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1. Streszczenie

1.1. Wersja polskojezyczna

Witamina Ds; jest zwigzkiem syntetyzowanym w naskorku zwierzat pod
wplywem promieniowania slonecznego oraz ciepta. w wyniku nieenzymatyczne;j
reakcji prowitamina D3 (7-dehydrocholesterol) przeksztatca sie w cholekalcyferol.
Ograniczenia kontaktu skory ze sloncem, powodowane wspoélczesnym stylem zycia
i praktykami stosowanymi w hodowli zwierzat, prowadzi do niedoboru
cholekalcyferolu i stanowi istotne zagrozenie dla zdrowia.

Ze wzgledu na skale problemu, witamina D stanowi obecnie jeden
z najczesciej rekomendowanych suplementow diety. Mimo to, zalecenia dotyczace
postaci i dawkowania tego Srodka podlegaja licznym kontrowersjom. Przyktad
stanowi¢ moga wytyczne Uni Europiejskiej dotyczace zywienia swin. Rekomendacje
te nie wskazuja, bowiem minimalnej dawki witaminy D, podczas gdy maksymalna
dzienna dawka wynosi 50 pg/kg paszy (2000 IU) niezaleznie od tego, czy jest
podawana w postaci cholekalcyferolu czy kalcydiolu. Tymczasem, wyniki badan
sugeruja, ze efekt suplementacji tych metabolitow jest roézny. Co wiecej,
obowigazujace w Europie zalecenia nie specyfikuja dawek dla poszczegolnych grup
technologicznych. Jednakze liczne badania wskazuja, ze zapotrzebowanie na
witamine D zwiazane jest ze stanem fizjologicznym zwierzat, a co wiecej rowniez
z picia.

Niniejsza praca doktorska obrata za cel analize kilku niewyjasnionych
dotychczas kwestii zwigzanych z suplementacja witaming D, w tym:

— Czy istnieja roznice w stezeniu i dziataniu witaminy D u samic i samcow oraz
jakie sa potencjalne przyczyny ich wystepowania?

— Czy dlugotrwala suplementacja zwiekszona dawka cholekalcyferolu iuzycie
kalcydiolu w diecie powoduje zmiany ekspresji mRNA w tkance mieSniowej
Swin?

— Czy dlugotrwala suplementacja zwiekszona dawka cholekalcyferolu iuzycie
kalcydiolu w diecie powoduje zmiany ekspresji miRNA w tkance ptuc swin?

— Jaki wplyw na poziomy metylacji oraz ekspresje mRNA tkanki pluc swin wywiera
dhugotrwata suplementacja zwiekszona dawka cholekalcyferolu?

Na podstawie przegladu literatury, ustalono, Ze istnieje szereg czynnikow

mogacych powodowac miedzyplciowe roznice w koncentracji i dziataniu witaminy D.

z kolei za pomoca badan z zakresu nutrigenomiki, wykazano, ze tkanka miesniowa,

w przeciwienstwie do tkanki pluc, nie stanowi bezposredniego celu dla
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cholekalcyferolu i kalcydiolu. Stwierdzono rowniez, ze zwieckszenie dawki
cholekalcyferolu i zastosowanie kalcydiolu w zywieniu §win wplywa istotnie na profil
miRNA tkanki pluc, a zwiekszone spozycie cholekalcyferolu wplywa na metylacje

i ekspresje mRNA w tej tkance.



1.2. Wersja anglojezyczna

Vitamin Ds is synthesised in the epidermis of animals under the influence of
sunlight and heat. Provitamin Ds (7-dehydrocholesterol) is converted into
cholecalciferol in a non-enzymatic reaction. The limitation of skin exposure to the
sun caused mainly by modern lifestyle and animal husbandry systems leads to
a health-threatening cholecalciferol deficiency.

Due to the scale of the problem, vitamin D is now one of the most widely
recommended dietary supplements. However, there is considerable controversy
about the form and dosage of this supplement. The European Union guidelines for
pigs do not specify a minimum dose of vitamin D, while the maximum daily dose is
50 pg/kg of feed (2000 IU), supplemented either as cholecalciferol or as calcidiol.
Nevertheless, research suggests that the effects of the intake of these respective
metabolites are different. In addition, current European recommendations do not
specify doses for particular technology groups. Meanwhile, numerous studies show
that the need for vitamin D is related to the physiological state of the animal, as
well as to sex.

This PhD thesis aims to address several questions regarding vitamin D
supplementation, including:

— Are there sex differences in vitamin D concentration and effect?

— Does long-term supplementation with an increased dose of cholecalciferol and
the use of calcidiol in the diet cause changes in mRNA expression in porcine
muscle tissue?

— Does long-term supplementation with an increased dose of cholecalciferol and
the use of calcidiol in the diet cause changes in miRNA expression in porcine
lung tissue?

— What is the effect of long-term supplementation with an increased dose of
cholecalciferol on methylation levels and mRNA expression in porcine lung
tissue?

Based on the literature review, there are factors that may cause intersex differences

in vitamin D levels and effects. On the other hand, the results of the nutrigenomic

study showed that muscle tissue, unlike lung tissue, is not a direct target for
cholecalciferol and calcidiol. Furthermore, increased intake of cholecalciferol and
the use of calcidiol in the pig diet appear to significantly affect the miRNA profile of
lung tissue, and increased intake of cholecalciferol on the methylation and mRNA of

this tissue.



2. Wstep

Witamina D (kalcyferol) jest obecnie jednym z najczesciej rekomendowanych
suplementow diety (Pludowski i wsp., 2022). Witamina ta moze by¢ pozyskiwana
z produktow zywnosciowych, takich jak tluste ryby, jaja, nabial i grzyby. Niemniej
jednak, glownym, naturalnym regulatorem poziomu witaminy D w organizmie

wiekszosci ssakow jest ekspozycja skory na promieniowanie sloneczne.

Do niedawna dzialanie witaminy D taczone bylo przede wszystkim z regulacja
rownowagi wapniowo-fosforanowej organizmu. Jednak witamina D wykazuje
znacznie szersze spektrum dziatania. Uwaza sie, ze witamina ta moze kontrolowac
prace nie tylko ukladu odpornosciowego, ale réwniez sercowo-naczyniowego,
oddechowego 1irozrodczego czy miesni (Pludowski i wsp., 2018). Ocenia sie, ze
receptor witaminy D reguluje az 5% genomu ssakow, a jego ekspresje potwierdzono
w ponad 60 typach komorek (Pasing i wsp., 2017; Passeron i wsp., 2019). Co wiecej,
szacuje sie, ze suplementacja witaming D moze zmienia¢ ekspresje ponad 700
genow w ludzkich komoérkach jednojadrzastych krwi obwodowej (Neme i wsp.,
2019). Jednoczesnie, rekomendacje dotyczace dawkowania witaminy D wydaja sie
by¢ niejasne, azakres jej dzialania podlega licznym dyskusjom. Jedna
z prawdopodobnych przyczyn, dla ktorych analizy wplywu witaminy D daja
niespojne rezultaty moze byc¢ to, iz wiekszoS¢ badan sprawdza efekt witaminy D
w odniesieniu do leczenia lub lagodzenia istniejacych juz schorzen. By¢ moze
zapobiegawcze dzialanie witaminy D posiada wiekszy potencjal niz dziatanie
lecznicze. Wydaje sie, ze rozszerzenie wachlarza badan prowadzonych wylacznie na
zdrowych osobnikach mogloby poméc w ustaleniu faktycznych wlasciwosci

prewencyjnych witaminy D.

Nalezy zwréci¢ uwage, ze niedobor witaminy D towarzyszy wielu przewleklym
chorobom zwiazanymi z ze stresem oksydacyjnym i stanem zapalnym (Bhattarai
i wsp., 2020). Duzg czes¢ tych schorzen stanowia choroby cywilizacyjne takie jak
otylosé, cukrzyca typu II czy nowotwory (Turer i wsp., 2013; Lips iwsp., 2017).
Wystepowanie niedoboru witaminy D ichorob cywilizacyjnych jest ze soba silnie
skorelowane poniewaz oba te problemy maja wspoélne zrodlo- nienaturalny tryb
zycia, ktory czesto charakteryzuje kraje rozwiniete. Koncentracja witaminy D
w organizmie uwazana jest za wskaznik dobrostanu i zdrowego stylu Zycia, jednak
ocena, czy niedobo6r witaminy D jest przyczyna czy skutkiem wspomnianych chorob

jest trudna. Wspoélczesny styl zycia ludzi jak isposoby utrzymania zwierzat



charakteryzujace sie brakiem ekspozycji na sltonce, niewlasciwa dieta czy
niewystarczajaca aktywnoscia fizyczna, powoduja niedoboér witaminy D. Z drugiej
strony, choroby cywilizacyjne, takie jak cukrzyca typu 2, choroby serca czy otylosc,
moga wplywa¢ na metabolizm witaminy D. Pomimo licznych przestanek
Swiadczacych o zwiazku witaminy D z wieloma chorobami, jak rowniez mimo
powszechnej dostepnosci tego srodka, istnieje szerokie pole do dalszych badan

w tym zakresie.

Witamina D posiada strukture sekosteroidows, ktora obejmuje pierscien
steroidowy z charakterystycznym peknieciem i boczng, !ancuchowa grupa
alifatyczna (Pérez-Lopez, 2007). Wyr6znia sie dwie glowne formy witaminy D: D,
iDs. Obie powstaja wwyniku reakcji nieenzymatycznych  z udzialem
promieniowania slonecznego frakcji UV-B o dlugosci fali 280-315 nanometrow
(Gholami i wsp., 2019). Witamina D,, zwana rowniez ergokalcyferolem, powstaje
w wyniku procesu fotolizy ergosterolu. Ergosterol, czyli prowitamina D> to sterol
wchodzacy w sklad blon komoérkowych grzybow. Z kolei witamina Ds, czyli
cholekalcyferol, syntetyzowana jest w warstwie podstawowej naskorka zwierzat.
Substratem niezbednym do syntezy witaminy Ds jest prowitamina Dj, czyli 7-
dehydrocholesterol. Zwiazek ten, pod wplywem promieniowania UV-B oraz ciepla,
przeksztalca sie w cholekalcyferol. W organizmach zwierzat witamina D, zaréwno ta
syntetyzowana w skorze (cholekalcyferol), jak ita dostarczana droga doustna
(cholekalcyferol lub ergokalcyferol), ulega dwom procesom metabolicznym w celu

biologicznej aktywacji (Holick i wsp., 2011).

Cholekalcyferol, ergokalcyferol oraz wszystkie ich pochodne, transportowane
sa krwiobiegiem przylaczone do biatka wiazacego witamine D (DBP). Jednak
w przypadku egzogennej witaminy D kluczowag role w transporcie odgrywajg rowniez
chylomikrony (Pludowski iwsp., 2018). Chylomikrony to lipoproteiny, ktore
transportuja trojglicerydy oraz witaminy rozpuszczalne w ttuszczach. W komoérkach
Scian jelita cienkiego witamina D wlaczana jest do struktury chylomikronow
w procesie emulgacji tluszczow. Nastepnie lipoproteiny wraz z witaming D sa
transportowane przez naczynia limfatyczne do ukladu krwionosnego. W ten sposob
chylomikrony rozprzestrzeniaja witamine D w réznych tkankach organizmu, gdzie
moze ona zostaC uwolniona i wykorzystana w kolejnych procesach biologicznych.
Jednakze, wiekszos¢ cholekalcyferolu i ergokalcyferolu trafia do watroby zwiazane
z biatkiem DBP. W watrobie, za posrednictwem hydroksylaz CYP2R1 oraz CYP27Al,
odbywa sie pierwszy etap aktywacji witaminy D. Wymienione enzymy przeksztalcaja



cholekalcyferol iergoklacyferol = w kalcydiol (25(0OH)D), ktory  nastepnie
transportowany jest do nerek (Jeon i Shin, 2018). Nerki sg najwazniejszym
miejscem drugiej hydroksylacji witaminy D. W mitochondrialnych komérkach
nerek, pod wplywem hydroksylazy CYP27B1, kalcydiol przeksztalcany jest
w kalcytriol (1,25(0OH)2D) (Rycina 1.).

