific objectives included:

Checking if there is a DNA methylation profile associated with hypercholesterolaemia
in the cohort of obese patients.

Finding genes regulated by DNA methylation and associated with high levels of
fibroblast growth factor 21 (FGF21) in obese subjects. To test if there is a specific
mMiRNA expression profile associated with high levels of FGF21.

RESEARCH METHODOLOGY AND RESULTS

1. Original article: Ptatek T. et al.: DNA methylation microarrays identify epigenetically
regulated lipid related genes in obese patients with hypercholesterolemia. Mol Med.
2020 Oct 7;26(1):93.

The study was conducted in a group of 137 people (99 women and 38 men) with BMI
over 27 (min. 27 - max. 45 kg/m2) and aged 25 to 65 years. The comparison of
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biochemical parameters was carried out in 2 subgroups: in the hypercholesterolaemia
group with the LDL-CH level > 3,4 mmol /| (n = 68) and in the control group with the
LDL-CH level <3,4 mmol / | (n = 69) in the serum. The concentration of glucose, total
cholesterol, HDL cholesterol, TG, insulin, leptin, adiponectin, FGF19, FGF21, GIP in
the serum and total fatty acid content in the plasma were determined. The study group
showed higher levels of LDL-CH, total cholesterol, TG, non-HDL cholesterol and
TG/HDL ratio compared to the control group. Whole genome DNA methylation
screening was performed on Agilent Technologies arrays (Human DNA Methylation
Microarray: G4495A, Design ID, 023795) in ten randomly selected DNA samples from
the entire cohort. In the differential DNA methylation analysis, 7480 statistically
significant probes were identified comparing the high LDL-CH group to the low LDL-
CH group. The 190 probes related to lipid metabolism pathways were selected from this
list. The selected genes have been involved in the following metabolic pathways:
metabolism and clearance of LDL and VLDL lipoproteins, regulation of lipid
metabolism by PPARa, SREBP and NR1H2, metabolism and beta-oxidation of fatty
acids, and metabolism of TG. New epigenetically regulated genes and associated with
dyslipidemia have been demonstrated: ABCG4, ANGPTL4, AP2A2, AP2M1, AP2S1,
CLTC, FGF19, FGF1R, HDLBP, LIPA, LMF1, LRP5, LSR, NR1H2 and ZDHHCS.

2. Original article: Ptatek T. et al.: Epigenetic Regulation of Processes Related to High
Level of Fibroblast Growth Factor 21 in Obese Subjects. Genes (Basel). 2021 Feb
21;12(2):307.

The study group included overweight and obese adults (h = 136; 100 women and 36

men) with a BMI of 27 to 45 kg/m2. Patients were divided into 2 subgroups based on

fasting serum levels of FGF21 (FGF21 <213 pg / ml and > 213 pg / ml). Glucose,
insulin, GIP, lipids, selected adipokines, myokines and cytokines were measured and
compared in the high FGF21 group (n = 68) to the low FGF21 (n = 68) group in the
serum. The group with high circulating FGF21 levels had a higher WHR, increased
levels of fasting insulin and HOMA-IR, free fatty acids and triglycerides. Increased
levels of GIP as well as markers of liver damage (ALT, GGT) were also found. Obese
patients with high FGF21 had elevated levels of vascular endothelial growth factor

(VEGF), monocyte chemotactic protein (MCP1), and decreased levels of adiponectin.

Analysis of DNA methylation was performed on methylation microarrays (Human

DNA Methylation Microarray: G4495A, Agilent Technologies) and miRNA expression
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on TLDA microarrays (TagMan® Array Human MicroRNA A + B Cards Set v3.0,
Thermo Scientific) in leukocytes of randomly selected samples (8 from each group). We
identified 11198 differentially methylated CpG probes (p <0,01) in the high FGF21
group compared to the low FGF21 group. The identified genes were associated with
glucose transport, insulin secretion and signaling, lipid transport and cellular
metabolism, response to nutrient levels, thermogenesis, browning of adipose tissue and
bone mineralization. We showed a statistically significant differences in the expression
of four miRNAs in peripheral blood leukocytes that were associated with high serum
levels of FGF21. Increased expression of hsa-miR-875-5p and decreased expression of
hsa-miR-133a-3p, hsa-miR-185-5p and hsa-miR-200c-3p were found in the group with
high serum FGF21. The detected regulations were associated with high levels of

FGF21, VEGF and low levels of adiponectin in the serum.

CONCLUSIONS

1. A specific DNA methylation profile has been demonstrated in peripheral blood
leukocytes associated with high levels of LDL cholesterol in obese individuals.

2. The presented DNA methylation pattern were in genes related to lipid metabolism.

3. We showed novel epigenetically regulated genes: ABCG4, ANGPTL4, AP2A2,
AP2M1, AP2S1, CLTC, FGF19, FGF1R, HDLBP, LIPA, LMF1, LRP5, LSR, NR1H2
and ZDHHCS8 and associated with high serum LDL cholesterol.

4. We demonstrated the metabolic profile associated with high level of FGF21 in the
studied group of obese patients.

5. The DNA methylation profile associated with high levels of FGF21 in obese subjects
were presented in peripheral blood leukocytes.

6. Altered expression of four miRNAs was demonstrated: decreased for hsa-miR-133a-
3p, hsa-miR-185-5p and hsa-miR-200c-3p and increased for hsa-miR-875-5p in
peripheral blood leukocytes in obese subjects with high serum levels of FGF21.

These findings may have a potential clinical significance as it has been shown that there
is a regulation of epigenetic processes related to high levels of LDL cholesterol and the
FGF21 in obesity. The reversible nature of DNA methylation makes it possible to

develop new methods of preventing and treating lipid disorders accompanying obesity.
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Abstract

Background: Epigenetics can contribute to lipid disorders in obesity. The DNA methylation pattern can be the cause
or consequence of high blood lipids. The aim of the study was to investigate the DNA methylation profile in periph-
eral leukocytes associated with elevated LDL-cholesterol level in overweight and cbese individuals.

Methods: To identify the differentially methylated genes, genome-wide DNA methylation microarray analysis was
performed in leukocytes of obese individuals with high LDL-cholesterol (LDL-CH, = 3.4 mmol/L) versus control obese
individuals with LDL-CH, < 3.4 mmol/L. Biochemical tests such as serum glucose, total cholesterol, HDL cholesterol, tri-
glycerides, insulin, leptin, adiponectin, FGF19, FGF21, GIP and total plasma fatty acids content have been determined.
Oral glucose and lipid tolerance tests were also performed. Human DNA Methylation Microarray (from Agilent Tech-
nologies) containing 27,627 probes for CpG islands was used for screening of DNA methylation status in 10 selected
samples. Unpaired t-test and Mann-Whitney U-test were used for biochemical and anthropometric parameters
statistics. For microarrays analysis, fold of change was calculated comparing hypercholesterolemic vs control group.
The g-value threshold was calculated using moderated Student’s t-test followed by Benjamini-Hochberg multiple test
correction FDR.

Results: In this preliminary study we identified 190 lipid related CpG loci differentially methylated in hypercholes-
terolemic versus control individuals. Analysis of DNA methylation profiles revealed several loci engaged in plasma
lipoprotein formation and metabolism, cholesterol efflux and reverse transport, triglycerides degradation and fatty
acids transport and $-oxidation. Hypermethylation of CpG loci located in promaoters of genes regulating cholesterol
metabolism: PCSK9, LRP1, ABCG1, ANGPTL4, SREBF1 and NR1H2 in hypercholesterolemic patients has been found. Novel
epigenetically regulated CpG sites include ABCG4, ANGPTL4, AP2A2, AP2M1, AP2S1, CLTC, FGF19, FGF1R, HDLBR, LIPA,
LMFT, LRP5, LSR, NR1H2 and ZDHHC8 genes.

Conclusions: Our results indicate that obese individuals with hypercholesterolemia present specific DNA methyla-
tion profile in genes related to lipids transport and metabolism. Detailed knowledge of epigenetic regulation of
genes, important for lipid disorders in obesity, underlies the possibility to influence target genes by changing diet and

*Correspondence: teresastaszel@cm-ujkrakow.pl

! Department of Clinical Biochemistry, Jagiellonian University Medical
College, Kopernika 15a, 31-501 Krakdw, Poland

Full list of author information is available at the end of the article

©The Authorls). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit httpi//creativecommons.org/licenses/by/4.0/.

41



Ptatek et al. Mol Med (2020) 26:93

Page 2 0f 12

lifestyle, as DNA methylation is reversible and depends on environmental factors. These findings give rise for further
studies on factors that targets methylation of revealed genes.

Keywords: DNA methylation, Obesity, Hypercholesterolemia, Plasma lipids

Background

The worldwide prevalence of obesity nearly tripled
between 1975 and 2016 and is still growing, contribut-
ing to an increased incidence of comorbidities such as
type 2 diabetes, dyslipidemia, liver steatosis, hyperten-
sion, cardiovascular disease (CVD) and cancer (Blither
2019). Metabolic complications of obesity include insu-
lin resistance, impaired secretion and action of incre-
tin hormones, disturbed plasma lipoprotein clearance
and metabolism and low grade inflammation (Pedersen
2013; Chia and Egan 2020; Magkos et al. 2008; Ellulu
et al. 2016). A number of factors can play a role in weight
gain. Among them, the most powerful factors seem to be
an unhealthy lifestyle and genetics (Albuquerque et al.
2017). Research over the last decade indicates that vari-
ous environmental factors at different stages of life can
changes to chromatin structure and function and thus
change cellular phenotype and metabolism (Rosen et al.
2018; Piening et al. 2018; Jacobsen et al. 2012; Stuart
et al. 2018; Roh et al. 2018). Epigenetic modifications
such as DNA methylation and multiple histone post-
translational modifications regulate gene transcription
and thus adapt metabolism to environmental factors
(Handel et al. 2010; Keating and El-Osta 2015). It is esti-
mated that 70% of promoters in human genomes are rich
in CpG sites indicating that DNA methylation serves as
a crucial epigenetic modification (Blattler and Farnham
2013). DNA methylation of CpG sites in the genes’ pro-
moters as well as distal regulatory sites may modify gene
expression by altering the interaction of histones, thereby
affecting the binding of transcription factors or recruit-
ment of methyl-CpG binding proteins (MBPs) (Rottach
et al. 2009; Handel et al. 2010). Methylation of CpG dinu-
cleotides may be reversible, modified in response to envi-
ronmental factors consequently repressing or activating
transcription (Blattler and Farnham 2013; Handel et al.
2010; Abdul et al. 2017). Current scientific reports show
that methylation of CpG islands influences the expres-
sion of genes related to obesity, metabolic syndrome and
type 2 diabetes (Kim et al. 2015; Ali et al. 2016; Shen and
Zhu 2018; Guo et al. 2020). We hypothesize that several
processes regulating lipid levels are controlled by DNA
methylation. Therefore, this study aimed to investigate
the differences in DNA methylation status in leukocytes
of obese subjects with hypercholesterolemia compared
to controls. Here we present the results of an analysis of
a genome-wide methylation profile, with focus on genes
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involved in lipids metabolism to find the pathways mostly
affected by hypercholesterolemia and find new candi-
dates genes. The results of this work may contribute to
a better understanding of the epigenetic mechanisms
related to dyslipidemia.

Methods

Aim of the study

The study aims to elucidate the link between epigenetic
changes and hypercholesterolemia in obese patients.

Patients

Our cohort involved 137 individuals with BMI (body
mass index) above normal range (min.27—max.45 kg/m?),
women (n=99) and men (n=38), aged 25 to 65 years.
Exclusion criteria included cardiovascular diseases, dia-
betes mellitus, kidney or liver failure, endocrine disor-
ders, chronic inflammation, hormone therapy, use of
lipid-lowering or anti-inflammatory drugs, use of diet
supplements, smoking or excessive use of alcohol, preg-
nancy or lactation.

The hypercholesterolemia group, (n=68) consisted of
patients with obesity with borderline high, or high serum
LDL cholesterol (LDL-CH) levels (>3.4 mmol/L) and
the control group (n=69) consisted of obese subjects
with serum LDL-CH levels<3.4 mmol /L (Stone et al.
2013). At this cut-off point the control group included
patients with optimal for low CV risk [<3.0 mmol/L
according to recent ESC/EAS 2019 guidelines (Mach
et al. 2019)] as well as near-optimal LDL-CH concentra-
tion (3.0-3.4 mmol/L). The main criteria of enrolment
into study groups were: overweight or obesity without
comorbidities requiring treatment (except hypertension
treated with AT1 receptor antagonists or calcium chan-
nel blockers) and fasting LDL-CH > 3.4 mmol/L (group
with newly diagnosed hypercholesterolemia) or LDL-
CH < 3.4 mmol/L (control group).

From the cohort 10 samples representative for both
groups were selected for the study of DNA methylation
on microarrays.

Anthropometric parameters and blood pressure

Anthropometric parameters: body weight, height, waist
and hip circumferences were measured and BMI, waist
to hip ratio (WHR) were calculated. Body fat percentage
was estimated by bioelectrical impedance method using
the Segmental Body Composition Analyzer TANITA BC
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418 MA. Blood pressure was measured after 10 min of
rest.

Sample collection

Fasting venous blood samples were collected and cen-
trifuged (1000xg for 10 min at 4 °C within 30 min from
collection) for serum and plasma separation. Serum and
plasma samples were immediately frozen and stored
at — 80 °C for further analyses of glucose, insulin, adi-
pokines (leptin and adiponectin), glucose-dependent
insulinotropic peptide (GIP), fibroblast growth factor
19 (FGF19), fibroblast growth factor 21 (FGF21), total
cholesterol, HDL (high density lipoprotein)-cholesterol,
triglycerides (TGs), total plasma fatty acids content and
composition. For analysis of DNA methylation fasting
peripheral blood was collected into K;-EDTA-containing
tubes and stored at — 80 °C until analysed.

Oral glucose tolerance test (OGTT) and oral lipid tol-
erance test (OLTT) were performed on separate days.
Venous blood samples: fasting, 30, 60, 90 and 120 min
of OGTT as well as fasting (before meal), 2, 4, 6, and 8 h
of OLTT were collected in order to measure postpran-
dial glucose, insulin, GIP and TG serum concentrations.
OLTT- an 8-h high fat mixed meal tolerance test that
contained 73% fat, 16% protein, and 11% carbohydrates,
with a caloric value of 1018 kcal was performed. The
detailed composition of meal was described previously
(Razny et al. 2018).