~ ™ @

7-dehydrocholesterol o i
Cholekalcyferol (Witamina D3)

Ergokalcyferol (Witamina D;)

Cholekalcyferol

\ - (Witamina D3) X

Kalcytriol

VDR

r

Rycina 1. Gléwna Sciezka biologicznej aktywacji i rozpoznawania endogennej oraz

egzogennej witaminy D.

Kalcydiol stanowi glowny metabolit witaminy D krazacy w krwiobiegu,
poniewaz biatko DBP ma dwudziestokrotnie wigcksze powinowactwo do kalcydiolu
w porownaniu do kalcytriol (Fond iwsp., 2019). Co ciekawe, ekspresje enzymu
aktywujacego witamine D (CYP27B1) zaobserwowano w wielu tkankach, miedzy
innymi w: nablonku prostaty, komérkach odpornosciowych, komérkach tarczycy,
watroby, gonad czy trzustki (Adams i Hewison, 2012). Dlatego wydaje sie, ze

kalcydiol moze by¢ aktywowany w roznych tkankach. Jednakze dzialalnosc



hydroksylazy CYP27B1 rozni sie w zaleznosci od miejsca ekspresji. W nerkach
glownymi regulatorami aktywnoSci tego enzymu sa zmiany w poziomie
parathormonu (PTH) iczynnika wzrostu fibroblastow 23 (FGF23), podczas gdy
w innych lokalizacjach, jego dzialanie jest kontrolowane przez duza grupe cytokin

(Kerschan-Schind, 2016; Oliveira i wsp., 2017).

Kalcytriol, czyli aktywna forma witaminy D, moze pelni¢ swoja biologiczna
funkcje dzieki polaczeniu z receptorem witaminy D (VDR). VDR, nalezacy do grupy
receptorow jadrowych, znajduje sie w wiekszosci tkanek ssakow. Niemniej jednak,
poziom ekspresji tego genu rozni sie w zaleznosci od tkanki ijest szczegolnie
zauwazalny w watrobie, jelitach, koSciach, przytarczycach inerkach, czyli
w tkankach zaangazowanych w regulacje homeostazy wapnia i fosforu (Pludowski
i wsp., 2018). Co wiecej, VDR posiada zdolnos¢ tworzenia heterodimeru z jadrowym
receptorem retinoidowym RXR. Powstaly w ten sposob kompleks VDR-RXR moze
oddzialywa¢ z VDRE (ang. Vitamin D Response Element). Gdy aktywna forma
witaminy D potaczy sie z VDR, kompleks VDR-RXR przylacza sie do sekwencji
nukleotydowej VDRE w genie i wten sposob reguluje jego ekspresje (Haussler
i wsp., 2011). Ten proces odgrywa kluczowa role w dziataniu witaminy D, obejmujac

regulacje jej poziomu w organizmie.

Ostatni etap metabolizmu, katabolizm witaminy D, zachodzi przy udziale
enzymu CYP24A1, produkowanego w nerkach (Adams i Hewison, 2012). Dzialanie
tego enzymu jest jednym ze sposobéw zapobiegania akumulacji toksycznych stezen
witaminy D w organizmie. Hydroksylaza CYP24A1 metabolizuje zaro6wno kalcydiol
jak i kalcytriol, chociaz wykazuje wyzsze powinowactwo do kalcytriolu (Fond i wsp.,
2019). Metabolity witaminy D sa inaktywowane poprzez hydroksylacje do kwasu
kalcytriolowego czyli 1,24,25(0OH)sD. Kontrola ekspresji enzymow CYP24A1 oraz
CYP27B1 poprzez zmiany stezenia kalcytriolu jest glownym regulatorem poziomu

witaminy D w organizmie (Jeon i Shin, 2018; Kerschan-Schind, 2016).

Mechanizm ujemnego sprzezenia zwrotnego witaminy D jest kontrolowany
przez wspomniany juz parathormon (PTH) oraz FGF-23 (fibroblast growth factor 23)
(Adams i Hewison, 2012). PTH jest hormonem peptydowym, a FGF-23 to biatko
wytwarzane glownie przez osteocyty ale oba te czynniki pelnia kluczowa role
w regulacji homeostazy wapnia i fosforu poprzez wplyw na poziom witaminy D. PTH
jest wydzielany przez przytarczyce w odpowiedzi na niski poziom Ca we krwi, w ten
sposob stymuluje on aktywnos¢ CYP27B1 w nerkach. Zwigckszona aktywnosc

CYP27B1 powoduje wzrost stezenia kalcytriolu. Co z kolei moze przyczyniac sie do
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zwiekszenia wchlaniania wapnia w jelicie cienkim i resorpcji wapnia z nerek oraz
wzrostu wchlaniania wapnia przez osteocyty (Suda i wsp., 2003). Z kolei FGF-23,
jest produkowany przez osteoblasty i osteocyty w odpowiedzi na zbyt wysoki poziom
fosforanow i kalcytriolu we krwi. FGF-23 hamuje nerkowa ekspresje enzymu
aktywujacego witamine D (CYP27B1) zwiekszajac jednoczesnie aktywnos¢ enzymu
katabolizujacego te witamine (CYP24A1l) (Passeron i wsp., 2019). Potwierdzaja to
rowniez wyniki badan wlasnych przeprowadzone na szczurach, ktéore wskakuja, ze
wzrost stezenia witaminy D powoduje spadek ekspresji genu Cyp27b1 w nerkach

samic szczurow (Oczkowicz i wsp., 2021).

Wymienione wyzej, elementarne mechanizmy regulatorowe, kontrolowane sa
przez czynniki sSrodowiskowe i nieSrodowiskowe. Wsrod czynnikow srodowiskowych
wymieni¢ nalezy przede wszystkim diete oraz czas ekspozycji skory na dziatanie
slonica. Prawidlowe, zrownowazone zywienie pokrywa tylko kilka procent dziennego
zapotrzebowania na witamine D. Dlatego najwazniejszym, naturalnym czynnikiem
determinujacym stezenie tej witaminy w organizmie jest czas ekspozycji skory na
promieniowanie UV-B (Gholami iwsp., 2019). Niestety, wspolczesne praktyki
stosowane w masowej hodowli zwierzat sprawiaja, ze kontakt skory ze sloncem jest
silnie ograniczony, a czasami wrecz niemozliwy. Podobnie u ludzi, ekspozycja na
stonice jest mocno limitowana poprzez czeste przebywanie wewnatrz budynkoéw oraz
powszechne stosowanie kosmetykow z filtrem ochronnym (SPF - Sun Protective
Filter). Warto wiedzie¢, ze kosmetyki z SPF 215 ograniczajg synteze cholekalcyferolu
w skorze nawet do 95% (Matsuoka i wsp., 1987). Co wiecej, na wielu obszarach,
w tym w Polsce, czas ipoziom nastonecznienia zmieniaja sie¢ radykalnie w ciggu
roku. Efektem tych zmian sa czesto diagnozowane, powazne, sezonowe deficyty
witaminy D w osoczu (Sanghera i wsp., 2017). Dlatego suplementacja diety ludzi
i zwierzat witaming D jest tematem szczegdlnie istotnym dla krajow poéinocne;j

Europy.

Druga kategoria czynnikéw determinujacych poziom witaminy D
w organizmie obejmuje czynniki niezalezne od Srodowiska takie jak wiek, stan
fizjologiczny oraz kolor skory. Wiek jest jednym 2z czynnikéow najsilniej
skorelowanych z poziomem witaminy D w organizmie (Bhattarai i wsp., 2020).
Procesy metaboliczne u osob starszych sa znacznie spowolnione, podobnie jak
biochemiczny proces syntezy cholekalcyferolu w skorze. Seniorzy charakteryzuja sie
rowniez gorszym wchlanianiem witamin i mineraléw z przewodu pokarmowego. Co

wiecej, udowodniono, ze poziom ekspresji VDR zmniejsza si¢ wraz z wiekiem
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(Bischoff-Ferrari i wsp., 2004). Te czynniki powoduja, ze zalecenia dotyczace
suplementacji witaminy D dla oséb starszych powinny rézni¢ sie od tych
rekomendowanych na przyklad dla mtlodziezy. Wytyczne dotyczace suplementacji
witaminy D powinny by¢ réwniez specyficzne dla kobiet i samic zwierzat w okresie
ciazy i menopauzy. Przyczynami specjalnych rekomendacji dla tych grup sa zmiany
w koncentracji hormonéw plciowych. Kolejnym waznym czynnikiem regulujacym
synteze cholekalcyferolu jest kolor skory. Zwiekszona ilos¢ melaniny w skorze
gwarantuje ochrone skory przed stoncem. Stad zaleznos¢: im ciemniejszy kolor

skory, tym stabsza synteza cholekalcyferolu (Passeron i wsp., 2019).

Wplyw wymienionych wczesniej czynnikow na funkcje i poziom witaminy D
jest juz solidnie udokumentowany, w przeciwienstwie do pici, w przypadku ktorej
istnieje wiele sprzecznych doniesien (Oczkowicz i wsp., 2021; Ning i wsp., 2016;
Muhairi iwsp., 2013; Sanghera iwsp., 2017). Przeprowadzono szereg badan,
w ktorych koncentracja witaminy D rozni sie w zaleznosci od plci (Ning i wsp., 2016;
Kestenbaum i wsp., 2011; Hutchinson i wsp., 2010). Ponadto badania dowodza, ze
suplementacja witaminy D moze modulowac¢ funkcje wydzielnicze gruczotow
plciowych oraz stezenie biatka wigzacego hormony plciowe (SHBG) (Mehri i wsp.,
2017). Wykazano rowniez, ze hormony plciowe, wplywaja na poziom ekspres;ji
enzymow CYP27B1 oraz CYP24A1, ktore SciSle reguluja stezenie witaminy D
(Donlon i wsp., 2018). Pomimo tych zaleznosci, zalecenia dotyczace suplementacji
witaming D sg bardzo ogolne i jednakowe dla obu plci. Dlatego uzasadnione wydaje
sie dokladne przeanalizowanie dostepnych danych literaturowych w celu
uporzadkowania zidentyfikowanych dotad réznic w koncentracji i dzialtu witaminy D

u samic i samcow.