Biochemical tests

Serum glucose, total cholesterol, HDL cholesterol, and
TGs were measured using enzymatic colorimetric meth-
ods on the MaxMat analyzer (MaxMat S.A., Montpeliere,
France). LDL cholesterol concentration was calculated
using the Friedewald formula. Serum insulin was deter-
mined by immunoradiometric method (Diasource,
ImmunoAssays, Belgium). Serum leptin, adiponectin,
FGF19 and FGF21 were measured using ELISA (Human
Leptin Quantikine ELISA kit; Human Total Adiponectin/
Acrp30 Quantikine ELISA kit; Human FGF-19 Quan-
tikine ELISA Kit; Human FGF-21 Quantikine ELISA
Kit, respectively, R&D Systems Inc. Minneapolis, MN,
USA). GIP was measured by ELISA [Human GIP (Total)
ELISA kit (EMD Millipore, St Charles, MO, USA)]. Total
plasma fatty acids content and composition was meas-
ured by gas—liquid chromatography and flame-ionization
detector after direct in situ transesterification, accord-
ing to Glaser et al. (2010). Plasma fatty acids profile
included quantitative determination of saturated (myris-
tic, palmitic, stearic, behenic, lignoceric, and arachidic),
monounsaturated (palmitoleic, oleic and nervonic) and
polyunsaturated (arachidonic, linoleic, a-linolenic, eicos-
apentaenoic, and docosahexaenoic) fatty acids.
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DNA methylation screening analysis

To perform DNA methylation screening, taking into
account that both groups of hypercholesterolemia and
control were equal-sized, five samples for microarrays
analyses were randomly selected from each of them. To
reduce the difference between structure of participants
in two original groups and their random subsamples,
randomization was carried out in sex stratas in propor-
tions of women to men 3:2 to map numerical superi-
ority of men in our study (99 women versus 38 men).
We didn't consider any other sampling strata given the
limited sample size of a participants on which we could
measure genome wide methylation. Drawn individuals
in hypercholesterolemic and control groups were bal-
anced by age and BML

Methylation screening analysis with immunoprecipitation
of methylated DNA and hybridization to Human DNA
Methylation Microarray

Genomic DNA from venous blood was extracted using
the High Pure PCR Template Preparation Kit (ROCHE
Diagnostics, Mannheim, Germany). The measure-
ment of DNA quantity and quality was performed by
spectrophotometry using the NanoDrop ND1000. An
amount of 5 pg of DNA was taken for sonication. Soni-
cation efficiency was assessed by electrophoresis on a
2.0% agarose gel. The sonicated DNA sample was then
divided into two aliquots: four parts of DNA were taken
for immunoprecipitation, the fifth part was stored as a
reference input fraction. Analysis of methylated DNA
was done by immunoprecipitation of DNA containing
5-methylcytosines (5-mC) using monoclonal antibod-
ies against 5-methylcytidine (Monoclonal Antibody to
5-Methyl Cytosine/5-MeC Purified from Acris Anti-
bodies, Inc, USA). Immunoprecipitated and reference
samples were labelled with fluorescent dyes Cyanine-3
and Cyanine-5, respectively. The exact steps were per-
formed based on the methodology of Agilent Tech-
nologies. Competitive hybridization of input material
and methylated enriched DNA was performed to oli-
gonucleotide microarrays—Human DNA Methylation
Microarray (G4495A, Design ID, 023795) from Agilent
Technologies. High-definition 244 K arrays contained
27,627 probes for annotated human CpG islands and
5081 for Undermethylated Regions (UMRs). Microar-
rays were hybridized for 40 h at 65 °C. Slides washing
and scanning procedures and image extraction using
Agilent Features Extraction software v 10.10.1.1 were
performed according to the manufacturer instructions.
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Statistical analyses

For biochemical and anthropometric parameters, Sha-
piro-Wilk test was used to assess normality of distri-
bution of continuous variables, then unpaired t-test for
normally distributed data and Mann—Whitney U-test
for non-normally distributed data were used for com-
parison of the two groups. The Chi-squared test was
used for nominal variables. Normally distributed data
are shown as mean=+standard deviation (SD), other-
wise as median (Q2) and interquartile range in paren-
theses (Q1; Q3). All analyses were performed with the
Statistica 13 software (StatSoft). The p-value <0.05 was
considered statistically significant.

Microarray data analysis was performed using the Fea-
ture extraction software v 10.10.1.1 (Agilent Technolo-
gies, Santa Clara, USA), the BRB-ArrayTools Version 4.6
software (National Institutes of Health, Bethesda, MD,
USA), R programming language (R Foundation for Sta-
tistical Computing, University of Auckland, New Zea-
land) and the Gene Spring version 13 software (Agilent
Technologies, Santa Clara, USA). Feature extraction soft-
ware was used to assess background subtracted intensity
values for the two fluorescence dyes on each individual
array feature and calculated as the ratio (Cy3/Cy5). We
used Lowess normalization method for dual channel
raw hybridization signals and background correction to
median of all samples. A quality analysis was performed
for each sample array taken for analysis (QC reports
evaluation). Regarding methylation sites we removed
bad quality probes, probes not located in CpG islands,
probes containing SNPs in the CpG site and removed
probes located on X and Y chromosomes. To account for
potential differences in the proportions of blood cells,
we estimated the proportion of Lymphocytes, Mono-
cytes, Eosinophils, Basophils and Neutrophils to adjust
raw data as previously described by Houseman et al. in R
(Houseman et al. 2014). Fold of change was calculated for
the hypercholesterolemic group in relation to the con-
trol group and shown as methylation level. The p-value
threshold was calculated using statistical filtering (mod-
erated Student’s t-test followed by Benjamini—Hochberg
multiple test correction FDR-g-value). Loci correspond-
ing to a g-value of <0.05 and fold change of either>1.3
or<— 1.3 were classified as differentially methylated.
Highly methylated regions had ratios significantly above
zero while less methylated regions had log ratios signifi-
cantly below zero.

Pathways analysis was performed in Reactome Path-
way to obtained the list of differentially methylated genes
related to lipids pathways (Sidiropoulos et al. 2017).
Subsequently we used the BiNGO plugin in Cytoscape
software (version 3.7.2) to assessed the involvement of
selected genes in biological processes and molecular
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function (Maere et al. 2005). We used parameters as:
overrepresentation after correction (using statistical test
as hypergeometric test with multiple testing correction
as Benjamini and Hochberg False Discovery Rate (FDR)
correction). Results with corrected p-value <0.05 are pre-
sented in manuscript.

Results

Biochemical and anthropometric characteristics of groups
The studied group of patients with high serum LDL-
CH was comparable to the control group in terms of
weight, BML, WHR, blood pressure and adipose tissue
mass. The hypercholesterolemic group showed not only
higher LDL-CH but also total cholesterol, triglycerides,
non-HDL-CH compared to the control group (Table 1).
Total plasma fatty acids content and saturated fatty
acids content were higher in the high LDL-CH group
as well. Particularly, higher content of palmitoleic acid
(mean 1.33 (ug/mL)£0.18 vs mean 0.84 (pg/mL)=+0.34,
p=0.0352) was observed in hypercholesterolemic group.
Additionally, higher percentage of myristic acid (mean
0.87 (%)= 0.79 vs mean 0.35 (%) +0.15, p=0.188) in this
group was noted.

Fasting serum TG levels were higher in the hypercho-
lesterolemic patients. Obese subjects had fasting glucose
below the upper reference limit, though slightly higher
values of serum glucose were observed in the dyslipi-
demic patients compared to control. Subjects with high
plasma LDL-CH were also characterized by higher
FGF21 and lower adiponectin (presenting trend toward
significance) serum levels (Table 1).

As the group studied in terms of methylation was a
representative part of the larger cohort, below we present
the characteristics of the entire cohort in Table 2. The
trends and directions of differences between microarray
subgroups have been preserved for those parameters that
differed significantly in large groups, especially the pro-
portions of fatty acid groups and the concentrations of
GIP, FGF19 and FGF21 proteins.

The results of differential methylation analysis

In this preliminary study, we identified 7480 differ-
entially methylated CpG sites, including 4905 CpG
hypermethylated and 2575 hypomethylated sites. Data
analysis in the Reactome Pathway Browser revealed
engagement of 188 CpG probes, located in 143 genes in
pathways related to lipid metabolism. The most inter-
esting finding is the different methylation pattern of
genes involved in: (1) lipoprotein assembly, remodeling
and clearance (Fig. 1); (2) regulation of lipid metabo-
lism by peroxisome proliferator-activated receptor alpha
(PPARa); (3) regulation of cholesterol biosynthesis by
sterol regulatory element binding protein (SREBP); (4)
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Table 1 Characteristics of subjects selected for DNA methylation analysis

Age (years)

Sex, fernale (96)°

Weight (kg)*

Adipose tissue mass (%)*

BMI (kg/m?)

WHR?

Systolic blood pressure (mmHg)?
Diastolic blood pressure (mmHg)?
Total cholesterol (mmol/L)*

LDL cholesterol (mmol/L)*

HDL cholesterol (mmol/)*
Non-HDL (mmol/L)?

Fasting triglycerides (mmol/L)
Total fatty acids (ug/mL)
Saturated fatty acids (%)
Monounsaturated fatty acids (%)
Polyunsaturated fatty acids (%)
Fasting glucose (mmol/L)?
Glucose AUC OLTT (mmol/L min)?
Glucose AUC OGTT (mmol/L min)?
Fasting insulin (uIU/mL)
HOMA-IR

Adiponectin (ug/mL)?

Leptin (ng/mL)?

Fasting GIP (pg/mL)*

FGF19 (pg/mL)

FGF21 (pg/mL)

Page 50f 12
Hypercholesterolemia group (n=5) Control group (n=5) p-value
430+126 446+106 083
60 60 ns
88 (80-107.7) 89.2(80.2-103.2) 1
383 (30.55-43.25) 374(30.9-453) 047
34.0(2947-36.9) 31.7(284-389) 0676
0.9(0.81-0.95) 0.81(0.79-0.82) 0.11
130 (127.5-140) 124 (119-130) 0.095
80 (80-90) 80 (77-86) 053
6.31(5.58-6.64) 50(4.5-5.25) 0.06
4.27(3.9-4.8) 2.74(2.5-2.95) <0.001
12403 14+£03 025
5.19(4.53-537) 3.49(2.99-4.11) 0.02
1.7+£07 1.14+08 0.26
4118£1226 3341£925 031
34.04+196 32094085 0.08
28524435 2642 +442 049
37434602 4149+437 0.28
58 (5.1-63) 49 (4.7-58) 04
1044 (10.0-10.72) 9.05 (8.78-9.77) 0022
44(3.2-50) 3.26 (2.6-3.45) 0.06
2284168 113+42 0173
40+16 26+£1.1 0.14
42 (3.55-807) 74(558-10.0) 021
29.89 (15.18-46.04) 21.8(14.16-101.85) 083
32.54(123-488) 24.1(18.1-3743) 04
160.8+617 151441087 062
280441443 13884925 0.102

Comparison between the high LDL-CH group and controls (unpaired t-test for normally or Mann-Whitney U-test for nen-normally distributed * variables). Data shown
as mean + SD; otherwise (%) as median and interquartile range in parentheses except nominal variable (¥) shown as % of subjects. ® The chi-squared test was used for

nominal variable. The statistically significant results are marked in italics

fatty acid metabolism and (5) triglyceride metabolism.
In leukocytes of patients with elevated serum LDL-CH,
we found hypomethylated promoters of the following
genes involved in lipoprotein metabolism: LPL, LIPA,
ZDHHCS, PRKACA, AMN and FGF19; hypermethylated
promoters of PCSK9, ABCG1, CLTC, AP2M1I, AP2S1,
LMFI, LSR, PRKACG, ANGPTL4, NRI1H2, and PCSKS,
and hypermethylated inside the following genes: LDLR,
HDLBP, AP2A2 and PCSK®6 (Fig. 1 and Additional file 1:
Table S1).

Enrichment analysis using BiNGO application
showed possible involvement of genes in biological
processes and identified probable molecular func-
tion. Results are presented in Table 3. Interestingly, the
affected pathways in the group of obese with hyper-
cholesterolemia included (1) lipoprotein remodeling
in plasma (with hypomethylated promoter of LPL and
hypermethylated ABCGI and ABCAS); (2) regulation
of cholesterol storage (with hypomethylated promoters
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of LPL and PPARG, and hypermethylated ABCGI and
NRIH2); and (3) cholesterol transport (with hypometh-
ylated promoter of LIPA and hypermethylated ABCAS,
ABCG1I and ABCG4—responsible for cholesterol efflux)
(Table 3a). Other genes differentially methylated were
associated with (1) fatty acids biosynthesis (hypermeth-
ylated: ELOVL3, ELOVLS, and ELOVL6, and hypometh-
ylated: FASN, LPL, MLYCD and MCAT); (2) fatty acid
transport (hypermethylated: ACSL6 and hypomethyl-
ated: PPARD, PPARG, SLC25A20 and SLC27A1); and
(3) fatty acid B-oxidation (hypermethylated: ACADM
and CPTIA and hypomethylated: AMN, CRAT and
PPARD). Some genes related to glucose homeosta-
sis were also found to be hypermethylated: FOXO3,
NCOR2, TCF4 and TCF7L2, contrary to PPARG which
was hypomethylated (Table 3a). The BINGO plugin
revealed probable molecular function of a set of genes
as lipid binding, receptor binding, transporter activity
and transcription factor binding (Table 3b).
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Table 2 Characteristics of subjects with obesity included into the study, comparison of groups according to fasting

serum LDL cholesterol

Hypercholesterolemic group (n=68) Control group (n=69) p-value
Age (years) 50.14+98 446+12.2 <0.004
Sex, female (%)° 75 70 ns
Weight (kg)* 92.2 (79.87-104.5) 925 (84-104.2) 0425
Adipose tissue mass (%)* 39.8(34.4-42.8) 383(33.2-42.2) 0.24
BMI (kg/m?)? 33.0(30.6-35.6) 32.1(30.1-35.7) 045
WHR? 0.9 (0.83-0.98) 0.85(0.8-0.975) 023
Systolic blood pressure (mmHg)? 130 (120-140) 126 (120-135) 016
Diastolic blood pressure (mmHg)? 85 (80-90) 81 (80-89.5) 014
Total cholesterol (mmol/L)? 6.14 (5.57-6.75) 4.88 (4.42-5.1) <0.007
LDL cholesterol (mmol/L)* 4.14(3.82-4.57) 2.91(25-32) <0.001
HDL cholesterol (mmol/L) 13+03 13403 0.69
Non-HDL cholesterol (mmol/L)® 4.86 (4.45-5.45) 3.51(3.14-3.78) <0.001
Fasting triglycerides (mmol/L) 1.7+0.9 14407 0.007
Total fatty acids (ug/mL) 3868848516 3122616004 <0001
Saturated fatty acids (%) 3351+£256 3295+1.88 0.16
Monounsaturated fatty acids (%) 26.56+3.34 2537+246 0.025
Polyunsaturated fatty acids (%) 39.93£461 41.65£3.32 0.017
Fasting glucose (mmal/L)* 54(4.8-58) 5.0(4.8-5.5) 0.025
Glucose AUC OLTT {(mmol/L min)® 9.72(9.1-10.44) 9.43(8.88-9.91) 0.046
Glucose AUC OGTT (mmol/L min)? 3.68(3.31-4.38) 3.31(2.8-399) 0.018
Fasting insulin (plU/mL) 16.04+86 158482 0.95
HOMA-IR 37420 37422 078
Adipenectin (ug/mlL)? 5.99(438-872) 6.25 (3.84-9.55) 0.79
Leptin (ng/mL)a 34,74 (22.67-51.95) 29.16 (19.4-51.84) 029
Fasting GIP (pg/ml)a 29.7 (19.3-44.7) 24.1(15.9-33.6) 0.036
FGF19(pg/ml) 147.94+ 882 123.94+90.6 0.035
FGF21 (pg/ml) 261.7+£160.6 214.2£149.3 0.039

Comparison between the high LDL-CH group and controls (unpaired t-test for normally or Mann-Whitney U-test for non-normally distributed ° variables). Data shown
as mean = SD; otherwise (%) as median and interquartile range in parentheses except nominal variable (°) shown as % of subjects. ® The chi-squared test was used for

nominal variable. The statistically significant results are marked in italics

In our study, hypermethylation of promoters of key
genes regulating cholesterol metabolism such as PCSK9,
LRPI, ABCGl, ANGPTL4, SREBF1 and NRIH2, were
found in obese patients with hypercholesterolemia.
Furthermore, enhanced methylation of promoters of
genes coding for transcription factors, such as NFKB2,
TCF4, GATA4, INSM1, CTCE TCF7L2 and SREBFI and
reduced methylation of KLF14, PPARD and PPARG, were
found (Table 3a, b).

Locations of CpG sites in genes are presented in Addi-
tional file 1: Table S1.

Discussion

This preliminary study showed different DNA meth-
ylation profiles in the leukocytes of obese, hypercho-
lesterolemic patients (LDL-CH=>3.4 mmol/L, n=5)
compared to the leukocytes methylome of obese sub-
jects presenting serum LDL-CH levels<3.4 mmol/L
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(n=5). Main finding of this study is the identifica-
tion of differentially methylated genes associated with
lipid metabolism pathways. Among the lipid-related
genes mostly significant were the following pathways:
regulation of lipid metabolism by PPAR alpha; plasma
lipoprotein assembly, remodeling, and clearance;
metabolism of lipids; regulation of gene expression by
SREBP, PPARA and NR1H2; LDL clearance and VLDLR
internalisation and degradation (all located in the top
ten of mostly significant pathways).

We have presented new loci of differential DNA
methylation in genes that were previously found to
be associated with dyslipidemia (ABCGI, CPTIA,
FASN, KLF14, LDLR, LPL, LRP1, PCSK9, PPARG and
SREBFI) (Mittelstrafl and Waldenberger 2018; Pfeiffer
et al. 2015; Rohde et al. 2019; Campanella et al. 2018)
but also in new candidate genes, potentially related to
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Fig. 1 The results of genes methylation in plasma lipoprotein pathway based on the Reactome Pathway Browser. Genes coloured in green were
hypomethylated while hypermethylated are in red. Only promoters are shown

hypercholesterolemia. Novel epigenetically regulated
genes include ABCG4, ANGPTL4, AP2A2, AP2M]I,
AP2S1, CLTC, FGF19, FGFIR, HDLBP LIPA, LMFI,
LRP5, LSR, NR1H2 and ZDHHCS8. The unique set of
differentially methylated genes were enriched in gene
ontology to cholesterol and fatty acid metabolism,
especially plasma lipoprotein formation and metabo-
lism, reverse cholesterol transport, triglycerides degra-
dation, fatty acids transport and B-oxidation.

Regarding lipoprotein assembly, remodeling and
clearance, the reduced methylation in promoters of
genes coding for LPL (Lipoprotein lipase), LIPA (Lipase
A) and ZDHHCS8 (Zinc Finger DHHC-Type Containing
8) were found. Palmitoyl transferase ZDHHC8 medi-
ates palmitoylation of ABCAL and thus localization of
this cholesterol transporter at the plasma membrane
(Singaraja et al. 2009). Methylation of promoter of
LPL gene in leukocytes and visceral adipose tissue was
previously published in severe obese men (Guay et al.
2013). In this paper the association between LPL DNA
methylation and LPL mRNA level in visceral adipose
tissue and HDL cholesterol (HDL-CH) level was pre-
sented (Guay et al. 2013).

We detected hypomethylation in FGFI9 and FGFRI
genes in leukocytes DNA of obese patients with hyper-
cholesterolemia. The effect of FGF19 on TG and choles-
terol levels may vary depending on the type of FGFR1
or FGFR4 receptor with which it interacts (Wu et al.
2013). Zhou et al. (2019) demonstrated that FGF19 pro-
motes HDL biogenesis and cholesterol efflux from the
liver, with increasing serum HDL and LDL cholesterol
as a consequence.
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The next set of genes found to be hypermethylated
in our hypercholesterolemic patients: PCSK9, CLTC,
AP2A2, AP2M1 and AP2S1, are involved in the endo-
cytosis of the ligand-bound LDL and VLDL receptors
(Peterson et al. 2008; Mulkearns and Cooper 2012; Go
and Mani 2012; Pearse et al. 2000). Although PCSK9
is principally expressed in the liver, PCSK9 gene pro-
moter methylation is conserved across tissues and posi-
tively correlated with its expression (Lohoff et al. 2018).
Recently it was found that FGF21 serves as a potential
negative regulator of PCSK9 (Guo et al. 2016), which is
in line with our observation that hypermethylation of
PCSK9 corresponds with higher circulating FGF21 levels
in patients with hypercholesterolemia compared to con-
trol subjects.

Our study found differential methylation of the fol-
lowing genes encoding receptors involved in lipopro-
tein trafficking: hypermethylated LDLR (Low Density
Lipoprotein Receptor), LRPI (LDL Receptor Related
Protein 1), LRP5 (LDL Receptor Related Protein 5), LSR
(Lipolysis Stimulated Lipoprotein Receptor) and NR1H2
(Nuclear Receptor Subfamily 1 Group H Member 2) and
hypomethylated LRP8 (LDL Receptor Related Protein 8).
LRP1 together with LDLR play an essential role in bind-
ing and internalization of apoE- and apoB-containing
lipoproteins regulating their cellular uptake (Dato and
Chiabrando 2018). It has been found that DNA meth-
ylation of the LRPI gene (locus in 5'UTR) was previ-
ously detected in placental DNA and was correlated
with maternal total cholesterol changes during preg-
nancy (Guay et al. 2020). In subsequent studies, a posi-
tive association between DNA methylation in LRPI gene
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Table 3 Results of statistically overrepresented biological processes and molecular function in set of differentially

methylated genes
Description p-value Corr N  Hypermethylated Hypomethylated
p-value
a. Gene Ontology_Biological Processes
Lipid metabolic process 6.0610E—33 10849E—29 47 ABCGT ACADM ACP6 ACSL6 AHRR ABCB4 ACOT1 ACOT7 ACSF2 AGPAT2
CAV1 CPTTA ELOVL3 ELOVLS AMN CRAT CYP1B1 CYP2781
ELOVL6 FDFT1 FDPS GPX1 GPX4 CYP51A1 DHCR7 FASN IL6ST INSIG1
HDLBP NR1H2 LDLR LRP1 LRPS LIPA LPL LRP8 MLYCD MCAT PPARD
PCSK9 PMVK RXRA SREBF1 SQLE PPARG SLC27A1 STARD3
Regulation of lipid biosynthetic 18237E—6  34005E—5 6 ABCG1 ACSLE NR1H2 DHCR7 FGF19 SLC27A1
process
Negative regulation of lipid biosyn- ~ 6.2381E—3  2.5581E—2 2 FGF19 SLC27A1
thetic process
Fatty acid metabolic process 9.26E—17 237E-14 19 ACADM ACSLE CPTTA ELOVL3 ACOT1 ACOT7 ACSF2 AMN CRAT
ELOVLS ELOVLG6 PPARA FASN LIPA LPL MCAT MLYCD PPARD
SLC27A1
Cholesterol metabolic process 6.73E—19 6.02E—16 16 ABCG1 FDFT1 FDPS HDLBP LDLR CYP51A1 DHCR? LIPA PPARD SREBF2
PCSK9 PMVK RXRA SREBF1 SQLE STARD3
Triglyceride metabolic process 1.02E—08 481E—07 7 ACSL6 CAVT CPT1A PCSK9 ILEST LIPA LPL
Cholesterol biosynthetic process 5.57E—-07 149E—-05 5 FDFT1 FDPS PMVK CYP51A1 DHCR7
Regulation of cholesterol storage 8.89E—09 442E-07 5 ABCG1 NR1H2 PPARA LPL PPARG
Cholesterol transport 2.01E-07 6.09E—06 6 ABCAS ABCG1 ABCG4 CAVT LDLR LIPA
Cholesterol efflux 1.00E—-05 1.50E—04 4 ABCA5 ABCGT ABCG4 CAVI
Reverse cholesterol transport 5.57E—03 2.37E-02 2 ABCAS5 ABCG1
Regulation of cholesterol transport ~ 4.57E—04 338E-03 3 NRIH2LRP1 PPARG
Negative regulation of cholesterol 2.72E-08 1.08E—-06 4 ABCG1 NRTH2 PPARA PPARG
storage
Fatty acid biosynthetic process 1.60E—06 3.12E—05 7 ELOVL3 ELOVLS ELOVLG FASN LPL MLYCD MCAT
Fatty acid transport 246E—08 1.05E—06 6 ACSLE PPARA PPARD PPARG SLC25A20 SLC27A1
Fatty acid beta-oxidation 1.22E-06 2.63E-05 5 ACADMCPT1A AMN CRAT PPARD
Regulation of fatty acid oxidation 2.39E-06 432E-05 5 CPT1APPARA MLYCD PPARG SLC25A20
Long-chain fatty acid metabolic 1.90E-03 1.04E—-02 2 ACSLe ACOT1
process
Regulation of macrophage derived  1.52E—08 6.63E—-07 6 ABCAS ABCG1 NRTH2 PPARA LPL PPARG
foam cell differentiation
Low-density lipoprotein receptor 437E-05 5.00E—04 2 PCSK9 PPARG
metabolic process
Plasma lipoprotein particle remod-  3.99E—04 3.11E-03 3 ABCAS5 ABCG1 LPL
eling
High-density lipoprotein particle 377E-03 1.75E-02 2 ABCAS ABCGI
remodeling
Regulation of steroid metabolic 3.09e—03 1.52E-02 3 ABCGI FGF19 DHCRY
process
Glucose homeostasis 1.17E-06 2.58E—-05 5 FOXO3 NCOR2 TCF4 TCF7L2 PPARG
Response to glucose stimulus 6.04E—05 647E—04 4 EP300TCF7L2 TCF4 PPARD
Regulation of insulin secretion 4.82E—04 3.50E—03 3 CPTIATCF4TCF7L2
Carbohydrate homeostasis 1.17E—06 2.58E—-05 5 FOXO3 NCOR2 TCF4TCF7L.2 PPARG
Regulation of response to stress 5.02E-05 5.65E—04 10 AP2A2 AP2S1 AP2M1 CAV1 GPXx4 FGF19 IL6ST IRAKT PPARG PRKACA
Negative regulation of apaptosis 3.59e—-03 1.70E—02 8  ANGPTL4 NKX2-6 SIN3A PCSK6 TCF4  FGFR1 IRAKT
TCF7L2
b. Gene Ontology_Molecular Function
Lipid binding 2.19E-08 3.54E-06 15 ABCG1T AP2A2 AP2M1 CAV1 HDLBP ACCOT7 ITPRT LIPA LPL PPARD PPARG
PPARA RXRA S1PR4 STARD3
Receptor binding 1.99E—-06 1.16E—04 19 ANGPTL4 CAV1 EP300 LRP1ILESTIL13  CD8A FGF19 IRAKT LPL PPARG

NCOA2 NCOR2 NRTH2 PCSK9 RXRA
TCF4TCF7L2 TGFB1I
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Description p-value Corr N  Hypermethylated Hypomethylated
p-value

Transporter activity 144E—03 101E—-02 16 ABCCI ABCC9 ABCGT AMN AP2A2 ABCB4 FASN ITPR1 SLC25A20 STARD3
AP251 AP2M1 APC2 KCNJ6 LRP1
SLC27A1

Transcription factor binding 1.26E—-08 3.54E—-06 17 CTCF GATA4 EP300 LRP1 MED21 NFYC MED? PPARD PPARG
NCOA2 NCOR2 NRTH2 RXRA SIN3A
TCFATCF7L2 TGFB11

Transcription cofactor activity 1.14E—05 422E-04 11 CTCF EP300 LRP1 MED21 NCOR2 NFYC MED7
NCOA2 RXRA SIN3ATGFB111

Lipoprotein binding 121E-03 9.26E—-03 3 LDLRLRP1 LRP8

Analyses performed using BINGO plugin in Cytoscape software. (a) Shows involvement of genes in biological processes and (b) in molecular function

and HDL-CH level was demonstrated in patients with
metabolic syndrome (Castellano-Castillo et al. 2019).
However, the exact location of the CpG sites has not been
shown in these articles. We demonstrated hypermethyla-
tion of CpG sites located inside the fourth exon of the
LDL receptor (LDLR) gene, however the consequences
of methylation of that region have not yet been reported.
Guay et al. (2020) presented correlation with DNA meth-
ylation in LDLR gene (CpG-A locus located between
the fourth and fifth exon) with maternal total choles-
terol level changes during pregnancy. Higher methyla-
tion degree of LDLR gene promoter in peripheral blood
in atherosclerotic patients compared to healthy subjects
was found (Zhi et al. 2007).

In presented study patients with elevated LDL-CH
were characterized by hypermethylated CpG sites also
within the promoters of the ABCGI, ABCAS, ABCG4 and
CAV1I genes that are responsible for reverse cholesterol
transport (Mauldin et al. 2008; Vaughan and Oram 2006).
Pfeiffer et al. showed the association of CpG methylation
in ABCG1 (cg06500161, 21:43656587) with HDL choles-
terol and triglycerides level in 1776 subjects in the KORA
F4 cohort (Pfeiffer et al. 2015). Further studies demon-
strated an association of methylation of (cg06500161)
locus in ABCG1 gene with its lower transcriptional activ-
ity, higher triglycerides level and higher triglycerides to
HDL cholesterol ratio in 1941 obese individuals from
four population-based European cohorts (Campanella
et al. 2018). In our study we presented DNA hypermeth-
ylation in ABCG1 gene in new CpG locus (21:42219751—
42219800) in leukocytes of patients with high LDL-CH.