Kolejnymi czynnikami, wywolujacymi burzliwe dyskusje w srodowisku
badaczy jest optymalna dawka iforma witaminy D. Wigkszos¢ rekomendacji
zaklada, ze >30 nanogramow witaminy D w 1 mililitrze osocza krwi (>75 nmol/]) jest
stezeniem prawidlowym (Pludowski i wsp., 2018; Holick i wsp., 2011). W przypadku
niedoboru lub prewencyjnie, witamina D, zaroéwno u ludzi jak 1izwierzat
gospodarskich suplementowana jest najpowszechniej w formie cholekalcyferolu.
Popularnie dostepne na rynku suplementy dla ludzi zawieraja zazwyczaj 50 ug
cholekalcyferolu (2000 j.m.). Podczas gdy dzienna dawka zalecana przez Europejski
Urzad ds. Bezpieczenstwa Zywnosci (EFSA) wynosi 15 ug (600 j.m.) (Vitamin D:
EFSA sets dietary reference values, 2016). Jednoczesnie specjaliSci EFSA uznali

250 ug/dzien (10 000 j.m.) za dawke bezpieczna (Scientific Opinion on the Tolerable
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Upper Intake Level of vitamin D, 2012). Co jeszcze bardziej zaskakujace, wyniki te
zostaly oparte na badaniach obejmujacym wylacznie grupe mezczyzn. Ponadto, jak
napisano w raporcie- z powodu braku danych- panel UE okreslit 100 ug/dzien
(4000 j.m.), jako dawke najbezpieczniejsza dla dzieci, mlodziezy, kobiet w ciazy
i kobiet karmiacych piersia (Scientific Opinion on the Tolerable Upper Intake Level
of vitamin D, 2012). Podobne niejasnosci znalez¢ mozna w wytycznych dotyczacych
zywienia Sswin. Brak jest konkretnych informacji dotyczacych suplementacji
witaming D w poszczegolnych grupach technologicznych. Aktualne zalecenia Uni
Europiejskiej dotyczace swin, podobnie jak ,innych gatunkow zwierzat”, nie
wskazuja minimalnej dawki witaminy D, podczas gdy maksymalna dzienna dawka
wynosi 50 pg/kg paszy (2000 j.m.) niezaleznie od tego, czy jest ona
suplementowana w postaci cholekalcyferolu czy kalcydiolu (Rozporzadzenie
Wykonawcze Komisji (UE) 2019/849). Tymczasem wyniki porownania
biodostepnosci i bioaktywnosci cholekalcyferolu i kalcydiolu wskazuja, ze
suplementacja kalcydiolem moze by¢ skuteczniejsza w podnoszeniu poziomu
witaminy D w osoczu (Duffy i wsp., 2018, Upadhaya i wsp., 2022). Z kolei wedlug
norm ustalonych w Stanach Zjednoczonych, dawka 800 j.m. (bez informacji
o formie) jest wystarczajaca do pokrycia zapotrzebowania na witamine D u loch
ciezarnych ikarmiacych (Nutrient Requirements of Swine, National Research
Council, U.S., 2012). Co rowniez zaskakujace, National Research Council, juz
w roku 1987 uznal, ze dawka 2200 j.m. witaminy D w warunkach dlugotrwalego

karmienia (powyzej 60 dni) jest dawka bezpieczna dla swin.

Praktycznie, w przemysle trzody chlewnej, podobnie jak w zywieniu ludzi,
najpowszechniej stosowana dzienna dawka cholekalcyferolu wynosi 2000 j.m.
(Zhang i wsp., 2022). Biorac pod uwage istotnos¢ witaminy D dla prawidlowego
funkcjonowania organizmu wymienione wyzej normy wydaja sie wymagac
formalnego doprecyzowania i aktualizacji. Co wiecej, wyniki badan prezentujace
zwiazek witaminy D zrozwojem choréb phluc ujawniaja, ze stosowanie
alternatywnych form witaminy D, takich jak kalcydiol, budzi coraz wigksze
zainteresowanie (Entrenas-Castillo i wsp., 2022). O ile wiadomo, ze stosowanie
kalcydiolu czyli czeSciowo aktywowanej formy witaminy D, skuteczniej zwieksza
stezenie tego metabolitu w osoczu, nadal pozostaje niejasne, w jakim stopniu

przektada sie to na korzysci zdrowotne.

Obecnie niewystarczajaca koncentracja witaminy D w osoczu krwi ludzi jest

globalnym problemem, ktory osiagnal status pandemii (Holick, 2017). Poziom
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witaminy D w osoczu zwierzat nie podlega rutynowym kontrolom, dlatego nie
sposob jest okreslic powszechnos¢ niedoboru tej witaminy u zwierzat
gospodarskich, jaki i towarzyszacych. Jednakze, poniewaz opisywane zjawisko ma
charakter postepujacy, konieczne jest opracowanie precyzyjnych strategii
suplementacyjnych dla réznych grup fizjologicznych zarowno u ludzi jak i zwierzat.
Wylonienie wszystkich czynnikow regulujacych efekt suplementacji witaminag D oraz
doglebne poznanie zaleznosSci wystepujacych miedzy nimi pomoze w okresleniu

zasady skutecznej i bezpiecznej suplementacji ta witamina.

W ostatnich latach witaminie D przypisuje si¢ szerokie spektrum dziatania,
obejmujace przeciwdzialanie nowotworom, poprawe funkcjonowania miesni czy
poprawe kondycji psychicznej. Jednak badania kliniczne dostarczaja sprzecznych
rezultatow i jak dotad, sposrod choréb poza szkieletowych, najlepiej udowodnionym
efektem witaminy D jest dzialanie w obrebie ukladu odpornosciowego (Gombart,
2009). Wybuch pandemii wirusa SarCoV-2 dodatkowo zintensyfikowal badania
w tym zakresie w odniesieniu do tkanki pluc (Xiao iwsp., 2021). Zwierzeta
hodowlane — zwlaszcza trzoda chlewna, narazone sg na szkodliwe dzialanie pylow
pochodzacych z pasz i Sciolki, a takze na infekcje drobnoustrojami takimi jak
Mycoplasma pneumoniae. Wszystko to moze prowadzi¢ do chordob, spowalniac
przyrosty, a nawet powodowac¢ upadki zwierzat. Dlatego porownanie efektow
przyjmowania réznych dawek i form witaminy D na transkryptom i epigenom tkanki
plucnej moze pomoc w lepszym wykorzystaniu potencjalu witaminy D. Z punktu
widzenia hodowli zwierzat efekt dzialania witaminy D wart jest sprawdzenia takze
w tkance miesniowej — glownym produkcie hodowli. Jednoczesnie Swinia domowa
coraz czesciej wykorzystywana jest jako zwierze modelowe dla badan nad
czlowiekiem, dlatego uzyskane wyniki moga pomoc w ocenie wplywu suplementacji
witaming D na zdrowie ludzi. Z kolei, =zastosowanie nowoczesnych,
wysokoprzepustowych technik sekwencjonowania umozliwi poznanie potencjalnych

mechanizméw molekularnych odpowiadajacych za dzialanie witaminy D.
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3. Cele pracy doktorskiej

Wilasciwosci witaminy D podlegaja badaniom od dziesiatek lat, jednakze
dopiero od niedawna, dzigki wysokoprzepustowych metodom sekwencjonowania
nastepnej generacji, mozliwe jest dokladane poznanie mechanizmow
molekularnego tego zagadnienia. Dlatego czerpiac wiedze z wnioskoéw innych
badaczy oraz poprzez analize danych uzyskanych na drodze badan wlasnych

podjeto probe odpowiedzi na nastepujace pytania:

«» Czy istnieja roznice w stezeniu i dziatlaniu witaminy D u samic i samcow

oraz jakie sg potencjalne przyczyny ich wystepowania?

% Czy dlugotrwata suplementacja zwickszong dawka cholekalcyferolu
i uzycie kalcydiolu w diecie powoduje zmiany ekspresji mRNA w tkance
miesSniowej Swin?

 Czy dlugotrwala suplementacja zwickszong dawka cholekalcyferolu
i uzycie kalcydiolu w diecie powoduje zmiany ekspresji miRNA w tkance

ptuc swin?

% Jaki wplyw na poziomy metylacji oraz ekspresje mRNA tkanki ptuc swin

wywiera dlugotrwala suplementacja zwiekszona dawka cholekalcyferolu?
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4. Cykl publikacji naukowych

4.1. Publikacja I

Sex Differences in Vitamin D Metabolism, Serum Levels and Action

Obecnos¢ receptorow witaminy D oraz ekspresja enzymow metabolizujacych
witamine D zostala potwierdzona w réznorodnych tkankach i komorkach ssakow
(Wang iwsp., 2012). To rozpowszechnienie sugeruje, ze witamina ta dziala
plejotropowo.  Wskazuja na to rowniez wyniki badan, ktore donosza o jej
przeciwnowotworowych, kardioprotekcyjnych i przeciwcukrzycowych
wlasciwosciach (Manson iwsp., 2019). Jednak najlepiej udokumentowanymi
funkcjami tej witaminy sa: utrzymanie homeostazy wapniowo-fosforanowej oraz
immunomodulacja (Gombart, 2009). Ze wzgledu na dzialanie witaminy D
w szerokim wachlarzu kluczowych dla organizmu funkcji, utrzymanie jej
prawidlowej koncentracji jest niezbedne. Koncentracja witaminy D u ssakow
regulowana jest przez wiele czynnikéw, zaréwno Srodowiskowych jak
i nieSrodowiskowych. Ple¢  jest prawdopodobnie  jednym z czynnikow
nieSrodowiskowych, ktory moze wplywac na koncentracje i dzialanie tej witaminy
(Oczkowicz i wsp., 2021; Pasing i wsp., 2017; Ning i wsp., 2016; Muhairi i wsp.,
2013; Sanghera i wsp., 2017).

Ze wzgledu na wielopoziomowy zakres aktywnosci oraz powszechnosc
stosowania, poznanie ro6znic miedzyplciowych w metabolizowaniu i dziataniu
witaminy D jest bardzo istotne. Poszerzenie wiedzy w tym obszarze moze prowadzic¢
do powstania rekomendacji dietetycznych dostosowanych do plci. Wydaje sie to byc¢
wazne nie tylko z perspektywy zdrowia czlowieka, ale rowniez z punktu widzenia
hodowli zwierzat. W dobie dynamicznego postepu w medycynie spersonalizowanej,
roznice w procesach fizjologicznych pomiedzy pacjentami wymagaja szczegolnej
uwagi (Carlberga i Haq, 2018). Co wiecej nieprawidlowosci zwiazane z dystrybucja
witaminy D moga obniza¢ dobrostan zwierzat oraz zyski hodowcow. Niniejszy
przeglad literatury skupia wyniki ponad 150 prac naukowych, glownie z bazy
PubMed, w celu identyfikacji réznic w koncentracji i dziataniu witaminy D u samic
i samcow. Ponadto artykul gromadzi wykryte dotychczas cechy plciowe mogace

powodowac roznice w syntezie i metabolizmie witaminy D.
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Analize zagadnienia rozpoczeto od ustalenia, czy istnieja dowody sugerujace,
ze nizsza koncentracja witaminy D moze by¢ powiazana z ktoras z plci. W tym celu
stworzono zbior artykulow opisujacych wyniki pomiarow kalcydiolu w osoczu krwi
kobiet i mezczyzn. Dokladna ocena umozliwita wytypowanie 16 prac prezentujacych
najbardziej wiarygodne rezultaty. Podczas wyboru artykulow kierowano sie jakoscia
opisu badanej kohorty oraz jej liczebnoscig. Wykorzystane prace opisuja wyniki
badan ludzi w roznym wieku i z roznych stron swiata. Najszerzej zakrojone, badanie
VITAL (VITamin D and OmegA-3 Trial) przeprowadzone w Stanach Zjednoczonych
na grupie 15 804 oséb w wieku <50 lat wykazato, ze niedobor witaminy D dotyka
znacznie czesciej mezczyzn (P < 0.001) (Luttmann-Gibson i wsp., 2019). Jednakze,
bylo to 1 zzaledwie 3 badan typujacych pte¢ meska jako ta o nizszym stezeniu
witaminy D. Pozostate 13 artykulow wykazalo, ze to ple¢ zenska charakteryzuje sie

nizszg koncentracja tej witaminy w osoczu.