We also found altered DNA methylation in patients
with hypercholesterolemia, in key genes associated with
fatty acid transport and metabolism (hypomethylated:
PPARD, PPARG, SLC27A1, SLC27A3 and SLC25A20,
and hypermethylated: ANGPTL4, ACLS6, ACADM and
CPT1A). These results indicate inhibited PB-oxidation
as the gene CPTIA, coding for the key enzyme in the
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carnitine-dependent transport and ACADM encoding
acyl-CoA dehydrogenase medium chain catalysing the
initial step of fatty acid p-oxidation, are hypermethyl-
ated (GeneCards—the human gene database www.genec
ards.org) (Stelzer et al. 2016). Frazier-Wood et al. showed
association of methylation at 2 CpGs (cg00574958,
11:68607622; cgl17058475, 11:68607737) in CPTIA gene
with LDL and VLDL lipoprotein subfraction profile in
CD4" T cells (Frazier-Wood et al. 2014). They presented
hypermethylation of 2 CpGs (cg00574958, cg17058475)
in 5'UTR to be associated with decreased number of
VLDL particles whereas one (cg00574958) was associated
with a decrease in small, dense subfraction of LDL (Fra-
zier-Wood et al. 2014). We presented DNA hypermeth-
ylation in new locus (11:68843060-68843119) located in
the promoter of CPTIA gene in leukocytes of patients
with high LDL-CH.

Interestingly, we identified differential methylation of
genes coding for transcription factors important for lipid
and glucose metabolism. The hypermethylated SREBFI,
that regulates fatty acid and cholesterol metabolism and
hypermethylated TCF7L2, important for glucose home-
ostasis, characterized hypercholesterolemic patients.
Additionally the reduced methylation in transcription
factors: KLF14 gene, previously associated with metabo-
lism of HDL-CH, adipocyte function, and PPARD and
PPARG- receptors for fatty acids was found (Florath et al.
2016; Dekkers et al. 2016; Vitali et al. 2017; Argmann
etal. 2017; Varga et al. 2011).

Despite the observed epigenetic changes in hypercho-
lesterolaemia, we cannot state in our studies if the dif-
ferential methylation is a consequence rather that a cause
of high blood lipids. Based on the regulated pathways in
our study as well as relevant literature (Pfeiffer et al. 2015;
Dekkers et al. 2016; Rangel-Salazar et al. 2011) we sug-
gest that differential methylation observed in epigenome
wide association studies is likely an mixed picture of sites
that are the cause and consequence of abnormal lipids



Ptatek et al. Mol Med (2020) 26:93

levels. This is in line with previous studies where it was
showed that blood lipids level influence DNA methyla-
tion (Dekkers et al. 2016). Studies on VLR (very low den-
sity—VLDL and LDL—rich lipoproteins mix) in human
THP-1 macrophages showed that they induces global
de novo methylation (Rangel-Salazar et al. 2011). Exten-
sion of these studies revealed that human native VLDL
and LDL-rich lipoprotein mix, induces decrease in pro-
inflammatory and cholesterol transport gene expres-
sion in consequence of DNA methylation. For instance
ABCGI gene participating in cholesterol transport was
down-regulated by VLR (Rangel-Salazar et al. 2011).
Dekkers et al. analyzed genome wide DNA methylation
in whole blood cells of 3296 individuals after Mendelian
randomisation and demonstrated that higher LDL-CH
induced higher methylation of a CpG (cg27168858) in
DHCR24 gene. Moreover higher TG levels induced lower
methylation of 2 CpGs (cg00574958, c¢g17058475), which
were associated with higher expression of CPTIA. High
TG levels were also accompanied by hypermethylation
of CpG (cgl11024682), which was associated with lower
expression of SREBF1 gene. Additionally either lower TG
or higher HDL-CH induced lower methylation of 2 CpGs
(cg27243685, cg06500161), which was associated with
higher expression of ABCG1I gene (Dekkers et al. 2016).
On the contrary, in article by Pfeiffer et al. (Pfeiffer et al.
2015) DNA methylation in ABCGI, SREBFI and CPTI1A
genes were presented rather as the cause not the conse-
quence, of development of complex lipid-related diseases.

Limitations

The main limitation of our study was the limited
number of samples for genome-wide DNA methyla-
tion analysis. Thus results from the high-throughput
method give rise for further studies on targeted genes
methylation in all samples from the large cohort. We
assessed DNA methylation in peripheral blood because
it is easily accessible and its collection is acceptable by
patients. Although epigenetic studies on different tis-
sue samples are more informative, blood samples are
generally used in most studies with non-surgical sub-
jects. Nevertheless, previous studies demonstrated that
hypermethylated CpG islands: LEB ADIPOQ in adipose
tissue or PCSK9 in the liver overlap methylation sta-
tus in the blood (Lohoff et al. 2018; Houde et al. 2015).
Additionally Crujeiras et al. (2016) demonstrated that
DNA methylation map in circulating leukocytes reflects
subcutaneous adipose tissue methylation pattern. This
suggests that DNA methylation analysis in leukocytes
may reflect a methylation profile in other tissues (liver,
adipose tissue or intestine) relevant for the pathogene-
sis of lipid and lipoprotein disorders. Furthermore vari-
ous types of leukocytes (monocytes, neutrophils, mast
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cells and B and T lymphocytes) are associated with ath-
erosclerosis suggesting that may actively response to
hypercholesterolemia (Oguro 2019).

Conclusions

In conclusion, our preliminary data implies epigenetic
regulation of lipids profile, demonstrated as differen-
tial DNA methylation in leukocytes of obese individu-
als with elevated LDL cholesterol levels. Analysis of
DNA methylation microarrays indicated that the most
regulated processes are lipoprotein plasma clearance
and metabolism, reverse cholesterol transport and cho-
lesterol efflux and fatty acid uptake and P-oxidation.
Analysis of DNA methylation status in peripheral blood
could be a tool for identifying the pathognomonic pro-
cesses related to the hypercholesterolemia and other
obesity related complications. As DNA methylation is
reversible and dependent on environmental factors,
that gives the potential to influence the methylation
status of lipids genes by the nutrition and healthy life-
style to prevent the obesity-related complications.
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Abstract: We hypothesised that epigenetics may play an important role in mediating fibroblast
growth factor 21 (FGF21) resistance in obesity. We aimed to evaluate DNA methylation changes
and miRNA pattern in obese subjects associated with high serum FGF21 levels. The study included
136 participants with BMI 27-45 kg/m?. Fasting FGF21, glucose, insulin, GIP, lipids, adipokines,
miokines and cytokines were measured and compared in high serum FGF21 (1 = 68) group to low
FGF21 (n = 68) group. Human DNA Methylation Microarrays were analysed in leukocytes from
each group (n = 16). Expression of miRNAs was evaluated using quantitative PCR-TLDA. The study
identified differentially methylated genes in pathways related to glucose transport, insulin secretion
and signalling, lipid transport and cellular metabolism, response to nutrient levels, thermogenesis,
browning of adipose tissue and bone mineralisation. Additionally, it detected transcription factor
genes regulating FGF21 and fibroblast growth factor receptor and vascular endothelial growth factor
receptor pathways regulation. Increased expression of hsa-miR-875-5p and decreased expression of
hsa-miR-133a-3p, hsa-miR-185-5p and hsa-miR-200c-3p were found in the group with high serum
FGF21. These changes were associated with high FGF21, VEGF and low adiponectin serum levels.
Our results point to a significant role of the epigenetic regulation of genes involved in metabolic
pathways related to FGF21 action.

Keywords: FGF21; obesity; glucose and lipid metabolism; DNA methylation; microRNA

1. Introduction

Fibroblast growth factor 21 (FGF21) acts as an endocrine factor that regulates glucose
and lipids homeostasis in humans and animals although its function is still debated due to
its different sites of production and actions [1-3]. FGF21 is primarily expressed in the liver
but also in the skeletal muscles, adipose tissue, gut and pancreas [4].

FGF21 is regulated by nutritional status (fasting state, high carbohydrate and high
protein ingestion) as well as physical activity [3,5-7]. In humans, FGF21 expression in
the liver was also found to be up-regulated by glucagon and by glucocorticoids, and
repressed by insulin [3]. Circulating FGF21 concentrations exhibit a characteristic diurnal
rhythm in humans [8]. Peroxisome proliferator-activated receptor « (PPAR«x) induces
FGF21 transcription in the liver in the fasting state in humans and mice via binding to its
promoter [3,9]. Nevertheless, other nuclear receptors such as retinoic acid receptor-related
orphan receptor o« (RORw), carbohydrate response element-binding protein (ChREBP),
farnesoid X receptor (FXR) and liver X receptor (LXR) are also involved in the regulation
of hepatic FGF21 expression [10-12]. Recently, the stimulatory effect of the fasting state
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(through KLF15 and BTG2) on hepatic FGF21 expression have been demonstrated in
mice [13]. In contrast to the liver, FGF21 expression in brown and white adipose tissues
(WAT) is induced mainly by cold exposure and adrenergic signalling as well as PPARYy,
which directly mediates the expression of FGF21 in WAT [3,9]. In muscles, FGF21 expression
is controlled by ATF4 [14].

FGF21 signalling to target cells is mediated by binding to and activation of four re-
ceptors: FGFR1, FGFR2, FGFR3 and FGFR4 in the presence of co-receptor 3-klotho [15].
FGER receptors are ubiquitously expressed, whereas (3-klotho, an essential co-receptor,
is expressed only in the liver, adipose tissue, pancreas and brain, suggesting that FGF21
functions selectively in these tissues [4]. Although therapeutic administrating of FGF21
prevents diet-induced obesity and related insulin resistance in mice and humans. Paradox-
ically metabolic disorders like obesity, diabetes are characterised by elevated serum FGF21.
This highlights the important role of receptors. A recent study has shown the reduced
expression of FGFR1c, FGFR3ec and FGFR4 receptors in skeletal muscles and increased
expression of FGFR1c in WAT of individuals with type 2 diabetes [16]. Signal activation
via FGFR1 leads to weight loss, brown fat thermogenesis, insulin sensitisation and hep-
atic lipids reduction [17]. FGF21 is widely known to exert multiple metabolic effects:
increases insulin sensitivity, fatty acid oxidation and ketogenesis but inhibits lipogenesis in
liver; increases fatty acid uptake, lipolysis, browning, thermogenesis and mitochondrial
activity in white adipocytes and enhances glucose uptake and thermogenesis in brown
adipocytes [3,12].

Serum level of circulating FGF21 increases with age as well as in obesity and insulin
resistance state [18-20]. High serum FGF21 level is associated with MAFLD (metabolic
associated fatty liver disease) and the higher risk of developing metabolic syndrome and
type 2 diabetes [21,22]. Elevated FGF21 levels are observed in patients with atherosclerosis,
pancreatitis and reduced bone strength [3]. Moreover, recent findings have indicated that
high versus low serum FGF21 levels correlate with mortality in the elderly [12]. FGF21is a
part of a complicated inter-organ cross talk, so other factors (e.g., cytokines, metabolites)
may modulate FGF21 action in target tissues and consequently elicit a beneficial (healthy)
or detrimental (unhealthy) effect.

It is hypothesised that proper action of FGF21 prevents the development of diet-
induced obesity [21]. According to a recent hypothesis, FGF21 is a hormonal mediator of
the human “thrifty” metabolic phenotype [23]. Efficient regulation, with large changes
in FGF21 secretion in response to the supply of nutrients or nutrient deprivation, is one
of the main factors determining the metabolic phenotype less susceptible to the develop-
ment of obesity and its complications [24]. As FGF21 also plays a role in brown adipose
tissue activation, it seems, to some extent, to affect the individual propensity to weight
gain. However, in obesity the state of FGF21 resistance is widely observed, which is sug-
gested as compensatory up-regulation response to chronically elevated serum levels of
FGF21 [19]. Mechanisms mediating the interaction between environmental factors and
the genome, such as epigenetics, may be of particular importance in the pathogenesis of
FGF21-resistance. In recent study on mice it was demonstrated that Fgf21 gene methylation
status can be modulated in a PPARx-dependent manner [25]. Therefore, expanding knowl-
edge of the epigenetic basis associated with blunted FGF21 response to diet, is important
for identifying individuals at risk and preventing the metabolic complications of obesity.

The aim of this study was to find differentially methylated genes and profile of
miRNAs related to high FGF21 levels in obese subjects. For this purpose, a genome wide
DNA methylation and miRNA expression patterns were determined in leukocytes. We
chose blood samples, as easily accessible to collect, for screening of epigenetic biomarkers
associated with high FGF21 levels. As a result, a blood epigenetic profile characteristic for
high serum FGF21 in obesity was established.
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2. Materials and Methods
2.1. Patients

The study group (from the BIOCLAIMS cohort) included adult overweight and obese
individuals (n = 136; 100 women and 36 men) with BMI ranging from 27 to 45 (overweight:
n = 30, obese: n = 106). Exclusion criteria were cardiovascular diseases, diabetes mellitus,
kidney or liver failure, endocrine disorders and chronic inflammation as well as smoking or
excessive use of alcohol, pregnancy or lactation. Subjects did not use any drugs or dietary
supplements and led inactive lifestyle.

The study was conducted in accordance with the Code of Ethics of the World Medical
Association (Declaration of Helsinki) and with the Good Clinical Practice guidelines. The
study protocol was approved by the Bioethics Committee of the Jagiellonian University,
Krakow, Poland (file number: KBET/82/B/2009 and KBET/45/B/2012).

Patients were divided into 2 groups based on the fasting serum FGF21 levels
(FGF21 <213 pg/mL and > 213 pg/mL). The cut-off point was the median serum
FGF21 in the cohort.

2.2, Anthropometry Measurements

All subjects had measurements of body weight, height, waist and hip circumfer-
ences and blood pressure. Body fat percentage was estimated by bicelectrical impedance
method using the Segmental Body Composition 116 Analyzer TANITA BC 418 MA (Tanita
Corporation, Tokyo, Japan).

2.3. Sample Collection and Biochemical Tests

Fasting venous blood samples were always between 8 to 9 am collected and then
centrifuged (1000 x g for 10 min at 4 °C) within 30 min of collection for serum and plasma
separation. For biochemical tests (except free fatty acids (NEFAs), serum and plasma
samples were immediately frozen and stored at —80 °C until assayed. For analysis of DNA
methylation, fasting venous blood was collected into K3-EDTA tubes. At the same time, a
second sample of venous blood was collected into PAX gene Blood RNA Tubes (Becton
Dickinson, Bedford, MA, USA) for miRNAs expression analysis. All samples were frozen
and stored at —80 °C until analysed.

Serum was used for biochemical tests: glucose, insulin, non-esterified fatty acids
(NEFA), total cholesterol, HDL-cholesterol and triglycerides (TG) concentrations. Glucose,
total cholesterol, HDL cholesterol, and TGs were assayed using enzymatic colorimetric
methods on the MaxMat analyzer (MaxMat S.A., Montpeliere, France). LDL cholesterol
concentration was calculated using the Friedewald formula. Insulin was measured by
an immunoradiometric method (INS IRMA Diasource ImmunoAssays, Neuve Belgium).
Homeostasis model of assessment (HOMA-IR) was calculated as a ratio according to
Matsuda M and DeFronzo RA [26]. Plasma GIP was measured by ELISA (Human GIP
(Total) 96-Well Plate Assay (EMD Millipore, St Charles, MO, USA)). Total plasma fatty
acids content and composition of saturated, monounsaturated and polyunsaturated fatty
acids were measured by gas-liquid chromatography and flame-ionization detector after
direct in situ transesterification, according to Glaser et al. [27]. NEFAs concentrations
were measured immediately in fresh plasma by an enzymatic quantitative colorimetric
method (Roche Diagnostics GmbH, Mannheim, Germany). Activities of ALT and GGT were
measured by the routine method using an automated analyser (Hitachi cobas ¢ 701/702,
Roche Diagnostics GmbH, Mannheim, Germany).