Nastepnym etapem podjetego przegladu bylo stworzenie zbioru prac
raportujacych o wynikach miedzyplciowych poréwnan efektow witaminy D. Na
podstawie niemal 100 artykuléow przygotowano analize zwiazku miedzy statusem
witaminy D, a wystepowaniem i przebiegiem poszczegolnych zaburzen szkieletowych
i nie szkieletowych. W przegladzie omowiono roznice w dzialaniu witaminy D
w obrebie ukladu miesSniowo-szkieletowego, sercowo-naczyniowego, nerwowego
i odpornosciowego, a takze w zakresie procesu onkogenezy u samic isamcow.
Skrupulatna analiza zgormadzonych danych pozwolilta na sformulowanie
potencjalnych réoznic w odniesieniu do poszczegolnych uktadow. i tak, w przypadku
uktadu ruchu, ustalono, ze to kobiety moga by¢ bardziej narazone na uszkodzenia
i nieprawidlowosci w funkcjonowaniu ukladu kostnego pod wplywem niskiego
poziomu witaminy D. Wyniki badan sugeruja rowniez, ze witamina D wykazuje
mocniejszy efekt terapeutyczny u kobiet w porownaniu do mezczyzn w odniesieniu
do chor6ob ukladu nerwowego. Z kolei zwiazek niedoboru witaminy D z poziomem
masy i sily miesni oraz zdrowiem kardiometabolicznym wydaje sie by¢ bardziej
istotny u mezczyzn niz u kobiet. Natomiast, wytypowanie plci, dla ktorej zwiazek
koncentracji witaminy D z procesem powstawania nowotworu bylby wiekszy jest
bardzo trudne. Powodem tego jest ogrom mozliwosci dotyczacy typow nowotworow
i nieprzewidywalnoS¢ samego procesu onkogenezy. Jednakze, na podstawie
dokumentacji medycznej 217 244 os6b, mieszkancéw Dani, ustalono, ze wyzsze
stezenie witaminy D nie jest zwigzane z rozwojem raka piersi, jajnika i trzonu
macicy, ale jest zwiazane z czestszym wystepowaniem raka skory, prostaty i raka

hematologicznego (Vojdeman i wsp., 2019). Co wiecej, ustalono rowniez, ze wyzsze
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stezenie witaminy D laczy sie z mniejszym ryzykiem wystapienia najczesciej
diagnozowanego nowotworu, czyli raka pluc. Ustalenia te, typujac nowotwory
charakterystyczne dla plci, oraz wyniki innych badan moga sugerowac potencjalnie

rozny wplyw witaminy D na powstawanie nowotworéw u kobiet i mezczyzn.

Na podstawie zgromadzonej literatury stworzono wykaz wlasciwosci
fizjologicznych samic i samcow, ktére moga prowadzi¢c do potencjalnych réznic
w koncentracji i dzialaniu witaminy D (Rycina 2.). Mimo to, zebrane wyniki badan
nie umozliwiaja postawienia jednoznacznych wnioskow, poniewaz wigekszosS¢ z nich
to badania obserwacyjne o sprzecznych rezultatach. Niniejszy przeglad literatury
ujawnia potrzebe przeprowadzenia starannie zaprojektowanych badania klinicznych
i eksperymentéw na modelach zwierzecych w celu okreslenia roli czynnikow innych

niz sSrodowiskowe, w tym roéznic miedzypltciowych w dziataniu witaminy D.
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Rycina 2. Roznice plciowe, ktoére moga wplywac na synteze i metabolizm witaminy D

w organizmach samic i samcow.
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4.2. Publikacja II

Effect of Different Doses of Cholecalciferol and Calcidiol on Meat Quality
Parameters and Skeletal Muscle Transcriptome Profiles in Swine

4.2.1. Materialy i metody:

. Zwierzeta i zywienie

W badaniu wykorzystano 34 probki miesni pobranych od swin potomstwa loch
PBZ (Polska Biala Zwistoucha) x WBP (Wielka Biala Polska) pokrytych knurem
duroc x pietrain. Wszystkie procedury zawarte wtym badaniu, zwigzane
z wykorzystaniem zywych zwierzat zostaly zatwierdzone przez lokalng Komisje
Etyczna do spraw Doswiadczen na Zwierzetach w Krakowie (Uchwata nr 427/2020
z dnia 22.07.2020 r.). Zwierzeta biorace udzial w eksperymencie byly utrzymywane
w Stacji Badawczej Instytutu Zootechniki Panstwowego Instytutu Badawczego
w Grodzcu Slaskim. Zwierzeta zostaly losowo podzielone na cztery grupy
zywieniowe. Kazda z grup zawierala 12 osobnikéow wtym 6 samic i 6 samcow.
Samce wykorzystane w eksperymencie zostaly uprzednio wykastrowane. Majac na
uwadze fakt, ze pte¢ moze wplywac na wyniki analiz, iloS¢ zwierzat obu plci byla
taka sama w kazdej z badanych grup. Dieta zwierzat roznila sie jedynie dawka

i formg witaminy D.
Dawkowanie witaminy D w grupach bylo nastepujace:

-1 grupa (grupa kontrolna) 2000 j.m. cholekalcyferolu (grower) i 1500 j.m.
cholekalcyferolu/kg paszy (finiszer) -12 osobnikow

- 2 grupa 3000 j.m. cholekalcyferolu (grower) i 2500 j.m. cholekalcyferolu/kg

paszy (finiszer) - 12 osobnikow

- 3 grupa 2000 j.m. cholekalcyferolu +1000 j.m. kalcydiolu (grower) i 1500 j.m.
cholekalcyferolu +1000 j.m. kalcydiolu/kg paszy (finiszer) — 12 osobnikow

- 4 grupa 2000 j.m. kalcydiolu (grower) i 1500 j.m. kalcydiolu/kg paszy (finiszer)

— 12 osobnikow

Wszystkie zwierzeta utrzymywane byly w indywidualnych kojcach wyscielanych
stoma. W kojcach panowaly jednolite warunki Srodowiskowe. Mase ciata sSwin
mierzono na poczatku eksperymentu, a nastepnie, co dwa tygodnie. W zywieniu
zwierzat wykorzystano dwie mieszanki paszowe zgodnie zich aktualnymi

potrzebami (I okres tuczu - grower - 30-60 kilogramow, II okres tuczu - 60-110
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kilogramoéw - finiszer). Dieta zostala opracowana tak, aby pokryc¢ wszystkie potrzeby
zywieniowe zwierzat (GROWER MIX: energia metaboliczna - 13,3 MJ, biatko
catkowite - 172 g/kg; FINISHER MIX: energia metaboliczna - 13,3 MJ, bialko
catkowite - 156 g/kg). Tucz doswiadczalny trwal w przyblizeniu od 30 do 110
kilogramoéw zywej masy zwierzat. Pod koniec doswiadczenia wszystkie Swinie zostaly
poddane ubojowi przy uzyciu kleszczy elektrycznych wysokiego napiecia (240-400
V). Natychmiast po uboju od wszystkich zwierzat pobrano probki krwi. Krew do
pomiaru stezenia kalcydiolu pobrano do probéwek z antykoagulantem ACD
(cytrynian kwasnej dekstrozy/glukoza). Probki krwi przechowywano w temperaturze
+6°C do momentu pozyskania osocza. Osocze pozyskano poprzez wirowanie krwi
w wirowce gradientowej (3000 RPM). Nastepnie przechowywano je w temperaturze -

20°C.

Bezposrednio po dokonaniu uboju, pobrano takze probki tkanki miesniowej od 8
osobnikow z grupy 1, 3 i4, oraz od 10 osobnikéw z grupy 2. Tkanke mieSniowa
przeznaczona do analizy genomowej pobrano z obszaru miedzy ostatnim kregiem
piersiowym a pierwszym kregiem ledzwiowym. Probki te przechowywano

w temperaturze -85 °C do czasu badania.
° Pomiar stezenia 25(OH)D w osoczu krwi .

Catkowite stezenie witaminy D w osoczu zostalo oznaczone w 32 probkach (8
probek z kazdej grupy) przez firme zewnetrzng (ANCHEM Laboratorium, ul. Fredry
20, Katowice, Polska). Zamrozone probki osocza zostaly przestane do laboratorium
z zachowaniem rownomiernej temperatury podczas transportu. Oznaczenie stezenia

witaminy D w osoczu wykonano metodg RIA (oznaczenia radioimmunologiczne).

. Izolacja RNA, konstrukcja bibliotek mRNA i Next Generation
Sequencing (NGS)

Izolacje RNA z 34 probek przeprowadzono przy uzyciu odczynnika TRizol
(Invitrogen) zgodnie z zaleceniami. Wyizolowany material genetyczny oczyszczono
przy pomocy RNAClean XP (Beckman Coulter, Brea, Kalifornia, USA). Ocena jakosci
wyizolowanego RNA zostala przeprowadzona na Tapestation2200 (Agilent, Santa
Clara, Kalifornia, USA), natomiast ocena ilosci RNA za pomoca spektrofotometru
NanoDrop™ 2000/2000c (Thermo Scientific™, Foster City, Kalifornia, USA) . Wynik
RIN (ang. RNA Integrity Number) we wszystkich probkach RNA byl wyzszy niz 7.
Uzyskany material genetyczny wykorzystano do przygotowania bibliotek mRNA przy
uzyciu zestawu QuantSeq 3'mRNA-Seq Library Prep Kit FWD for [llumina (Lexogen,
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Wieden, Austria). Jakosciowg iilosciowa ocene skonstruowanych bibliotek
przeprowadzono wykorzystujac urzadzenia Qubit (Thermo Scientific™, Foster City,
Kalifornia, USA) i Tapestation 2200 (Agilent, Santa Clara, Kalifornia, USA).
Sekwencjonowanie puli bibliotek (pojedynczy odczyt 75 bp) przeprowadzono
z wykorzystaniem urzadzenia Nextseq 5500 ([llumina, San Diego, Kalifornia, USA)
w Instytucie Zootechniki Panstwowym Instytucie Badawczym w Balicach. Pula
bibliotek zostala przygotowana zgodnie 2z standardowa metoda normalizacji
z protokohu NextSeq 500 i NextSeq 550 Sequencing Systems-Denature and Dilute
Libraries Guide. Do sekwencjonowania uzyto pule bibliotek o stezeniu 2 nM
1 kontrole PhiX.

. Walidacja wynikow NGS przy uzyciu metody PCR w czasie
rzeczywistym (qPCR)

Walidacja wynikow NGS zostala przeprowadzona z wykorzystaniem 18
probek. RNA poddano odwrotnej transkrypcji wykorzystujac zestaw High-Capacity
RNA-to-cDNA™ Kit (Applied Biosystems™, Waltham, Massachusetts, Stany
Zjednoczone). PCR w czasie rzeczywistym przeprowadzono przy uzyciu RT PCR Mix
SYBR® (A&A Biotechnology, Gdansk, Polska) na QuantStudio ™ 7 Flex Real-Time
PCR System (Applied Biosystems ™, Waltham, Massachusetts, Stany Zjednoczone).
Ekspresje genow VDR, MYH2, NDUFC2 i SLC30A9 przebadano uzywajac specyficzne
startery.

. Analiza statystyczna

* Stezenie 25(0OH)D w osoczu i ocena jakoSci miesa

Analizy statystyczne danych dotyczacych stezenia kalcydiolu w osoczu
i jakosci miesa przeprowadzono za pomoca jednokierunkowej analizy wariancji
ANOVA. Poroéwnanie sSrednich przeprowadzono za pomoca testu wielokrotnego
zakresu Duncana na poziomie istotnosci P < 0,05. Wszystkie analizy zostaly
przeprowadzone przy uzyciu pakietu Statistica 12 (Copyright©OStatSoft, Inc. 1984-
2014).