2.4. Adipokines, Miokines and Cytokines

Serum concentrations of sEselectin, monocyte chemoattractant protein 1 (MCP-1),
vascular cell adhesion protein 1 (sVCAM-1) and interleukin-6 (IL-6) were measured using
ELISA kits (Human sE-Selectin/CD62E Quantikine ELISA, Human CCL2/ MCP-1 Quan-
tikine ELISA, Human sVCAM-1/CD106 Quantikine ELISA and Human IL-6 Quantikine
HS ELISA Kit, R&D Systems, USA). Soluble platelet/endothelial cell adhesion molecule 1
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(sPECAM-1) was measured by ELISA kit (BioVendor, Brno, Czech Republic) and hsCRP
was measured by immunoturbidimetric method (APTEC Diagnostics nv, Sint-Niklaas,
Belgium). Adiponectin and leptin were measured using R&D Systems kits (Human Total
Adiponectin/Acrp30 Quantikine ELISA kit and Human Leptin Quantikine ELISA kit;
R&D Systems Inc. Minneapolis, MN, USA). For the quantitative determination of human
visfatin the Human Visfatin (Nampt/ PBEF) ELISA kit (BioVendor—Laboratorni Medicina
a.s. Brno, Czech Republic) and for human resistin (Human Resistin Quantikine ELISA
Kit (R&D Systems Inc. Minneapolis, MN, USA) were used. To measure serum FGF-21
and Vascular endothelial growth factor (VEGF) concentrations, the ELISA kits (Human
FGF-21 Quantikine ELISA Kit and Human VEGF Quantikine ELISA Kit, R&D Systems
Inc. Minneapolis, MN, USA) were used. Human myostatin was assayed using the Human
Myostatin ELISA kit (Immunodiagnostik AG, Bensheim, Germany).

2.5. Genome-wide DNA Methylation Analysis

DNA methylation microarrays were analyzed in 16 samples selected randomly (matched
to sex and BMI) from the two studied groups (8 representative for each group- High FGF21
and Low FGF21). The subgroups reflected the biochemical characteristics of the group they rep-
resented. Genomic DNA was isolated from peripheral blood leukocytes using the High Pure
PCR Template Preparation Kit (Roche Diagnostics, Mannheim, Germany). The assessment of
DNA quantity and quality was performed by spectrophotometry using the NanoDrop ND1000
UV-VIS spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). First, sonication
of 5 ug of DNA was performed. Sonication efficiency was assessed by electrophoresis on a
2.0% agarose gel. The 4/5 of sonicated DNA was taken for immunoprecipitation, the fifth
part was used as a reference input fraction. The immunoprecipitation of DNA containing 5-
methylcytosines (5-mC) were performed using monoclonal antibodies against 5-methylcytidine
(Monoclonal Antibody to 5-Methyl Cytosine / 5-MeC Purified from Acris Antibodies, Inc,
USA). Immunoprecipitated and reference DNA aliquots were labelled with fluorescent dyes
Cyanine-3 and Cyanine-5, respectively. Competitive hybridisation of input material and methy-
lated DNA enriched fraction was performed to oligonucleotide microarrays—Human DNA
Methylation Microarray: High-definition 244K arrays contained 27,627 probes for annotated
human CpG islands and 5081 undermethylated regions (G4495A, Design ID: 023795) from
Agilent Technologies (Santa Clara, CA, USA). The selected arrays includes 3 types of probes:
probes for known CpG islands, probes spanning 85 nucleotides proximal to each CpG is-
land and probes for undermethylated regions representing 237,227 unique biological probes.
Microarrays were hybridized for 40 h at 65 °C. Samples amplification and labelling, hybridisa-
tion, slides washing and scanning procedures and image extraction using Agilent Features
Extraction software v 10.10.1.1 were performed according to the manufacturer’s instructions.

2.6. Determination of miRNAs Expression by Real-Time PCR -TLDA (TagMan Low Density Arrays)

For relative quantification of miRNA, 16 blood samples intended for epigenetic analysis
were drawn from both group (8 representative for each group- High FGF21 and Low FGF21).

MiRNA was extracted using the PAXgene 96 Blood RNA Kit and GeneMATRIX Universal
RNA /miRNA Purification Kit (EURyx, Gdansk, Poland). Finally, after isolation we obtained
miRNAs from peripheral blood leukocytes. MiRNA quality was assessed in an Agilent
Bioanalyzer 2100 using the RNA 6000 Nano kit (Agilent Technologies, Santa Clara, CA, USA)
and quantified by spectrophotometry using the NanoDrop ND-1000. For miRNAs expression
analysis by Real-time PCR, TagMan Low-Density Array (TLDA) (TagMan® Array Human
MicroRNA A+B Cards Set v3.0, Thermo Scientific, Wilmington, DE, USA) was used. Selected
arrays allow simultaneous and accurate quantitation of 754 human microRNAs. Reverse
transcription was performed with TagMan MicroRNA Reverse Transcription Kit and MegaPlex
Human Pool A and B and RT primers. The preamplification step was enabled by Megaplex™
PreAmp Kit and Primers. The arrays were run in a 7900HT Fast Real-Time PCR system
(Thermo Scientific, Wilmington, DE, USA).
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2.7. Real-time PCR Analysis

Total RNA was reverse transcribed using a reverse transcription kit (High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA, USA)) with random
primers (1 pg). Quantitave real-time polymerase chain reaction (qPCR) was performed with
the QuantiTect SYBR Green PCR kit. The specific TagMan Gene Expression Assays with a
pair of specific PCR primers and a TagMan probe with a FAM (Applied Biosystem, Carlsbad,
CA, USA) was used. Amplification was performed using the continuous fluorescence
detection system 7900 HT Fast Real Time PCR system (Applied Biosystem, Carlsbad, CA,
USA). The expression ratio of target mRNA was normalised to the level of 18 s RNA and
compared to control group. Data was analysed using the AACT method. The statistically
significant results were recognized, with a value of p < 0.05.

2.8. Statistical Analyses

For biochemical and anthropometric parameters, data distribution was analysed by
Shapiro-Wilk test. Differences between groups were calculated by unpaired t-test for
normally distributed data and Mann—-Whitney U-test for non-normally distributed data
(BMI, adipose tissue mass, WHR, glucose, HOMA-IR, VEGF, GIP, leptin, adiponectin,
FGF21, myostatin, IL-6 and hs-CRP). The chi-squared test was used for nominal variables.
Normally distributed data are presented as mean + standard deviation (SD), otherwise
as median (Q2) and interquartile range (Q1; Q3). All analyses were performed with the
Statistica 13 software (StatSoft Polska, Krakow, Poland). The p-value < 0.05 was considered
statistically significant.

Microarray DNA methylation data analysis was performed using the Feature ex-
traction software version 10.10.1.1 (Agilent Technologies, Santa Clara, CA, USA), the
BRB-ArrayTools software version 4.6 (National Institutes of Health, Bethesda, MD, USA)
and the R software version 3.6.1 (Development Core Team, Vienna, Austria and Bioconduc-
tor). Feature extraction software was used to assess background subtracted intensity values
for the two fluorescence dyes on each individual array feature and calculated as the ratio
(Cy3/Cyb5). Loess normalisation method for dual channel raw hybridisation signals were
computed in BRB-ArrayTools. M values (log intensity ratio M = log, (Cy3/Cy5)) were used
for downstream statistical analyses. A linear regression model for comparing two groups
with high and low FG21 was adjusted for potential confounders including blood cell-type
proportions and age. To account for potential differences in the proportions of blood cells,
we estimated the proportion of lymphocytes, monocytes, eosinophils, basophils and neu-
trophils to adjust raw data as previously described by Houseman et al. in R [28]. We used
the functions ImFit and eBayes in “limma” package to build linear models and compute
moderated t-statistics (p-value was calculated). Then Benjamini-Hochberg multiple test
correction FDR was performed and shown as q-value. Regarding methylation sites, probes
not including CpG or not located in CpG islands, probes containing CNVs in the CpG site
and probes located on X and Y chromosomes were removed from the analyses. Fold of
change (FC) in relation to obese with high FGF21 versus obese with low FGF21 was used
as the methylation level. Loci corresponding to g-value < 0.01 and FC in the range of > 1.4
or < —1.4 were classified as differentially methylated. Methylated regions had log ratios
significantly above zero while less methylated regions had log ratios significantly below
zero. Highly methylated regions are with FC > 2.0 and moderately methylated with FC
between 1.4 to 2.0.

MiRNAs TLDA arrays data analysis was calculated using DataAssist v 3.01 tool (Thermo
Scientific). Relative miRNA levels were expressed as fold of change ((FC) = geometric
mean 2(—ACt high FGF21) / geometric mean 2(—ACt low FGF21)), in the presence of
3 genes (RNU44, RNU48, U6sRNA) used as endogenous controls. MiRNAs with fold of
change (FC) > 2.0 were taken for further analysis.

Pathway analyses:

We used the BINGO plugin in Cytoscape software (version 3.7.2) to assess the involve-
ment of selected genes in biological processes and molecular function [29]. The parameters
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as overrepresentation after correction (using statistical test as hypergeometric test with
multiple testing correction as Benjamini-Hochberg False Discovery Rate (FDR) correction)
were selected. Results with corrected p-value < 0.05 are presented in this manuscript.

The putative target predictions of miRNAs were extracted using the three online software
solutions: mirPath v.3 DIANA TOOLS, miRTarBase and miRWalk databases [30-32].

3. Results
3.1. Biochemical and Anthropometric Characteristics of the Study Groups

The two investigated groups were comparable in terms of age, sex, BMI, adipose tissue
mass, blood pressure, fasting glucose and cholesterol, regardless of serum FGF21 levels.
Nevertheless, the group with high circulating FGF21 was characterised by higher WHR,
elevated fasting insulin and HOMA-IR, NEFAs as well as triglycerides levels (Table 1). This
group included 42 (62%) individuals who met the criteria for abdominal obesity, compared
to the low FGF21 group, # = 27 (40%). Plasma GIP, an incretin hormone important for
regulating carbohydrate as well as lipid metabolism, was also found to be elevated in
the high FGF21 group. Liver damage markers (ALT, GGT) also differed between groups,
indicating patients with high FGF21 are more prone to liver injury. Obese patients with
high FGF21 had elevated VEGF, MCP1 and decreased adiponectin levels whereas other
adipokines—leptin, resistin, visfatin, myokines—irisin, myostatin, and IL-6 levels did
not differ between these groups (Table 1). Other inflammatory markers studied—CRP,
sVCAM, sPECAM, sE-selectin—showed comparable levels regardless of circulating FGF21
(Table 1). The patients in the study group presented metabolic profile related to elevated
FGF21. Characteristics of subjects selected for epigenetic study are presented in Table S1
(in supplementary files).

Table 1. Characteristics of subjects.

Race (Caucasian) High FGF21 (n = 68) Low FGF21 (n = 68) r
Sex. F/M (%) 63 75 Ns

Age (years) 483 +11.5 472 +11.0 0.582

BMI (kg/m2) 32.90 (30.4-36.2) 323 (30.3-34.6) 0.235

Adipose tissue mass (%) 39.7 (33.7-42.7) 38.2 (34.1-42.9) 0.969

WHR 0.92 (0.85-1.02) 0.84 (0.80-0.92) 0.001

Waist circumference (cm) 108.5 +12.1 100 +11.1 0.001

Systolic blood pressure (mmHg) 130.6 +14.9 127.7 +15.9 0.246

Diastolic blood pressure (mmHg) 844 18.6 83.2 +9.3 0.427

Fasting glucose (mmol/L) 54 (5.0-5.7) 52 (4.7-5.5) 0.193

Insulin (uIU/mL) 18.1 +10.4 14.5 +7.7 0.035

HOMA-IR 3.29 (2.45-4.9) 2.71 (2.0-4.04) 0.038

VEGF (pg/mL) 361.1 (226.7-521.1) 263.2 (176.4421) 0.038

Total cholesterol (mmol,/L) 5.7 +1.0 5.4 +1.1 0.061

HDL cholesterol (mmol /L) 1.3 +0.3 13 +0.2 0.236

LDL cholesterol (mmol/L) 3.6 +0.9 34 +1.0 0.192
TG (mmol/L) 1.8 +0.9 1.3 +0.7 0.0004

GIP (pg/mL) 31.6 (18.8-45.6) 25.5 (16.1-33.1) 0.019

ALT (U/L) 20.8 +12.0 16.8 +83 0.026

GGT (U/L) 34.2 +39.3 19.8 +11.9 0.005

Leptin (ng/mL) 36.1 (20.3-56.3) 275 (20.8-44.6) 0.155

Adiponectin (ug/mL) 49 (3.8-7.55) 7.3 (5.3-9.7) 0.013

Resitin (ng/mL) 9.5 +3.7 10.4 +3.9 0.120

Visfatin (ng/mL) 12 +0.9 1.1 +09 0.439
FGF21 (pg/mL) 299 (253.8-401.9) 127.8 (62-162.4) <0.0001

Irisin (ng/mL) 5 +1.6 4.6 +1.2 0.112

Myostatin (ng/mL) 215 (18.5-24.3) 212 (18.7-25.05) 0.964

IL-6 (pg/mL) 1.3 (0.9-1.9) 12 (0.8-1.7) 0.411

hs-CRP (mg/mL) 22 (1.0-3.8) 11 (0.5-3.8) 0.191

MCP1 (pg/mL) 392.1 +127.2 348.2 +102 0.034

sVCAM-1 (ng/mL) 609 +160.1 636.9 +149.1 0.270

sPECAM-1 (ng/mL) 74.6 +19.9 71.7 +16.9 0.395
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Table 1. Cont.
Race (Caucasian) High FGF21 (1 = 68) Low FGF21 (1 = 68) p

sEselectin (pg/mL) 438 +20.7 39.4 +15.6 0.179

Fasting NEFAs (mmol/L) 0.804 +0.314 0.674 +0.268 0.008
Total fatty acids (ug/mL) 3642.9 +819.8 3258.9 +737.1 0.005
Saturated fatty acids (%) 334 +2.6 33 +19 0.351
Monounsaturated fatty acids (%) 263 +2.7 25.4 +3.0 0.051
Polyunsaturated fatty acids (%) 40.3 +4.0 41.6 +3.7 0.057

Data presented as Mean + S.E.M. for normally distributed values or median (Q1-Q3) for not-normally distributed values.