* RNA-seq

Kontrole  jakosci, przycinanie odczytow 1 mapowanie odczytow
zdemultipleksowanych plikow fastq pobranych z serwera przeprowadzono za
pomoca oprogramowania FastQC 11.8, FLEXBAR 3.5.0 i TopHat 2.1.1. Do oceny

statystyk mapowania i liczby odczytow wykorzystano oprogramowanie Samtools
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1.9, RSeQC, HTSeqg-count 0.11.1 i Gtf-Ensembl annotation 96. Do przeprowadzenia
analizy ekspresji roznicowej wykorzystano oprogramowanie DEseq2. Geny ze
wspolczynnikiem Padj < 0,05 (FDR-False Discovery Rate) z korekta Benjamini-
Hochberg (BH) uznano za ulegajace ekspresji réznicowej. Analize funkcjonalna
wynikow RNA-seq przeprowadzono za pomoca oprogramowania BioMart i STRING,

przy uzyciu bazy danych Sus scrofa 11.1.
* Walidacja qPCR

Wzgledne dane ilosciowe uzyskane z badania qPCR analizowano w Thermo
Fisher Cloud (Thermo Scientific, USA). Istotnos¢ statystyczna oceniono za pomoca
aplikacji Relative Quantification w ThermoFisher Connect. Poréwnanie danych

gPCR oraz NGS wykonano za pomocg pakietu Statistica 12.

4.2.2. Wyniki i dyskusja

Celem badania bylo poroéwnanie wplywu standardowej izwiekszonej dawki
cholekalcyferolu, standardowej dawki kalcydiolu oraz zwiekszonej dawki kombinacji
cholekalcyferolu i kalcydiolu na tkanke miesniowa swin. Wyniki przeprowadzonych
badan umozliwily okreslenie efektu wymienionych wyzej dawek i form witaminy D
na transkryptom tkanki mieSniowej. W publikacji przedstawiono takze wyniki
analizy jakosci migsa, przeprowadzonej wczesniej w ramach dzialalnosci statutowej

Instytutu Zootechniki PIB.

Kluczowym etapem opisywanego eksperymentu byla analiza ekspresji mRNA
w tkance miesni szkieletowych swin. Badanie to wykazalo, ze istotne statystycznie
roznice w transkryptomie miesni zwierzat suplementowanych zalecang i zwiekszona
dawksg cholekalcyferolu oraz tych otrzymujacych kalcydiol nie sga duze. Co wiecej,
analiza PCA (Principal Component Analysis, Analiza Skladowych Gléwnych)
wykazala, ze probki nie roznicowaly sie pod wzgledem plci. Uzyskane wyniki
potwierdzaja ustalenia Hangelbroek i wsp. wskazujace, ze kalcydiol nie wplywa
znaczaco na transkryptom tkanki mieSniowej oraz, Zze miesSnie moga nie by¢ tkanka

docelowa dla witaminy D (Hangelbroek i wsp., 2019).

Porownanie transkryptomow zwierzat z grup otrzymujacych standardowa
i zwiekszong dawke cholekalcyferolu wykazalo niewielkie roznice (log2FoldChange >
-0,568 i< 0,509). Zidentyfikowano jedynie trzy geny o istotnie zréznicowanej
ekspresji: ENSSSCG00000044439, ENSSSCG00000025403 i SLC30A9. Geny te
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wykazaly obnizona ekspresje w grupie przyjmujacej podwyzszona dawke
cholekalcyferolu. Gen SLC30A9 funkcjonuje, jako transporter cynku i jest
zaangazowany w wewnatrzkomorkowa homeostaze tego pierwiastka. Aktywnosc¢
SLC30A9 jest takze scisle zwiazana z zespolem Birk-Landau-Pereza, ktory powoduje
regresje psychomotoryczna i zaburzenia ruchowe. Badanie przeprowadzone przez
Perez iin. wskazuje, ze SLC30A9 ulega wysokiej ekspresji w miesSniach,
a zmniejszenie aktywnosci tego genu skutkuje osltabieniem miesni (Perez i wsp.,
2017). Wyniki sekwencjonowania mRNA sugeruja, 2ze zwieckszenie dawki
cholekalcyferolu moze wplywa¢ na wewnatrzkomoérkowa homeostaze Zn poprzez
obnizenie ekspresji SLC30A9, jednak wynik ten nie zostal potwierdzony metoda

gPCR (real-time quantitative polymerase chain reaction) (r2 = 0,041).

Prezentujac efekt zwieckszonej dawki cholekalcyferolu nalezy wspomniec
rowniez o genach, ktore zgodnie ze skorygowang wartoscia P (Padj), znajduja sie na
granicy istotnosci statystycznej (Padj = 0.052). Wsréd nich na szczegélna uwage
zastluguja RBFOX2 (log2FoldChange= -0.444) i APOAS5 (log2FoldChange= -0.546).
Pierwszy zgenow, RBFOX2, laczony jest szczegOlnie zrozwojem miesSni
szkieletowych i wadami serca (Cao iwsp., 2021). W badaniu dotyczacym funkcji
genu RBFOX2  wykazano, ze w komorki SZCZUIrow Rbfox2 KO
(knockout/dezaktywacja genu) wystepuja znaczne zaburzenia alternatywnego
poli(A) (APA) w genie Slc25a4 (Cao iwsp., 2021). Co ciekawe, gen Slc25a4 ma
kluczowe znaczenie dla produkcji energii ~w mitochondriach. Badanie
przeprowadzone na ludziach wskazuje, ze mutacje w genie SLC25A4 sa zwigzane
z kardiomiopatia przerostowa i miopatia miesni szkieletowych (Cao i wsp., 2021).
Zgodnie z tymi ustaleniami, prezentowane wyniki moga sugerowac¢ potencjalnie
niekorzystny wpltyw zwiekszenia dawki cholekalcyferolu na tkanke miesniowa, nie
tylko ze wzgledu na spadek ekspresji genu SLC30A9, ale rowniez RBFOX?2. z kolei
gen APOAS jest kluczowym czynnikiem transferu tluszczu w szlaku sygnalizacyjnym
PPAR (ang. Peroxisome Proliferator-Activated Receptor), stanowi on regulator
stezenia trojglicerydow i odpowiada za proces odkladania tluszczu (Hui i wsp.,
2013). Obnizenie ekspresji APOA5 moze skutkowac zwiekszeniem koncentracji
trojglicerydow w miesniach (Hui iwsp., 2013). Zatem podwyzszona dawka
cholekalcyferolu, moze zwiekszy¢ zawarto$S¢ tluszczu Srodmiesniowego w miesie
wieprzowym (Perez i wsp., 2017). Zawartos¢ tluszczu Srodmiesniowego zalezy od
stezenia trojglicerydow 1ijest jednym z wyznacznikow jakosSci miegsa. Intensywna
selekcja swin pod katem tempa wzrostu przyczynila sie do spadku jakosci

wieprzowiny, szczegOlnie ze wzgledu na obnizenie zawartosci thuszczu
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Srodmiesniowego (Fernandez i wsp., 1999; Zuo iwsp., 2003). Niemniej jednak
przeprowadzona analiza chemiczna wieprzowiny nie potwierdza wzrostu
procentowej zawartosci ttuszczu w miesie zwierzat otrzymujacych zwiekszona dawke

cholekalcyferolu (1,52% vs 1,51%).

Poréwnania transkryptoméw swin przyjmujacych podwyzszong dawke
cholekalcyferolu i tych przyjmujacych standardowa dawke kalcydiolu wykazato dwa
geny o istotnie zréznicowanej ekspresji. Oba te geny sa jednak istotnie zwigzane
z funkcjonowaniem tkanki mieSniowej. Pierwszy znich, gen TMEMI127
(log2FooldChange= -0.969), ktory dziata jako inhibitor szlaku sygnalizacyjnego TOR
(ang. Target of Rapamycin). Szlak sygnalizacyjny TOR aktywuje synteze bialek oraz
sprzyja podzialowi komorek. Suplementacja kalcydiolem spowodowala znaczna
redukcje TMEM127 w porownaniu do cholekalcyferolu. Jesli TMEM127 powoduje
inaktywacje sygnalizacji TOR, a suplementacja kalcydiolem znaczaco obniza
ekspresje TMEM 127, wydaje sie, ze wykorzystanie kalcydiolu w diecie Swin moze byc¢
korzystne dla procesu miogenezy. Potwierdzaja to wyniki Gogulothu i wsp., 2020,
wskazujace, 2ze inaktywacja sygnalizacji TOR obserwowana u szczuréw
z niedoborem witaminy D jest szkodliwa dla tkanki miesniowej tych zwierzat. Co
wiecej, wyniki badania przeprowadzonego przez Akagawa iwsp., 2018
z wykorzystaniem szczurow z cukrzyca typu 2 sugeruja, ze kalcydiol wykazuje
korzystny wplyw na tkanke miesSniowa poprzez wplyw na szlak TOR. Kolejnym
genem istotnie réznicujacym transkryptom swin suplementowanych podwyzszona
dawka cholekalcyferolu i standardowg dawka kalcydiolu jest NDUFC2
(log2FoldChange= -2.269). NDUFC2 bierze udzial w transporcie elektronéw
oddechowych, syntezie ATP i wytwarzaniu ciepla. Zgodnie z wynikami badan Nitert
iwsp., 2012, cwiczenia fizyczne zmniejszaja metylacje NDUFC2 w mieSniach
szkieletowych aktywujac tym samym gen NDUFC2. Z kolei wedlug Raffa i wsp.,
2019, wyciszenie NDUFC2 w ludzkich komoérkach srodblonka i miesni gladkich
powoduje znaczny wzrost stezenia ROS (ang. Reactive Oxygen Species), obnizenie
poziomu ATP iwyzszy stopien uszkodzenia struktury mitochondriow. Uzyskane
wyniki wskazuja, ze stosowanie kalcydiolu w diecie Swin moze zmniejszac
wydolnos¢ oddechowa miesni, poprzez potencjalne obnizenie ekspresji NDUFC2
w tej tkance. Jednakze roznice zidentyfikowane w ekspresji opisywanych wyzej

genow nie zostaly potwierdzone metoda qPCR.

Przedstawione wyniki stanowia podstawe do dalszych badan nad

zwiekszeniem dawki witaminy D i zastgpieniem cholekalcyferolu kalcydiolem
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w zywieniu swin. Wyniki sugeruja, ze zwiekszenie dawki cholekalcyferolu i uzycie
kalcydiolu w diecie swin jest bezpieczne i nie wplywa znaczaco na funkcjonowanie

miesni szkieletowych.
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4.3. Publikacja III

Changes in miRNA Expression in the Lungs of Pigs Supplemented with
Different Levels and Forms of Vitamin D

4.3.1. Materialy i metody

e Zwierzeta i zywienie

W badaniu wykorzystano 48 probek pluc pochodzacych od swin PBZ x WBP
pokrytych knurem duroc x pietrain. Wszystkie procedury zawarte w tym badaniu,
zwiazane z wykorzystaniem zywych zwierzat zostaly zatwierdzone przez lokalnag
Komisje Etyczna do spraw Doswiadczen na Zwierzetach w Krakowie (Uchwata nr
427/2020 z dnia 22.07.2020 r.). Zwierzeta biorace udzial w eksperymencie byty
utrzymywane w Stacji Badawczej Instytutu Zootechniki Panstwowego Instytutu
Badawczego w Grodzcu Slaskim. Zwierzeta zostaly losowo podzielone na cztery
grupy zywieniowe. Kazda z grup liczyta 12 zwierzat, 6 samic i 6 samcow, jednakze
samce wykorzystane w eksperymencie zostaly uprzednio wykastrowane. Majac na
uwadze fakt, ze pte¢ moze wplywac na wyniki analiz, ilo§¢ zwierzat obu pilci byla
taka sama w kazdej z badanych grup. Dieta zwierzat roznila sie jedynie dawka

i formg witaminy D.
Dawkowanie witaminy D w grupach bylo nastepujace:

1 grupa (grupa kontrolna) 2000 j.m. cholekalcyferolu (grower) i 1500 j.m.
cholekalcyferolu /kg paszy (finiszer) -12 osobnikow

- 2 grupa 3000 j.m. cholekalcyferolu (grower) i 2500 j.m. cholekalcyferolu/kg

paszy (finiszer) - 12 osobnikow

- 3 grupa 2000 j.m. cholekalcyferolu +1000 j.m. kalcydiolu (grower) i 1500 j.m.
cholekalcyferolu +1000 j.m. kalcydiolu/kg paszy (finiszer) — 12 osobnikow

- 4 grupa 2000 j.m. kalcydiolu (grower) i 1500 j.m. kalcydiolu/kg paszy (finiszer)

— 12 osobnikow

Wszystkie zwierzeta utrzymywane byly w indywidualnych kojcach wyscielanych
stoma. W kojcach panowaly jednolite warunki Srodowiskowe. Mase ciala sSwin
mierzono na poczatku eksperymentu, a nastepnie, co dwa tygodnie. W zywieniu

zwierzat wykorzystano dwie mieszanki paszowe zgodnie zich aktualnymi
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potrzebami (I okres tuczu - grower - 30-60 kilogramow, II okres tuczu - 60-110
kilogramoéw - finiszer). Dieta zostala opracowana tak, aby pokry¢ wszystkie potrzeby
zywieniowe zwierzat (GROWER MIX: energia metaboliczna - 13,3 MJ, biatko
catkowite - 172 g/kg; FINISHER MIX: energia metaboliczna - 13,3 MJ, bialko
catkowite - 156 g/kg). Tucz doswiadczalny trwal w przyblizeniu od 30 do 110
kilogramoéw zywej masy zwierzat. Pod koniec doswiadczenia wszystkie Swinie zostaty
poddane ubojowi przy uzyciu kleszczy elektrycznych wysokiego napiecia (240-400
V). Natychmiast po uboju od wszystkich 48 zwierzat pobrano probki krwi i tkanki
ptuc. Probki pluc pobrano ze srodkowych czesci gérnych platow lewego ptluca.
Tkanki te przewieziono do laboratorium w cieklym azocie, nastepnie
przechowywano je w temperaturze -85 °C. Krew do pomiaru stezenia kalcydiolu
pobrano do  probowek  zantykoagulantem = ACD (cytrynian  kwasnej
dekstrozy/glukoza). Probki krwi przechowywano w temperaturze +6°C do momentu
pozyskania osocza. Osocze pozyskano poprzez wirowanie krwi w wirowce

gradientowej (3000 rpm). Nastepnie przechowywano je w temperaturze -20°C.

e Pomiar stezenia 25(OH)D

Calkowitego stezenia witaminy D w osoczu zostalo oznaczone w 32 probkach (8
probek z kazdej grupy) przez firme zewnetrzng (ANCHEM Laboratorium, ul. Fredry
20, Katowice, Polska). Zamrozone probki osocza zostaly przestane do laboratorium
z zachowaniem réwnomiernej temperatury podczas transportu. Oznaczenie stezenia

witaminy D w osoczu wykonano metoda RIA (oznaczenia radioimmunologiczne).

e Izolacja RNA, konstruowanie bibliotek miRNA i sekwencjonowanie NGS

Izolacje RNA 2z 48 probek pluc przeprowadzono przy uzyciu komercyjnie
dostepnego zestawu Direct-zol RNA Miniprep Kits (ZYMO Research, Orange,
California). Wyizolowany material genetyczny oczyszczono przy uzyciu zestawu
Monarch® RNA Cleanup Kit (New England Lab, Woburn, USA). Jakos¢ izolatow
oceniono za pomoca urzadzenia Tapestation 2200 (Agilent, Santa Clara, Kalifornia,
USA). Za préobki odpowiedniej jakosci uznawano te z RIN >/= 7. [los§¢ RNA zostala
oceniona za pomocag spektrofotometru NanoDrop™ 2000/2000c (Thermo
Scientific™, Foster City, Kalifornia, USA). Przygotowany i oceniony w ten sposob
material genetyczny uzyto do konstrukcji bibliotek miRNA wykorzystujac zestaw
NEBNext Multiplex Small RNA Library Prep Set for Illumina (New England Lab,

Woburn, USA). Ocena ilosciowa puli bibliotek zostala przeprowadzona przy uzyciu
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urzadzenia Qubit (Ther-mo Scientific™, Foster City, Kalifornia, USA), podczas gdy
wielkosci uzyskanych fragmentow zostala oceniona na Tapestation 2200 (Agilent,
Santa Clara, Kalifornia, USA). Sekwencjonowanie przeprowadzono w Instytucie
Zootechniki Panstwowym Instytucie Badawczym w Balicach wykorzystujac
urzadzenie NextSeq 550 ([llumina, San Diego, Kalifornia, USA). Do

sekwencjonowania uzyto pule bibliotek o stezenjiu 2 nM i kontrole PhiX.

e Statystyka wynikow sekwencjonowania miRNA

Uzyskane odczyty poddano demultipleksacji ikontroli jakosci za pomoca
oprogramowan bcl2fastq (Illumina) i FastQC. Przycinanie odczytow przeprowadzono
za pomoca pakietu TrimGalore. Nastepnie, do identyfikacji znanych i potencjalnie
nowych miRNA, zastosowano oprogramowanie miRDeep2 przy uzyciu genomu
referencyjnego Sus scrofa 11.1 z miRBase 22.1. Do przeprowadzenia analizy
ekspresji roznicowej wykorzystano pakiet R ioprogramowanie DESeq2. miRNA
z korekta p-value <0,05 Benjamini-Hochberg (BH) i bez progu zmiany krotnosci
uznano za Uulegajace ekspresji roznicowej. Analize funkcjonalng miRNA

o zréznicowanej ekspresji (DE) przeprowadzono za pomoca DIANA-miRPath v3.0.

e Badanie qPCR

W celu walidacji wynikow miRNA-seq RNA z 28 probek (7 probek/grupe)
poddano odwrotnej transkrypcji przy uzyciu zestawu miRCURY LNA RT Kit
(QIAGEN, Hilden, Niemcy). Do badania wybrano nastepujace miRNA: miR-215-5p,
miR-96-5p i miR-381-3p. PCR  wczasie rzeczywistym  przeprowadzono
wykorzystujac miRCURY LNA SYBR Green PCR Kit (QIAGEN, Hilden, Niemcy)
i miRCURY LNA miRNA PCR Assays (QIAGEN, Hilden, Niemcy) oraz urzadzenie
QuantStudio™ 7 Flex Real-Time PCR System (Applied Biosystems™, Waltham,
Massachusetts, Stany Zjednoczone). Wzgledne dane iloSciowe analizowano
w Thermo Fisher Cloud (Thermo Scientific). Do poréwnania wynikoéw uzyskanych
z NGS i qPCR wykorzystano wspotczynnik korelacji Pearsona (r2) w programie SAS
9.4 (SAS Institute Inc., Cary, NC, USA).

Na podstawie analizy funkcjonalnej wynikéw miRNA-seq, wybrano dwa geny,
ktore sa celami miRNA zmienionymi przez suplementacje witaming D. RNA
wyizolowane z 28 probek zostalo dodatkowo poddane odwrotnej transkrypcji przy
uzyciu zestawu High-Capacity RNA-to-cDNA™ Kit (Applied Biosystems™, Waltham,
Massachusetts, Stany Zjednoczone). Uzyskane cDNA wykorzystano do analizy
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zmian w ekspresji genow NEUI (Neuraminidase 1) i FUT1 (Fucosyltransferase 1)
oraz kontroli endogennej RPS29. Analize uzyskanych wynikow przeprowadzono
wykorzystujac Thermo Fisher Cloud (Thermo Scientific). Poziom istotnosci roznic
pomiedzy grupami sprawdzono za pomocg testu U Manna-Whitneya oraz testu T

w programie SAS 9.4 (SAS Institute Inc., Cary, NC, USA).

4.3.2. Wyniki i dyskusja

Celem badania bylo porownanie wplywu standardowej izwiekszonej dawki
cholekalcyferolu, standardowej dawki kalcydiolu oraz zwiekszonej dawki kombinacji
cholekalcyferolu i kalcydiolu na ekspresje miRNA w tkance pluc swin. Warto
podkresli¢, ze niniejsze badanie stanowi pierwsza probe opisania wpltywu kalcydiolu

na ekspresje miRNA w tkance ptuc.

Analize wynikow sekwencjonowania rozpoczeto od oceny efektu zwiekszenie
dawki cholekalcyferolu na profil miRNA zdrowych ptuc swin. Istotne jest, ze rowniez
w tym przypadku analiza PCA wykazala, ze probki nie roznicowaly sie pod wzgledem
plci. Ustalono, ze zwiekszenie dawki cholekalcyferolu z 2000 j.m. do 3000 j.m.
wywotlalo istotny wzrost stezenia witaminy D w osoczu (39.67 ng/ml vs 63.96
ng/ml) i zmiane ekspresji tylko jednego miRNA - miR-215. Czasteczka miR-215
zaangazowana jest w wiele podstawowych procesow, takich jak rozwoj, proliferacja,
przezycie, migracja i metabolizm komorek (Vychytilova-Faltejskova i Slaby, 2019).
Ze wzgledu na swoje kluczowe funkcje, zmiany w ekspresji miR-215 zostaly
powiazane z patogeneza wielu chorob. Wykazano, ze miR-215 moze by¢ zarowno
onkogenem jak 1igenem supresorowym w zaleznoSci od typu nowotworu
(Vychytilova-Faltejskova i Slaby, 2019). Co wiecej jedno z badan ujawnia silny
zwiazek miedzy poziomem ekspresji miR-215 a rozwojem zwldoknienia ptuc (Huang
i wsp., 2022). Badania in vitro i in vivo wykazaly, ze w tkance ptuc objetej procesem
wloknienia dochodzi do wzrostu ekspresji miR-215, a w konsekwencji do aktywacji
szlaku TGF-B (ang. Transforming Growth Factor-Beta) poprzez hamowanie ekspresji
genu docelowego BMPR2 (Bone Morphogenetic Protein Receptor Type 2). Co wiecej
udowodniono, ze spadek ekspresji miR-215 hamuje progresje nieodwracalnego
zwloknienia pluc (Huang iwsp., 2022). Zwiekszenie dawki cholekalcyferolu
spowodowalo znaczacy wzrost ekspresji miR-215 (log2FoldChange= 2, 65), co
w Swietle przytoczonych wynikéow wydaje sie wywiera¢ niekorzystny wplyw na

tkanke phluc. Interesujace jest jednak to, iz kolejne analizy wykazaly, ze stosowanie
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tej samej dawki kombinacji cholekalcyferolu i kalcydiolu nie wplynelo istotnie na

ekspresje miR-215.