3.2. Epigenetics Study Results
3.2.1. Results of DNA Methylation Analysis

The analysis of the data obtained from DNA methylation arrays revealed 11 198 CpG
probes differentially methylated (p < 0.01, representing approximately 4.6% of probes
located on the array), of which 5425 were significantly hypomethylated and 5774 were sig-
nificantly hypermethylated in the high FGF21 group compared to the low FGF21 group. We
selected 375 CpG probes for further analysis of biological significance in pathways related
to potential FGF21 action. We focused on those genes that were engaged in metabolism of
lipids, glucose and adipokines and other pathways known or potentially related to FGF21
activity. Detailed results of each probe described in the manuscript are presented in Table
52 enclosed as a supplementary file.

Analyses in Cytoscape software revealed biological processes affected by differen-
tially methylated genes (results presented in Table 2). The most interesting finding is
the involvement of these genes in the response to glucose and insulin and other nutrient
levels. Subsequently, the differential methylation status of lipid transport and fatty acid
metabolism, fat cell differentiation (including white and brown fat cell differentiation),
generation of precursor metabolites and energy, response to hypoxia and regulation of
ossification, were demonstrated (Table 2). Importantly, in the high FGF21 group, changes
in methylation status of genes involved in browning program of adipose tissue: BMP4
(hypomethylated in promoter), FGF9 (hypermethylated in promoter) as well as PRDM16
(hypermethylated in promoter) and CPT1C (hypomethylated in promoter) were detected.
Genes: MRAP (shown as hypomethylated in the high FGF21 group) and TBX1 (hyper-
methylated in the high FGF21 group) are the hallmark proteins, for fatty tissue (highly
enriched in differentiated adipocytes) and beige adipocytes, respectively.

Interestingly, five genes coding for transcriptional factors: PPARA, RORA, ATF4,
NR3C1 and KLF15, known to regulate FGF21 expression, were differentially methylated
(Table 3). Analysis of DNA methylation also revealed regulation of fibroblast growth factor
receptor signalling (hypomethylated genes: FGF3, KLB, FGFR1 and FGFR3) and vascular
endothelial growth factor receptor signalling (hypomethylated genes: VEGFA and FLT1)
pathways (Table 2). High FGF21 individuals were also characterised by the LIPG gene, as
well as ABCAI and VLDLR genes (all hypermethylated) related to lipoprotein metabolism
and transport. We found differential methylation in promoters in genes: IGFIR -receptor
for IGF1 and IGFBP1- an FGF21-induced pro-osteoclastogenic liver hormone (all with
hypermethylated status in promoters in the high FGF21 group) (Table 2). Interestingly, the
promoter of GIPR (receptor for GIP) gene was hypermethylated in this group. We showed
at the protein level that serum GIP and VEGF levels were significantly higher in obese
patients with high FGF21 than in subjects with low FGF21.
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Table 2. Results of biological processes of differentially methylated genes-generated in Cytoscape software through BinGo

plugin.
Description Corr p-Value X n Regulation Genes
ABCA1; ACOXL; ACOX3; ATP8B1; CIDEA; CPT1A;
CYP51A1; CYP26C1; CYP24A1; CYP46A1;
L . Hypermethylated CYP26B1; CYP27B1; DECR1; DHCR24; ELOVL6;
lipid metabolic process oa7x1070 3 s P Y FADS2; GATAG; LIPG; PPARA; PRKAR2B; SCD;
VLDLR
ACSL3; ACSS2; ADIPOR1; ATP8BI1; CPT1A;
H thylated CPT1B; CPTIC; CYP26A1; ELOVL4; ELOVLG;
ypomethylate ELOVL7; GATAG; LPIN1; PDE3A; PRKAAT;
PRKAB2; SLC27A1;
Hypermethylated ABCA1; ABCG4; ATP8A2; ATP8B1; ATP10A;
lipid localization 918 x 101 17 151 YP Y ATP10D; ATP11A; CIDEA; LIPG; PPARA; VLDLR;
Hyvpomethvlated ATP8B1; ATPSB3; ATP9A; ATPIB; ATP11A; CPT1B;
P Y SLC27A1; STARD%;
Hvpermethvlated ABCA1; ABCG4; ATP8A2; ATP8B1; ATP10D;
lipid transport 246 % 1010 16 139 yp Y ATP10A; ATP11A; LIPG; PPARA; VLDLR;
Hypomethylated ATP8B1; ATP8B3; ATPI9A; ATPIB; ATP10A; CPT1B;
P 4 SLC27A1; STARD4;
. .. Hypermethylated ABCA1; CIDEA; PPARA
regulation of lipid storage 1.48 x 102 3 27 H;I:)ometh))/,late d
Hypermethylated ACOX3; CPT1A; DECR1; ELOVL6; FADS2;
fatty acid metabolic process 1.79 x 1010 19 209 YP 4 ACOXL; SCD; PPARA
ACSL3; ADIPORI1; CPT1A; CPT1B; CPT1C;
Hypomethylated ELOVL4; ELOVL6; ELOVL7; LPIN1; PRKAAT;
PRKAB2; PRKAR2B; SLC27A1
regulation of fatty acid oxidation 233 % 10-5 6 33 g?i‘:::::}%i?j CPTIB; ]gg ITIJJ;l]’zﬁ i Ij\?PRKABZ;
regulation of sequestering of a Hypermethylated CIDEA; PPARA
triglyceride 1.74 x 10 2 ? Hypomethylated
cholesterol metabolic process 1.66 x 10-2 5 91 ]—;2;;;2-;1::}1:;11:::; ABCA1; CYP46A1; CYP51A1; DHCR24; VLDLR
regulation of insulin secretion 326 x 10-5 7 54 Hypermethylated ADRA2A; GIPR; NEUROD1; PFKM; TCF7L2;
- Hypomethylated ADRA2A; CPT1A; IRS1;
Hvpermethvlated IGFBP1; IGF1R; PDK1; PRKCI; PPARA; SLC2AS;
response to insulin stimulus 286 x 10°° 11 123 yp o4 VLDLR
Hypomethylated INSR; IRS1; SLC27A1; SOCS3;
insulin receptor signaling 4 5 1 Hypermethylated IGFBP1; IGFIR; SLC2A8
pathway 444 % 10 Hypomethylated INSR; IRS1
Hypermethylated BAD; FOXO3; NEUROD1; PDX1; PFKM; SLC2A4;
glucose homeostasis 811 x 10~° 10 51 ypermethylate TCF7L2;
Hypomethylated ADRA2A; INSR; IRS1
. _ Hypermethylated ADRA2A; GIPR; NEURODI1; TCF7L2
response to glucose stimulus 6.03 > 1074 6 62 Hypomethylated ADRA2A; INSR; IRS1;
. . _ Hypermethylated ATF4; BAD; CPT1A; PDK1; PDX1; PFKM; SLC2A8
glucose metabolic process 796 x 107 100 M6 Hybomethylated PDK2; PFKL; PFKP
glucose transport 1.60 x 103 4 27 ]:I);,E;f;n::]:gll:sg SLC2A4; SLC;QSZ%;CZAS, KLF15;
regulation of glucose transport 342 % 1073 4 34 gﬁfﬁ::;;ﬁ::j INI;JEK[C;/S fﬁ,ﬁizcz
. Hypermethylated PFKM
glycolysis 372x10° 3 4 H);iomethglamd PFKL; PFKP
Hyvpermethvlated BMP7; BMPR2; CYP24A1, CYP27B1; GIPR; IGF1R;
response to nutrient levels 8.47 x 1014 24 243 YpP Y LIPG; PPARA; RARA; WNT3;, WNT3A; VLDLR
ACSL3; BMP2; BMP4; BMPR2; CEBPA; INSR;
Hypomethylated PDGFA; RARA; RPTOR; SOCS3; SOD1; WNT3A;
WNT7B; WNT9A; WNTI9B
fibroblast growth factor receptor 6 7 13 Hypermethylated FGF3; FGF5; FGF9; FGFR1; FRS2
signalling pathway 135 % 10 Hypomethylated FGF3; FGFR1; FGFR3; KLB
positive regulation of MAPKKK
cascade by fibroblast growth 641 % 103 2 5 Hypermethylated FGFR1
factor receptor signalling pathway Hypomethylated KLB; FGFR1
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Table 2. Cont.

Description Corr p-Value X n Regulation Genes
. L _7 Hypermethylated ADRB1; CTBP2; PRDM16, SLC2A4; TCF7L2;
fat cell differentiation 286 x 10 9 % Hypomethylated CEBPA; CEBPB; CTBP1; CTBP2; PRDM16
white fat cell differentiation 1.44 x 102 2 8 l;zfif;“:::}ﬁit:g CTB%??gTZ"B P2
brown fat cell differentiation 8.44 x 107> 5 25 gﬁfﬁgﬁ;ﬁ:&; /g';gﬁj‘: IEIEEB)%IV% Eéﬁ?ﬁ
ositive regulation of vascular
en%othelial gﬁ'owth factor receptor 195 % 1023 3 12 Hypermethylated FGE;
signalling pathway Hypomethylated FLT1; VEGFA
response to oxygen levels 287 x 105 1 158 Hypermethylated ATP1B1; PDGFRA; PPARA; SLC2A8; VLDLR
- Hypomethylated ANGPTL4; ATP1B; FLT1; PDGFA; PDGFRA;
P 4 PRKAA1; 50CS3; VEGEA
response to hypoxia 9.26 % 10-5 10 149 Hypermethylated ATP1B1; PPARA; SLC2A8; VEGFA
: Hypomethylated ANGPTL4; ATP1B1; FLT1; PDGFA; PRKAAI;
P 4 S0CS3; VLDLR
L Hypermethylated ADRB1
vascular process in circulatory system 1.24 x 102 4 51 ngf};ometh;lated FGEBP3: SOD1: VEGEA
positive regulation of canonical Wnt -4 Hypermethylated WNT3A; WNT7A;
receptor signalling pathway 8.48 x 10 3 9 Hypomethylated WNT2B;
] ) Hypermethylated BMPé6; BMP7; BMPR2; CYP27B1; ESRRA;
regulation of ossification 9.96 x 10~7 10 86 GNAS; TEAP2A
Hypomethylated BMP2; BMP4; BMPR2; GNAS; WNT7B;
TFAP2A
regulation of bone mineralization 135 x 10-6 7 33 Hypermethylated BMPR2; BMP7; BMP6; CYP27B1; TFAP2A;
b Hypomethylated BMP2; BMP4; BMPR2; TFAP2A;
positive regulation of osteoblast 268 x 10-7 7 2% Hypermethylated BMPR2; GNAS
differentiation * Hypomethylated BMP2; BMP4; BMPR2; GNAS; WNT7B
ATPeV1B2; ATP6VICI; ATP6VIEL FADS2;
GIPR; GNAS; NDUFAF1; NDUFA6; NDUFAS;
generation of precursor metabolites and 508 x 10-15 28 312 Hypermethylated NDUFA9; NDUFA13; NDUFB1; NDUFB2;
energy 08 X NDUFB5; NDUFB7; NDUFS1; NDUFS2;
NDUFV2; PDX1; PEKM
Hypomethylated ATP5D; ATP5H; CEBPA; COX7A1; GNAS;
NDUFA11; NDUFV3; PFKL; PFKP
NDUFA6; NDUFA8; NDUFA9; NDUFB1;
mitochondrial electron transport, 352 1 12 43 Hypermethylated NDUFB2; NDUFB5; NDUFB7; NDUFAF1;
NADH to ubiquinone 52 % 10 NDUFS1; NDUFS2; NDUFV2
Hypomethylated NDUFV3;
NDUFA6;, NDUFAS; NDUFA9; NDUFB1;
ATP synthesis coupled electron 912 » 10-11 12 57 Hypermethylated NDUFB2; NDUFB5; NDUFB7; NDUFAF1;
transport e X NDUFS1; NDUFS2; NDUFV?2
Hypomethylated NDUFV3;
NDUFA6; NDUFA8; NDUFA9; NDUFB1;
. . . Hypermethylated NDUFB2; NDUFB5; NDUFB7; NDUFAF1;
mltOChOndi"lal ATP synthesis coupled 912 % 10-11 1 5 yp o NDUEFST: NDUES2; NDUFV?2
electron transport Hypomethylated NDUFV3;
- . Hypermethylated WNT3; WNT3A; RARA;
response to retinoic acid 286 X107 9 56 ” g BMP2; BMP4; PDGFA; RARA; WNT3A;
Hypomethylated WNT7E; WNT9A; WNT9B;
regulation of striated muscle tissue a2 Hypermethylated FGF9; TBX5; FGFR1
development L1e x 10 4 50 Hypomethylated BMP4; FGFR1
BAD; BMP7; CEBPB; CIDEA; CFLAR;
) ) Hypermethvlated DHCR24; FGFR1; FOXO3; GATA®6; IGF1R; IL7;
regulation of apoptosis 659 x 10°5 26 852 P ¥ MYO18A; NDUFA13; NEUROD1; PRKCI;
PRKCZ; TBX5; TCF7L2
ANGPTL4; BMP2; BMP4; FGFR1, GATA®6;
Hypomethylated MYO18A; PDE3A; PRKCE; PRKCZ; SOCS3;

SOD1; VEGFA
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Table 3. Results on identified differentially methylated transcription factors genes known to regulate FGF21 expression.

TF (Transcription

Factor) DNA Methylation Status Region Selected Regulated Genes ? Reference
ACADVL, ACOT7, ACOTS,
CYP26A1, FABP1, FBP2, FGF9,
PPARA Hypermethylated (2 probes) Promoter FG%;&;QPR?(’) PI{IIH\ATIF{?’LHEI?IEZ B8, [33]
MAP2K3, PDGFB, PPARGCI1A,
PRDM16, VEGFA
Promoter: CTCF ABCA1, ACOXL, CYP26A1, FGF9, )
RORA Hypermethylated (3 probes) binding sites FGF21, IL7, KLF4 [11,34]
ABCA2, CPT1B, CYP26A1, ELOVLS,
ATF4 Hypermethylated (1 probe) Promoter FGF21, GNAS, NDUFA10, [35,36]
S1PR2, SREBF2
KLF15 Hypermethylated (1 probe) Promoter FGF21, NR3C1, PPARA [13]
Hypermethylated (1 probe) BMPR2, CD36, CYP26A1, ELOVLS,
NR3C1 YP Y P Promoter ESRRA, FGF9, FGF21, IL10, 371

Hypomethylated (1 probe) PDGFRA, RORA, SCD, SLC2A2,

2 - Selection of targets genes based on TRANSFAC Curated Transcription Factor Targets database [38] and relevant publications.

Further analysis of differentially methylated genes in ClueGO plugin in CytoScape
software allowed to create graphic representation of biological processes and pathways
(Figure S1). Figure S1 is enclosed as a supplementary file.

DNA microarray results was verified by real-time PCR in 17 samples (8 from high
FGF21 group and 9 from low FGF21 group) for selected ATF4 gene. We demonstrated
a statistically significant 2.75-fold decrease in expression of the ATF4 gene in leukocytes
(p < 0.05). This result confirms that detected DNA hypermethylation in the promoter of
ATF4 gene regulates its expression in patients with high serum FGF21 level.