Kolejnym celem badania bylo przetestowanie efektu zastgpienia powszechnie
stosowanego cholekalcyferolu kalcydiolem. Kalcydiol jest znacznie bardziej
efektywny w podnoszeniu stezenia witaminy D w osoczu w poréwnaniu do
cholekalcyferolu. Uwaza sie, zZe wyzsze stezenie witaminy D w osoczu moze
wykazywac korzystny wplyw na tkanke pluc (Sandhu iwsp., 2010; Herr i wsp.,
2011). Przedstawione tutaj wyniki rzucaja jednak nowe Swiatlo na te sugestie.
ZaobserwowaliSmy, 2ze wysokie stezenie witaminy D w osoczu, wywolane
suplementacja kalcydiolem (39.67 ng/ml vs 133.5 ng/ml), nie wplywa znaczaco na
profil miRNA ptuc. Jednakze, prawie réwnie wysokie stezenie witaminy D, wywotane
suplementacja kombinacji cholekalcyferolu i kalcydiolu (39.67 ng/ml vs 124.93
ng/ml) spowodowalo istotne zmiany w ekspresji miRNA tkanki pluc. Wynik ten
sugeruje, ze samo zwiekszenie stezenia kalcydiolu w osoczu moze byc
niewystarczajace do wywolania zmian na poziomie regulacji genow. Konieczna

wydaje sie ku temu transformacja metaboliczna witaminy D.

Suplementacja kombinacja cholekalcyferolu i kalcydiolu wywolata najwieksze
zmiany w profilu miRNA badanych pluc w poréwnaniu do suplementacji
cholekalcyferolem 1ikalcydiolem osobno. Podwyzszona dawka kombinacji,
w porownaniu do standardowej dawki cholekalcyferolu wplyneta istotnie na 13
miRNA, 7 z nich wykazalo wzrost, a 6 spadek ekspresji. Z kolei poréwnanie efektu
suplementacji takiej samej dawki cholekalcyferolu oraz cholekalcyferolu
w kombinacji z kalcydiolem wykazalo roznice w ekspresji 12 miRNA. W tej puli 9
czasteczek wykazalo wzrost, a 3 spadek ekspresji pod wplywem kombinacji. Co
wiecej, porownanie profili miRNA zwierzat otrzymujacych kombinacje oraz sam
kalcydiol wykazato 17 miRNA o roznicowej ekspresji, 10 z nich charakteryzowato sie
nizsza ekspresja w grupie przyjmujacej kombinacje, a 7 wyzsza. Warto wspomniec,
ze tylko 5 z 17 zmienionych miRNA bylo charakterystycznych jedynie dla tego

porownania.

Dalsza analiza wyodrebniala 3 miRNA laczace wyniki wszystkich trzech
poréwnan z grupa przyjmujaca kombinacje cholekalcyferolu i kalcydiolu, sa to miR-
150, miR-193 imiR-574. We wszystkich zestawieniach wymienione miRNA
prezentowaly wzrost ekspresji pod wplywem zastosowanej kombinacji. Pierwszy
z nich - miR-150 - reguluje ekspresje TLR2 (Toll Like Receptor 2), czyli receptora

zaangazowanego w podstawowy mechanizm odpowiedzi immunologicznej, ktory
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chroni przed infekcjami bakteryjnymi i wirusowymi (Zhou iwsp., 2018). Zheng
iwsp., 2015 udowodnili, ze makrofagi pacjentow z gruzlica charakteryzuja sie
obnizong ekspresja miR-150 oraz podwyzszona ekspresja miR-193 (Zheng i wsp.,
2015). MiR-193a zaangazowany jest szczegolnie w proces proliferacji komorek.
Miedzy innymi, dlatego uwaza sie, ze ta czasteczka moze stanowi¢ cenne narzedzie
w prognozowaniu i diagnozowaniu raka ptuc (Khordadmehr i wsp., 2019). Yu ii
wsp., 2015 wykazali, ze wysoka ekspresja miR-193 hamuje migracje komorek
i tworzenie przerzutow w plucach chorych na niedrobnokomoérkowego raka ptuc
(NSCLC). Sugeruje to, 2ze miR-193a dziala, jako supresor nowotworu,
a suplementacja kombinacjg cholekalcyferolu i kalcydiolu moze mie¢ pod tym
wzgledem ochronny wplyw na tkanke plucng. Roéwniez wzrost ekspresji miR-574
sugeruje pozytywny efekt uzycia kombinacji dwéch form witaminy D na tkanke
pluc. Wskazuja na to wyniki ujawniajace zwiazek miedzy miR-574 a zespotem ostrej
niewydolnosci ptuc wywolanym sepsa. Wei i wsp., 2023 odkryli, ze podwyzszona
ekspresja miR-574 powoduje obnizenie ekspresji genu SOX6, a w konsekwencji
zmniejszenie uszkodzenia komoérek (Hu i wsp., 2023). Wplyw zwiekszonej ekspresji
miR-574 na oslabienie uszkodzenia pluc wywolanego sepsa zostal rowniez
potwierdzony w innym badaniu (Sun i wsp., 2020). Jednak w tym przypadku efekt
ten byl prawdopodobnie zwigzany ze obnizeniem poziomu C3, czyli przekaznika

zapalnego regulowanego przez miR-574 (Sun i wsp., 2020).

Analiza funkcjonalna miRNA zmienionych pod wplywem zastosowania
kombinacji cholekalcyferolu i kalcydiolu wykazata, ze zamiana standardowej dawki
cholekalcyferolu na podwyzszona dawke kombinacji moze angazowac¢ 15 Sciezek
biologicznych. Do Sciezek charakterystycznych dla tego porownania nalezg: szlak
sygnalizacyjny oksytocyny, nieprawidlowa regulacja transkrypcji w raku oraz
resorpcja wody regulowana przez wazopresyne. Z kolei analiza funkcji miRNA
roznicujacych zwierzeta przyjmujace te sama dawke cholekalcyferolu i kombinacji
wykazala przypuszczalny wpltyw na 5 Sciezek biologicznych. Co ciekawe 2 z nich
SciSle laczg sie z metabolizmem glikanoéw. Nie wykazano Sciezek wspoélnych dla
pierwszego 1idrugiego porownania. Jednakze analiza funkcjonalna miRNA
roznicujacych  grupe przyjmujaca kombinacje isam kalcydiol wskazala
prawdopodobny wplyw na 13 Sciezek. 10 ztych Sciezek charakteryzuje rowniez
wyniki pierwszego porownania (podwyzszona dawka kombinacji vs standardowa
dawka cholekalcyferolu), a kolejne dwie wystepuja w wynikach drugiego poréwnania
(podwyzszona dawka kombinacji vs podwyzszona dawka cholekalcyferolu). Wedtug

wskaznika FDR, wsrod szlakow wspolnych dla przeprowadzonych porownan,
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najbardziej istotnie zmienione zostaly szlaki sygnalowe regulujace pluripotencje
komorek macierzystych, szlak sygnalowy estrogenu, szlak sygnatowy TGF-f
i proteoglikany w nowotworach. w grupie tej mozemy wyrozni¢c réwniez Sciezki
charakterystyczne dla witaminy D (np. metabolizm ksenobiotykow przez cytochrom
P450). Warto rowniez dodac, ze wiekszos¢ zidentyfikowanych Sciezek laczona jest
bezposrednio lub posrednio z procesem powstawania nowotworéw. Powodem tego
moze byc¢ fakt, ze badania onkologiczne stanowia zdecydowana wiekszoSc

wszystkich badan nad miRNA.

Wyniki analizy wskazuja, ze na szlak sygnalowy regulujacy pluripotencje
komorek macierzystych kombinacja cholekalcyferolu i kalcydiolu wplywa poprzez
miR-340, miR-381 i miR-148. Jednym z celow miR-340 jest Sox2, a miR-148 gen
Kif4. Oba geny nalezg do subsatelitarnej sieci transkrypcyjnej, ktora aktywuje
przeprogramowanie komorek somatycznych Z powrotem do stanu
pluripotencjalnego. Ponadto uwaza sie, ze oba geny maja kluczowe znaczenie dla
mechanizmow proliferacji komorek nowotworowych (Hadjimichael i wsp., 2015).
Innym interesujacym pod tym wzgledem szlakiem jest szlak sygnatowy TGF- .
Analiza funkcjonalna wykazata, ze szlak ten byt regulowany przez zmiany
w ekspresji miR-381, miR-101, miR-148 i miR-340. Geny SMAD (SMAD2, SMAD?9,
SMADS5, SMAD4), ktore sa genami regulowanymi przez wymienione miRNA,
moduluja proliferacje, apoptoze, a takze roznicowanie i migracje komoérek (Sun
i wsp., 2022). Jedno z badan dowiodlo, ze witamina D, poprzez wplyw na szlak TGF-
B, zapobiega indukowanej przez komoérki nowotworowe apoptozie komorek
zapalnych (Moz iwsp., 2020). Co wiecej wykazano, ze witamina D hamuje
indukowane przez komoérki nowotworowe uwalnianie czynnika martwicy
nowotworow alfa (TNF-a) i zmniejsza wewnatrzkomorkowy poziom transformujacego

czynnika wzrostu beta (TGF-p) (Moz i wsp., 2020).

Z kolei sciezka sygnalizacji estrogenowej, zostata aktywowana w szczegolnosci
przez zmiane ekspresji miR-96, a nastepnie miR-181a, miR-181b imiR-193a.
Dziatanie kalcydiolu zwiazane z regulacja syntezy i sygnalizacji estrogenow moze
determinowac przeciwnowotworowe dzialanie tego metabolitu (Bhattarai i wsp.,
2020; Krishnan i wsp., 2010). Ponadto stwierdzono, ze kalcydiol hamuje ekspresje
COX2 (Prostaglandin-Endoperoxide Synthase 2) i zwieksza ekspresje 15-PGDH (15-
Hydroxyprostaglandin Dehydrogenase), zmniejszajac wten sposob synteze

prostaglandyn, czyli mediatorow stanu zapalnego (Krishnan i wsp., 2010).
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Wsrod Sciezek, na ktore wplynela kombinacja cholekalcyferolu i kalcydiolu
na szczegdlna uwage zasluguje rowniez szlak zwiazany z proteoglikanami
w nowotworach. Wykorzystana kombinacja wplynela na te Sciezke =za
posrednictwem miR-381, miR-96, miR-148 oraz miR-340. Istotne jest to, iz
porownanie  efektow  suplementacji tej samej dawki cholekalcyferolu
i cholekalcyferolu w kombinacji z kalcydiolem wykazalo wplyw na biosynteze
glikosfingolipidow oraz degradacje glikanow. Znaczacy wplyw na biosynteze
glikanow warunkowany jest zmiana ekspresji miR-205. z kolei zmiany w degradacji
glikanow warunkowane sa dodatkowo przez wplyw na ekspresje miR-125 i miR-
148. Glikany biora udzial w angiogenezie, a takze w proliferacji, adhezji i migracji
komorek, tym samym znaczaco wplywajac na biologie réznych typow nowotworow
(Zhou i wsp., 2020; Park i wsp., 2020; Lenh i wsp., 2018). Co ciekawe, potencjalny
zwiazek miedzy witaming D a proteoglikanami zostat rowniez podkreslony w innym
eksperymencie. Badanie przeprowadzone przez D'arrigo iwsp. wykazalo, ze
aktywacja receptora witaminy D (VDR) poprzez zastosowanie parykalcytolu
(syntetycznego analogu witaminy D) podnosi poziom jednego z proteoglikanow -
trombomoduliny (TM), co z kolei poprawia funkcje Srédbtonka (D’arrigo i wsp.,
2019). Przytoczone wyniki sugeruja, ze suplementacja cholekalcyferolem
i kalcydiolem moze modulowa¢ mikrosrodowisko komorkowe poprzez wplyw na
synteze 1 metabolizm glikanow. Opierajac sie na powyzszych wnioskach,
postanowiono przetestowaé¢ potencjal witaminy D w regulacji metabolizmu
glikoprotein. w tym celu wybrano dwa geny - NEUI i FUT1 - ktére sa zaangazowane
w metabolizm glikoprotein i ktoére sa celami miRNA zmienionych pod wplywem
kombinacji  cholekalcyferolu ikalcydiolu (miR-125b, miR-205). Pierwszy
z wybranych genow - NEUI koduje neuraminidazel. Enzym ten odgrywa waznag role
w roznych procesach biologicznych, takich jak rozpoznawanie komoérek, adhezja,
sygnalizacja komorkowa, a takze degradacja czasteczek glikoprotein. Drugi gen -
FUT1 koduje enzym (fukozylotransferaze 1), ktory bierze udzial w procesie
dodawania cukrow fukozylowych do glikanéw na powierzchni komorek.
Przeprowadzone badanie qPCR nie wykazalo jednak statystycznie istotnych roéznic
w ekspresji genow NEUI oraz FUTI1 pod wplywem kombinacji cholekalcyferolu
i kalcydiolu.