3.2.2. Results of microRNA Expression Level in Leukocytes:

We demonstrated a statistically significant difference in expression of four miRNAs in
peripheral blood leukocytes related to high FGF21 serum levels. Expression of the following
miRNAs: hsa-miR-133a-3p, hsa-miR-185-5p and hsa-miR-200c-3p was downregulated and
hsa-miR-875-5p was up-regulated (results are presented in Table 4). In Table 4, we also
selected targets for miRNAs in relation to high FGF21 (among others the FGFR1 gene,
receptor for FGF21) as well as related to high serum VEGF (VEGFA and its binding
receptors genes) and low adiponectin (the ADIPOQ gene), found to accompany high FGF21
serum levels. Presented in Table 4, target genes for hsa-miR-133a-3p, hsa-miR-185-5p and
hsa-miR-200c-3p were validated in previous manuscripts and/ or information based on
selected online datasets. For hsa-miR-875-5p, we chose some putative target genes located
in 3'UTR from miRWalK and TargetScan databases.
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Table 4. Results of the expression of miRNAs by quantitative PCR-TLDA (TagMan low density array)
arrays in leukocytes in the high FGF21 versus low FGF21 group.

miRNA Name adj.p FC Selected Targets

FGFR1
hsa-miR-133a-3p 0.0477 -3.1 VEGFA
PRDM16

FGFR1
VEGFA

FGFR1
VEGFA
hsa-miR-200c-3p 0.0347 —22 FLT1
KDR
TCF7L2

ADIPOQ
CPT1A
IRS1
LEP
LIPA
SLC2A2
SLC2A3
SLC2A4
BMPSA
BMPRI1A

hsa-miR-185-5p 0.0496 —2.6

hsa-miR-875-5p 0.0052 13

4. Discussion

In the current study, we have demonstrated for the first time genome-wide DNA
methylation profile and miRNAs expression analysis in white blood cells associated with
high serum FGF21 levels in human obese non-diabetic individuals. In our cohort, well-
characterised in terms of many circulating active mediators, such as myokines, adipokines,
incretins, cytokines and fatty acids, we observed increased parameters of insulin- and GIP
resistance, lipids disorders, elevated VEGF, MCP1 and lower adiponectin serum levels
suggesting disturbed nutrients signalling and disregulated inter-organ cross-talk in the
high FGF21 group compared to the low FGF21 group.

Itis well known that the altered DNA methylation of CpG sites in the genes’ promoters,
as well as distal regulatory sites, changes gene expression patterns by modifying the
interaction of histones, thereby affecting the binding of transcription factors or recruitment
of methyl-CpG binding proteins (MBPs) [39,40]. The detected and presented, differentially
methylated genes may be responsible for aberrant expression of genes related to high
FGF21 level in obese people.

As FGF21 is responsible mainly for glucose and lipid homeostasis we showed al-
tered methylation in a set of genes involved in metabolic pathways of glucose transport
(SLC2A4, SLC2A5, SLC2A8 and KLF15), insulin secretion and signalling (ADRA2A, CPT1A,
GIPR, IGFIR, IGFBP1, INSR, IRS1, NEUROD1, PDK1, PFKM, PPARA, PRKCI, SLC27A1,
SLC2A8, SOCS3, TCF7L2 and VLDLR) as well as lipid transport, fatty acid metabolism
and lipoprotein metabolism and transport (ABCA1, ABCG4, ACOX3, ACOXL, ACSL3, ADI-
POR1, CPT1A, CPT1B, CPTIC, DECR1, ELOVL4, ELOVL6, ELOVL7, FADS2, LPIN1, PPARA,
PRKAA1, PRKAB2, PRKAR2B, SCD and SLC27A1). Interestingly, the gene encoding the
receptor for insulin (INSR) was hypomethylated. Contrary to this, we found hypermethy-
lation of the gene SLC2A4 (coding for GLUT4, insulin-responsive glucose transporter type
4), which plays a role in glucose uptake from the circulation and has been determined a
key regulator of whole body glucose homeostasis [41].

Regarding lipid metabolism, differentially methylated genes: PPARA, LPIN1, CPT1A,
CPT1B, CPT1C, ANGPTL4 and FADS? are key regulators of liver, adipose tissue, muscle and
total lipid homeostatis. PPARA (nuclear transcription factor) together with LPINT (acting
as a nuclear transcriptional coactivator for PPARGCI1A and PPARA) regulate various lipid
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metabolic pathways [42,43]. In the liver PPARA induces the expression of genes involved in
fatty acid oxidation, binding, activation, elongation and desaturation, synthesis and hydrol-
ysis of triglycerides and lipid droplets, lipoprotein metabolism, gluconeogenesis and bile
acid metabolism pathways [44]. It has been demonstrated on mice models that enhanced
lipin expression increases lipogenic gene expression in adipose tissue and promoted fat
storage in obesity, whereas in skeletal muscle it participated in energy expenditure and fat
utilisation [45]. CPTIC gene plays a role in the central control of feeding behaviour and
whole-body energy homeostasis [46]. Hypomethylation of leukocytic CPT1C gene was
previously thought to be associated with increased risk of developing MAFLD [47].

Among five detected TFs known to regulate FGF21 expression, the majority (except
1 probe in NR3C1 gene) were hypermethylated in patients with high FGF21. PPARA was acti-
vated by endogenous fatty acids and other PPARw agonists and, in turn, activated expression
of FGF21 and genes involved in fatty acids beta-oxidation and ketogenesis pathways [33,48].
Research on mice showed that PPARx modulated the methylation of liver Fgf21 and repre-
sents a form of epigenetic memory that persists from the postnatal period into adulthood
that influence the risk of obesity in later life [25]. On the other hand, we did not observe any
differences in methylation status of PPARG, regulating FGF21 expression in WAT, between the
groups. It has been reported previously that glucocorticoid receptor decreases hepatic PPAR«x
expression and, in consequence, reduces liver FGF21 expression and plasma levels [10] and
suppression of nuclear receptor RORA causing a decrease in FGF21 expression [11]. Observed
hypermethylation of TFs (KLF15, NR3CI (glucocorticoid receptor), RORA (all regulating hep-
atic FGF21 expression) and ATF4 (regulating muscle FGF21 expression)) suggests disturbed
regulation of FGF21 in tissues. It was identified that glucose induced Fgf21 mRNA expression
through ChREBP activation, as the ChoRE is located in the Fgf21 promoter. The feedback
systems of ChREBP regulation are composed of two factors: PPARx and Fibroblast growth
factor-21. Negative feedback is achieved by FGF21, which interacts with PPAR« to repress
their own transcription [49]. Although PPAR« is the most important regulator of hepatic
FGF21 expression, it is possible that other TFs may be down-regulated by FGF21, which is
suggested by our DNA methylation results.

In our study, besides adipomyokine FGF21, two other myokines-myostatin and irisin-
were measured in the serum. Since circulating myostatin and irisin did not differ between
the groups, we supposed that FGF21 was mainly of hepatic origin and not skeletal muscle.
Thus, we postulated that high FGF21 levels in our studied group were associated with
a metabolic disorder, not induced by exercise. Receptors mediate FGF21 action in target
tissues. FGFR1 and FGFR2 are ubiquitously expressed growth factor receptors that mediate
most biological functions of the FGF family [4]. Regarding liver FGF21 receptors, hepatic
mRNA expression is the highest for FGFR4 and FGFR2, then for FGFR3 and the lowest
for FGFR1 [50-52]. We detected differential methylation in FGFR1 and FGFR3 receptor
genes and their co-factors: FGFRLI and KLB genes. This is in line with previous studies
where it was demonstrated that hepatic levels for 3-Klotho, FGFR1 and FGFR3 transcripts
were significantly increased in patients with obesity [53]. Interestingly, patients in the high
FGF21 group presented simultaneously high level of serum VEGF protein. We detected
differential DNA methylation in pathway: positive regulation of vascular endothelial
growth factor receptor signalling (with affected genes: FLT1, VEGFA and FGF9).

As non-coding microRNAs are post-transcriptional regulators of genes translation, we
analysed the microRNA profile in patients with obesity and high FGF21 levels. Analysis of
miRNAs expression in leukocytes revealed a statistically significant decrease in expression
of has-miR-133a-3hashsa-miR-185-5hasnd hsa-miR-200c-3p in the group with high FGF21.
Previously, it was demonstrated that miR-133 directly targeted and negatively regulated
Prdm16 in mice [54]. In humans, it was shown that circulating miR-133 is high in patients
with periprocedural myocardial injury and, as a consequence, decreased fibroblast growth
factor (FGFR1) [55]. As FGF21 is known to be activated by stress conditions, low hsa-miR-
133a-3p expression in our studied group may be a kind of response to metabolic stress.
According to a recent hypothesis, FGF21 is a hormonal mediator of the human “thrifty”
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metabolic phenotype; thus, it may be one of the mechanisms of metabolism towards
browning of adipose tissue. In studies on human cancer cells inverse correlation of miR-185
and miR-200c to modulate VEGFA translation was found [56,57]. This profile of miRNAs
is in line with elevated serum VEGF level detected in the group with high FGF21 from our
cohort. The present study revealed the increased expression of has-miR-875-5p. There is
limited information regardihashsa-miR-875-5p. Potential involvemehasof hsa-miR-875-5p
to regulate TNF, LEP and IRS1 genes in gestational diabetes mellitus was demonstrated in
a recent study [58]. Previous studies have shown decreased lhasls of hsa-miR-875-5p in
the adipose tissue of patients with non-alcoholic steatohepatitis (NASH) [59]. Searching
the miRNAs databases, we found potential targets for hsa-miR-875-5p such as: ADIPOQ
(Adiponectin), BMP8A (Bone Morphogenetic Protein 8a), BMPR1A (Bone Morphogenetic
Protein Receptor Type 1A), CPT1A (Carnitine Palmitoyl transferase 1A), IRS1 (Insulin
Receptor Substrate 1), LIPA (Cholesteryl Esterase), SLC2A2 (Glucose Transporter Type 2,
Liver), SLC2A3 (Glucose Transporter Type 3, Brain) and SLC2A4 (Glucose Transporter
Type 4, Insulin-Responsive) genes. Selected genes are the key genes regulating lipid
and glucose metabolism and may be potential targets for FGF21 action on metabolism.
Simultaneously, we demonstrated statistically significant lower adiponectin protein level in
serum in individuals with high FGF21; however, to confirm that hsa-miR-875-5p regulate
the ADIPOQ gene are required further miRNA /mRNA interaction validations.

The main limitation of our study was the analysis of genome-wide DNA methylation
and miRNAs expression in limited samples representative for both groups. Thus, results
from our high-throughput method gives rise for further studies on targeted DNA methy-
lation. We assessed DNA methylation in peripheral blood cells because they are easily
accessible and the collection is acceptable by patients. Although epigenetic studies on
different tissue samples are more informative, blood samples are generally used in most
studies with non-surgery subjects. Nevertheless, previous studies demonstrated that levels
of DNA methylation in blood tend to be broadly correlated with levels in other target
tissues [60,61]. This suggests that DNA methylation and miRNAs analysis in leukocytes
may reflect epigenetic changes in other tissues (liver, muscles, adipose tissue and bones)
relevant for the pathogenesis of glucose and lipid disturbances related to high FGF21 in
obesity. Another limitation is investigations among participants with metabolically healthy
obesity, excluding general obese population with associated diabetes and cardiovascular
diseases or other obesity complications.

5. Conclusions

The major finding of this preliminary study is that individuals with high FGF21
presents specific DNA methylation and miRNAs profiles in blood leukocytes. Altered
DNA methylation in promoters of transcription factor genes (PPARA, KLF15, NR3C1, RORA
and ATF4) known to regulate FGF21 expression and its binding receptors and co-factors
(FGFR1, FGFR3 and FGFRL1 and KLB) has been revealed in relation to the elevated levels
of circulating FGF21 in obesity. The mostly regulated processes are insulin secretion and
signalling, lipid transport and homeostaais maintenance, thermogenesis and browning
of adipose tissue and regulation of ossification and bone mineralization. Additionally,
we demonstrated differentially expressed miRNAs known to target and inversely regu-
late the FGFR1 and VEGFA genes. As DNA methylation is reversible and depends on
environmental factors, there is the potential to influence the methylation status of key
genes by nutrition and a healthy lifestyle to prevent obesity-related complications [62-65].
These findings give rise for further studies on detailed dietary factors and targeted DNA
methylation editing therapies that may regulate revealed genes.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com /2073-4425/
12/2/307/s1, Figure S1: Graph of a biological network of identified as differentially methylated genes
created by the ClueGO plugin in Cytoscape software, Table S1: Characteristics of subjects selected for
epigenetics study, Table S52: Detail results of identified differentially methylated CpGs probes.
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9.3. Oswiadczenia wspolautoréow

70



Krakéw, dnia 03.02.2022 1.

Mgr inz. Teresa Platek

Katedra Biochemii Klinicznej, Uniwersytet Jagiellofiski- Collegium Medicum

OSWIADCZENIE

Jako wspolautor pracy:. "DNA methylation microarrays identify epigenetically
regulated lipid related genes in obese patients with hypercholesterolemia”. Platek T, Polus A,
Géralska J, Razny U, Gruca A, Kieé-Wilk B, Zabielski P, Kapusta M, Stowinska-Solnica K,
Solnica B, Malczewska-Malec M, Dembiniska-Kie¢ A. Mol Med. 2020 Oct 7;26(1):93
oéwiadczam, iz méj wilasny wklad merytoryczny w przygotowanie, przeprowadzenie

i opracowanie badar oraz przedstawienie pracy w formie publikacji wynosi 50 % i polegal na:

- opracowywaniu koncepcji badan,

- wykonywaniu czeéci eksperymentalnej (wykonaniu oznaczen metylacji DNA),

- analizie, opracowaniu i interpretacji uzyskanych wynik6w,

- przygotowaniu rycin,

- przygotowaniu manuskryptu pracy w zakresie opisu rezultatow oraz dyskusji 1 finalnych

wniosk6w, a takze edycji tekstu.

(podpis wspétautora)
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Krakéw, dnia.//Z/.-.QZ‘. \202 ,2

Dr hab. Anna Polus

Katedra Biochemii Klinicznej, Uniwersytet Jagiellofiski- Collegium Medicum

OSWIADCZENIE

Jako wspélautor pracy:. "DNA methylation microarrays identify epigenetically
regulated lipid related genes in obese patients with hypercholesterolemia”. Platek T, Polus A,
Goéralska J, Razny U, Gruca A, Kie¢-Wilk B, Zabielski P, Kapusta M, Stowinska-Solnica K,
Solnica B, Malczewska-Malec M, Dembinska-Kie¢ A. Mol Med. 2020 Oct 7;26(1):93
o$wiadczam, iz moj wiasny wklad merytoryczny w przygotowanie, przeprowadzenie

i opracowanie badan oraz przedstawienie pracy w formie publikacji wynosi 10% i polegat na:
- opracowaniu koncepcji badan,
- analizie, opracowaniu i interpretacji uzyskanych wynikow.

Jednoczesnie  wyrazam  zgode na  przediozenie = w/w  pracy  przez
mgr inz. Terese Platek jako czg$é rozprawy doktorskiej w formie spéjnego tematycznie zbioru

artykutéw opublikowanych w czasopismach naukowych.

Oséwiadczam, iz samodzielna i mozliwa do wyodrebnienia czgsé ww. pracy wykazuje
indywidualny wklad mgr inz. Teresy Platek polegajacy na:
- opracowywaniu koncepcji badan,
- wykonywaniu czesci eksperymentalnej (wykonaniu oznaczen metylacji DNA),
- analizie, opracowaniu i interpretacji uzyskanych wynikéw,
- przygotowaniu rycin,
- przygotowaniu manuskryptu pracy w zakresie opisu rezultatéw oraz dyskusji i finalnych
wnioskow, a takze edycji tekstu.
2 drhab. n. med. Polus
§ diagnosta laboic‘oryjny

«oe Kiorosnik-Pracewii Biol Molckulgrnej

Kartedra Biogheayi i\/'!j‘r:i« znej UICM

Y. ot

(podpié wspotautora)
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Krakéw, dnia 10 Dls ZQZZK

Dr Joanna Goralska

Katedra Biochemii Klinicznej, Uniwersytet Jagiellonski- Collegium Medicum

OSWIADCZENIE

Jako wspélautor pracy:. "DNA methylation microarrays identify epigenetically
regulated lipid related genes in obese patients with hypercholesterolemia”. Platek T, Polus A,
Goéralska J, Razny U, Gruca A, Kie¢-Wilk B, Zabielski P, Kapusta M, Stowinska-Solnica K,
Solnica B, Malczewska-Malec M, Dembinska-Kie¢ A. Mol Med. 2020 Oct 7;26(1):93
o$wiadczam, iz moéj wilasny wklad merytoryczny w przygotowanie, przeprowadzenie

i opracowanie badan oraz przedstawienie pracy w formie publikacji wynosi 10 % i polegat na:
- opracowaniu koncepcji badan,

- analizie, opracowaniu i interpretacji uzyskanych wynikow,

- krytycznej ocenie manuskryptu oraz edycji tekstu.

Jednoczesnie  wyrazam  zgode na  przedlozenie ~ w/w  pracy  przez
mgr inz. Terese Platek jako czg$¢ rozprawy doktorskiej w formie spojnego tematycznie zbioru
artykutéw opublikowanych w czasopismach naukowych.

Os$wiadczam, iz samodzielna i mozliwa do wyodrgbnienia czg$¢ ww. pracy wykazuje
indywidualny wktad mgr inz. Teresy Platek polegajacy na:

- opracowywaniu koncepcji badan,

- wykonywaniu czeéci eksperymentalnej (wykonaniu oznaczer metylacji DNA),

- analizie, opracowaniu i interpretacji uzyskanych wynikéw,

- przygotowaniu rycin,

- przygotowaniu manuskryptu pracy w zakresie opisu rezultatow oraz dyskusji i finalnych
wnioskow, a takze edycji tekstu.

Zak)aq Biochemii Klinicznej,
Genetyki i Nutrigenomiki UJ CM

]

(podpis wspotautora)
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Dr Urszula Razny

Katedra Biochemii Klinicznej, Uniwersytet Jagiellonski- Collegium Medicum

OSWIADCZENIE

Jako wspétautor pracy:. “DNA methylation microarrays identify epigenetically
regulated lipid related genes in obese patients with hypercholesterolemia”. Platek T, Polus A,
Géralska J, Razny U, Gruca A, Kieé-Wilk B, Zabielski P, Kapusta M, Stowinska-Solnica K,
Solnica B, Malczewska-Malec M, Dembinska-Kie¢ A. Mol Med. 2020 Oct 7;26(1):93
o$wiadczam, iz mo6j wiasny wklad merytoryczny w przygotowanie, przeprowadzenie

i opracowanie badan oraz przedstawienie pracy w formie publikacji wynosi 5% i polegat na:
- wykonaniu oznaczen biochemicznych.

Jednoczeénie  wyrazam  zgode na  przediozenie = w/w  pracy  przez
mgr inz. Terese Platek jako czg$¢ rozprawy doktorskiej w formie spojnego tematycznie zbioru
artykutéw opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia czgs¢ ww. pracy wykazuje
indywidualny wklad mgr inz. Teresy Platek polegajacy na:

- opracowywaniu koncepcji badan,

- wykonywaniu czesci eksperymentalnej (wykonaniu oznaczen metylacji DNA),

- analizie, opracowaniu i interpretacji uzyskanych wynikow,

- przygotowaniu rycin,

- przygotowaniu manuskryptu pracy w zakresie opisu rezultatéw oraz dyskusji i finalnych

wnioskow, a takze edycji tekstu. ,
satad Brochemn Khniezney.

vki 1 Nutngenomiki UJ X1

................... AUDK ceoees e,

(podpis wspdtautora)
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Dr hab. Matgorzata Malczewska-Malec, prof. UJ

Katedra Biochemii Klinicznej, Uniwersytet Jagiellonski- Collegium Medicum

OSWIADCZENIE

Jako wspGlautor pracy:. “DNA methylation microarrays identify epigenetically
regulated lipid related genes in obese patients with hypercholesterolemia”. Platek T, Polus A,
Goéralska J, Razny U, Gruca A, Kie¢-Wilk B, Zabielski P, Kapusta M, Stowinska-Solnica K,
Solnica B, Malczewska-Malec M, Dembifniska-Kie¢ A. Mol Med. 2020 Oct 7;26(1):93
oéwiadczam, iz méj wlasny wkiad merytoryczny w przygotowanie, przeprowadzenie

i opracowanie badar oraz przedstawienie pracy w formie publikacji wynosi 10 % i polegat na:
- opracowaniu koncepcji badan,

- interpretacji wynikéw pracy,

- krytycznej ocenie manuskryptu.

Jednocze$nie  wyrazam  zgode na  przedlozenie ~w/w  pracy  przez
mgr inz. Teresg Platek jako czg$é rozprawy doktorskiej w formie spojnego tematycznie zbioru
artykutéw opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia czgs¢ ww. pracy wykazuje
indywidualny wktad mgr inz. Teresy Platek polegajacy na:

- opracowywaniu koncepcji badan,

- wykonywaniu czesci eksperymentalnej (wykonaniu oznaczen metylacji DNA),

- analizie, opracowaniu i interpretacji uzyskanych wynikéw,

- przygotowaniu rycin,

- przygotowaniu manuskryptu pracy w zakresie opisu rezultatéw oraz dyskusji i finalnych

Zaklad Bigchemii Klir znei. :
Genefykl\}ﬁiimlk\ ZM' :l' V

dr hab, Molgorzata hakesewsia:, Iéc’ L prof U
p.o. kiecrownik

(podpis wspolautora)

wnioskow, a takze edycji tekstu.

75



Krakéw, dnia 03.02.2022 r.

Mgr inz. Teresa Platek

Katedra Biochemii Klinicznej, Uniwersytet Jagiellonski- Collegium Medicum

OSWIADCZENIE

Jako wspétautor pracy:. “Epigenetic Regulation of Processes Related to High Level of
Fibroblast Growth Factor 21 in Obese Subjects”. Platek T, Polus A, Goralska J, Razny U,
Dziewoniska A, Micek A, Dembinska-Kie¢ A, Solnica B, Malczewska-Malec M. Genes (Basel).
2021 Feb 21;12(2):307. oswiadczam, iz méj wiasny wkiad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji wynosi

50 % i polegal na:

- opracowywaniu koncepcji badan,

- wykonywaniu czgsci eksperymentalnej (wykonaniu oznaczen metylacji DNA),
- analizie, opracowaniu i interpretacji uzyskanych wynikow,

- przygotowaniu rycin,

- przygotowaniu manuskryptu pracy w zakresie opisu rezultatéw oraz dyskusji i finalnych

wnioskéw, a takze edycji tekstu. g — /. /
Fese (Leled

(podpis wspotautora)
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Dr hab. Anna Polus

Rkt disin, A Do 0D

Katedra Biochemii Klinicznej, Uniwersytet Jagiellofiski- Collegium Medicum

OSWIADCZENIE

Jako wspotautor pracy:. “Epigenetic Regulation of Processes Related to High Level of
Fibroblast Growth Factor 21 in Obese Subjects”. Platek T, Polus A, Goralska J, Razny U,
Dziewonska A, Micek A, Dembinska-Kie¢ A, Solnica B, Malczewska-Malec M. Genes (Basel).
2021 Feb 21;12(2):307. oéwiadczam, iz méj wlasny wkiad merytoryczny w przygotowanie,

przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji wynosi

10 % i polegat na:

- opracowaniu koncepcji badan,

- analizie, opracowaniu i interpretacji uzyskanych wynikow.

Jednoczes$nie

wyrazam

zgode na  przedlozenie @ w/w  pracy  przez

mgr inz. Terese Platek jako czg$é rozprawy doktorskiej w formie spojnego tematycznie zbioru

artykutéw opublikowanych w czasopismach naukowych.

O$wiadczam, iz samodzielna i mozliwa do wyodrgbnienia czg§¢ ww. pracy wykazuje
indywidualny wktad mgr inz. Teresy Platek polegajgcy na:

- opracowywaniu koncepcji badan,

- wykonywaniu czesci eksperymentalnej (wykonaniu oznaczef metylacji DNA),

- analizie, opracowaniu i interpretacji uzyskanych wynikéw,

- przygotowaniu rycin,

- przygotowaniu manuskryptu pracy w zakresie opisu rezultatéw oraz dyskusji i finalnych

wnioskéw, a takze edycji tekstu.

dr hab. n. med. Anna Polus
1 dis ta j

i Biologii Molekularnej
hor 'il\yﬁiz‘:zwj UJCM

(p()/%’s?wgsgmra)
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Rralcw, diita ks 0 2O02E0

Dr Joanna Géralska

Katedra Biochemii Klinicznej, Uniwersytet Jagiellonski- Collegium Medicum

OSWIADCZENIE

Jako wspétautor pracy:. “Epigenetic Regulation of Processes Related to High Level of
Fibroblast Growth Factor 21 in Obese Subjects”. Platek T, Polus A, Goéralska J, Razny U,
Dziewonska A, Micek A, Dembinska-Kieé A, Solnica B, Malczewska-Malec M. Genes (Basel).
2021 Feb 21;12(2):307. o$wiadczam, iz mdj wlasny wkiad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji wynosi

10 % i polegat na:
- opracowaniu koncepcji badar,
- pozyskaniu finansowania oznaczen poziomu FGF21 w surowicy pacjentéw,
- analizie, opracowaniu i interpretacji uzyskanych wynikow,
- krytycznej ocenie manuskryptu oraz edycji tekstu.
Jednoczesnie  wyrazam  zgode na  przedlozenie w/w  pracy  przez

mgr inz. Teresg Platek jako czes$¢ rozprawy doktorskiej w formie spdjnego tematycznie zbioru

artykutléw opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia czes¢ ww. pracy wykazuje
indywidualny wklad mgr inz. Teresy Platek polegajacy na:

- opracowywaniu koncepcji badan,

- wykonywaniu czesci eksperymentalnej (wykonaniu oznaczen metylacji DNA),

- analizie, opracowaniu i interpretacji uzyskanych wynikow,

- przygotowaniu rycin,

- przygotowaniu manuskryptu pracy w zakresie opisu rezultatéw oraz dyskusji i finalnych

wnioskdw, a takze edycji tekstu.

dr n. med. Joanna Géraj$ka

(podpis¥gkbtautora)
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N
Reakbw, Siin. ) 1.62.2€22

Dr Urszula Razny

Katedra Biochemii Klinicznej, Uniwersytet Jagiellonski- Collegium Medicum

OSWIADCZENIE

Jako wspoétautor pracy:. “Epigenetic Regulation of Processes Related to High Level of
Fibroblast Growth Factor 21 in Obese Subjects”. Platek T, Polus A, Goéralska J, Razny U,
Dziewoniska A, Micek A, Dembinska-Kieé A, Solnica B, Malczewska-Malec M. Genes (Basel).
2021 Feb 21;12(2):307. o$wiadczam, iz moj wiasny wkiad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badar oraz przedstawienie pracy w formie publikacji wynosi

5 % i polegat na:
- wykonaniu oznaczen biochemicznych.

Jednoczeénie  wyrazam  zgode¢ na  przediozenie w/w  pracy  przez
mgr inz. Terese Platek jako czg$¢ rozprawy doktorskiej w formie spéjnego tematycznie zbioru
artykuléw opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrgbnienia czgs¢ ww. pracy wykazuje
indywidualny wkiad mgr inz. Teresy Platek polegajacy na:

- opracowywaniu koncepcji badan,

- wykonywaniu czeéci eksperymentalnej (wykonaniu oznaczen metylacji DNA),

- analizie, opracowaniu i interpretacji uzyskanych wynikéw,

- przygotowaniu rycin,

- przygotowaniu manuskryptu pracy w zakresie opisu rezultatow oraz dyskusji i ﬁnaly&ch

Zaktad Biochemu Khniczife)

wnioskow, a takze edycji tekstu. txutt\x | mngem)%l G v
....... M med. L.r.mda.Razny....

(podpis wspotautora)
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Krakéw, dnia. [} 822022

Dr hab. Matgorzata Malczewska-Malec, prof. UJ

Katedra Biochemii Klinicznej, Uniwersytet Jagiellonski- Collegium Medicum

OSWIADCZENIE

Jako wspétautor pracy:. “Epigenetic Regulation of Processes Related to High Level of
Fibroblast Growth Factor 21 in Obese Subjects”. Platek T, Polus A, Géralska J, Razny U,
Dziewonska A, Micek A, Dembinska-Kieé A, Solnica B, Malczewska-Malec M. Genes (Basel).
2021 Feb 21;12(2):307. oswiadczam, iz mdj wiasny wkiad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji wynosi

10 % i polegat na:

- opracowaniu koncepcji badan,

- interpretacji wynikow pracy,

- krytycznej ocenie manuskryptu.

Jednoczesnie  wyrazam  zgode na  przedlozenie w/w  pracy  przez
mgr Terese Platek jako czg$é rozprawy doktorskiej w formie spéjnego tematycznie zbioru

artykuléw opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia czg$¢ ww. pracy wykazuje

indywidualny wkiad mgr inz. Teresy Platek polegajacy na:

- opracowywaniu koncepcji badan,

- wykonywaniu czgsci eksperymentalnej (wykonaniu oznaczen metylacji DNA),
- analizie, opracowaniu i interpretacji uzyskanych wynikow,

- przygotowaniu rycin,

- przygotowaniu manuskryptu pracy w zakresie opisu rezultatdw oraz dyskusji i finalnych

oler

wnioskow, a takze edycji tekstu. qud Biachgmii Klinie
7/ ner\ Lx 1 \uu normh%

dr hab. Mulgor al 1/ 1 zewska-Malee, prof .

p.o. Kierownik

(podpis wspdtautora)
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