Zidentyfikowane miRNA moga potencjalnie wplywac¢ na dziesiatki genow.
Dlatego tez przedstawione powyzej wyniki dostarczaja cennych informacji i bodzca
do dalszych badan, w tym wynikéw profilowania mRNA, analizy metylacji DNA

i badan klinicznych. Na podstawie uzyskanych wynikéw mozna stwierdzi¢, ze
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suplementacja zwiekszona dawka kombinacji cholekalcyferolu i kalcydiolu
powoduje wiele istotnych zmian w profilu miRNA pluc sSwin w poréwnaniu do
standardowej suplementacji cholekalcyferolem. Rezultaty analizy funkcjonalnej
sugeruja, ze kombinacja cholekalcyferol+kalcydiol moze wplywac na procesy
nowotworzenia miedzy innymi poprzez modulacje szlaku TGF- B oraz szlakow
zwiazanych z metabolizmem isyntezg glikanow. Jednoczesnie ustalono, ze
zwiekszenie poziomu witaminy D poprzez suplementacje kalcydiolu, z pominigciem
przemian enzymatycznych w watrobie, ma znikomy wplyw na ekspresje miRNA

w ptucach.
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4.4. Publikacja IV

Changes in DNA Methylation and mRNA Expression in Lung Tissue after

Long-Term Supplementation with an Increased Dose of Cholecalciferol.

4.4.1. Materialy i metody

e Zwierzeta i zywienie

W badaniu wykorzystano probki pluc pochodzacych od swin PBZ x WBP
pokrytych knurem duroc x pietrain. Wszystkie procedury zawarte w eksperymencie,
zwiazane z wykorzystaniem zywych zwierzat zostaly zatwierdzone przez lokalna
Komisje Etyczna do spraw Doswiadczen na Zwierzetach w Krakowie (Uchwata nr
427/2020 z dnia 22.07.2020 r.). Zwierzeta bioragce udzial w eksperymencie byty
utrzymywane w Stacji Badawczej Instytutu Zootechniki Panstwowego Instytutu
Badawczego w Grodzcu Slaskim. Zwierzeta zostaly losowo podzielone na dwie grupy
zywieniowe (n=12). Kazda z grup zawierala taka sama liczbe samic (n=6) i samcow
(n=6), jednakze samce wykorzystane w eksperymencie zostaly uprzednio

wykastrowane. Dieta zwierzat roznita sie jedynie dawka witaminy D.
Dawkowanie witaminy D oraz liczba osobnikow w grupach byly nastepujace:

1 grupa (grupa kontrolna) 2000 j.m. cholekalcyferolu (grower) i 1500 j.m.
cholekalcyferolu/kg paszy (finiszer)

- 2 grupa 3000 j.m. cholekalcyferolu (grower) i 2500 j.m. cholekalcyferolu/kg

paszy (finiszer)

Wszystkie zwierzeta utrzymywane byty w indywidualnych kojcach wyscietanych
sloma. w kojcach panowaly jednolite warunki sSrodowiskowe. Mase ciala swin
mierzono na poczatku eksperymentu, a nastepnie, co dwa tygodnie. w zywieniu
zwierzat wykorzystano dwie mieszanki paszowe zgodnie zich aktualnymi
potrzebami (I okres tuczu - grower - 30-60 kilogramow, II okres tuczu - 60-110
kilogramoéw - finiszer). Dieta zostala opracowana tak, aby pokry¢ wszystkie potrzeby
zywieniowe zwierzat (GROWER MIX: energia metaboliczna - 13,3 MJ, biatko
catkowite - 172 g/kg; FINISHER MIX: energia metaboliczna - 13,3 MJ, bialko
calkowite - 156 g/kg). Tucz doswiadczalny trwal w przyblizeniu od 30 do 110
kilogramoéw zywej masy zwierzat. Pod koniec doswiadczenia wszystkie Swinie zostaty
poddane ubojowi przy uzyciu kleszczy elektrycznych wysokiego napiecia (240-400
V). Natychmiast po uboju od wszystkich zwierzat pobrano probki krwi i tkanki ptuc.
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Prébki phuc pobrano ze srodkowych czesci gornych ptatow lewego phuca. Tkanki te
przewieziono do laboratorium w cieklym azocie, nastepnie przechowywano je
w temperaturze -85 °C. Krew do pomiaru stezenia kalcydiolu pobrano do probowek
z antykoagulantem ACD (cytrynian kwasnej dekstrozy/glukoza). Probki krwi
przechowywano w temperaturze +6°C do momentu pozyskania osocza. Osocze
pozyskano poprzez wirowanie krwi w wirowce gradientowej (3000 rpm). Nastepnie

przechowywano je w temperaturze -20°C.

. Pomiar stezenia 25(OH)D

Calkowitego stezenia witaminy D w osoczu zostalo oznaczone w 16 probkach
(8 probek z kazdej grupy) przez firme zewnetrzna (ANCHEM Laboratorium, ul.
Fredry 20, Katowice, Polska). Zamrozone probki osocza zostaly przestane do
laboratorium z zachowaniem rownomiernej temperatury podczas transportu.

Oznaczenie stezenia witaminy D w osoczu wykonano metoda RIA (oznaczenia

radioimmunologiczne).
o Izolacja DNA i RNA, konstrukcja bibliotek RRBS i mRNA oraz
sekwencjonowanie

DNA z 16 probek pluc (8 z kazdej grupy, 4 samice i 4 samce) wyizolowano
przy uzyciu zestawu Wizard® Genomic DNA Purification Kit (Promega, Madison, WI,
USA). Ocene ilosciowa wyizolowanego materialu okreslono przy wuzyciu
spektrofotometrow NanoDrop™ 2000/2000c (Thermo Scientific™, Waltham, MA,
USA). Biblioteki do RRBS (Reduced Representation Bisulfite Sequencing, methyl-
seq) zostaly przygotowane przy uzyciu zestawu Ovation® RRBS Methyl-Seq System
1-16 (Tecan, San Jose, CA, USA). Ocene ilosciowa uzyskanych bibliotek
przeprowadzono wykorzystujac urzadzenie Qubit (Ther-mo Scientific™, Foster City,
Kalifornia, USA). Sekwencjonowanie bibliotek wykonano przy pomocy zewnetrznej
firmy Medical Research Foundation NGS Core (USA) wykorzystujac urzadzenie
[lumina NovaSeq 6000 (Illumina, San Diego, CA, USA). Dlugos¢ odczytow wynosita
150 bp. Podczas sekwencjonowania wykorzystano kontrole PhiX.

RNA wyizolowano z 10 probek ptuc (S probek z grupy 1 i 5 probek z grupy 2,
wylacznie samice) przy uzyciu zestawu PureLink™ RNA Mini Kit (Invitrogen,
Waltham, MA, USA). Wyizolowany material genetyczny poddano ocenie iloSciowej
i jakosciowej przy uzyciu NanoDrop™ 2000/2000c (Thermo Scientific™, Waltham,
MA, USA) oraz Tapestation 2200 (Agilent, Santa Clara, CA, USA). Wysokiej jakosci
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probki RNA (RNA Integrity Number >/= 7) zostaly wykorzystane do przygotowania
bibliotek przy uzyciu zestawu QuantSeq 3'mRNA-Seq Library Prep Kit FWD for
Nlumina (Lexogen, Wieden, Austria). Ocene ilosciowa przygotowanych bibliotek
przeprowadzono przy uzyciu Qubit (Thermo Scientific™, Waltham, MA, USA),
natomiast ocene jakoSciowg na urzadzeniu Tapestation 2200 (Agilent, Santa Clara,
CA, USA). Sekwencjonowanie mRNA (pojedynczy odczyt 75 bp) przeprowadzono
wykorzystujac Nextseq 550 ([llumina, San Diego, CA, USA) w Instytucie Zootechniki
Panstwowym Instytucie Badawczym. Pula bibliotek zostala przygotowana zgodnie
z standardowa metoda normalizacji z protokolu NextSeq 500 i NextSeq 550
Sequencing Systems-Denature and Dilute Libraries Guide. Do sekwencjonowania

uzyto pule bibliotek o stezeniu 2 nM i kontrole PhiX.
. Badnie qPCR

Do analizy qPCR wykorzystano 20 probek (po 10 prébek z grupy 1 i2, 5
samic iS5 samcow w grupie). W celu rozszerzenia grupy badawczej wykonano
izolacje RNA z 10 dodatkowych probek (5 z grupy 1 i 5 z grupy 2). Nastepnie RNA
z wszystkich 20 probek poddano odwrotnej transkrypcji przy uzyciu zestawu High-
Capacity RNA-to-cDNA™ Kit (Applied Biosystems™, Waltham, MA, USA).
Przeprowadzono badanie qPCR genow KLHL3, TTPA, UGT1A6 i ITIH2 wykorzystujac
kontrole endogenna RPS29. Geny zostaly wybrane na podstawie wynikow
sekwencjonowania RRBS i mRNA. PCR w czasie rzeczywistym przeprowadzono przy
uzyciu TagMan ™ Fast Advanced Master Mix for qPCR (Applied Biosystems ™,
Waltham, MA, USA) itestow TagMan Real-Time PCR na QuantStudio ™ 7 Flex
Real-Time PCR System (Applied Biosystems ™, Waltham, MA, USA) . Uzyskane
dane analizowano w Thermo Fisher Cloud (Thermo Scientific ™, Waltham, MA,

USA) oraz przy uzyciu oprogramowania SAS 9.4 (SAS Institute Inc., Cary, NC, USA).

. Analiza statystyczna wynikow sekwencjonowani

* Methyl-Seq

Pierwszym etapem analizy danych byla kontrola jakosci surowych odczytow
sekwencjonowania przy uzyciu oprogramowania FastQC v. 0.12.1. Odczyty o niskiej
jakosci (poziom jakosci <20 idlugos¢ odczytu <36) oraz fragmenty zawierajace
sekwencje adapterowe zostaly odfiltrowane przy uzyciu oprogramowania FlexBar v.
3.5.0. Dopasowanie do genomu referencyjnego swini (Sscrofall.l) przeprowadzono

przy uzyciu oprogramowania bisulfitowego-BSMAP v. 2.9.0, z domysSlnymi opcjami
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zalecanymi dla danych RRBS. Oprogramowanie Methylation Caller dostarczone
w pakiecie BSMAP v. 2.9.0 zostalo uzyte do okreslenia procentu metylacji
w poszczegolnych miejscach CpG. Analiza metylacji CpG obejmowata rozklad
w chromosomach s$win oraz rozklad w regionach upstream, 5'-UTR, 3'-UTR,
eksonach, intronach iregionach miedzygenowych. Nastepnie pliki zostaly
przetworzone przy uzyciu pakietu R (wersja 4.3) W celu uzyskania danych
wejsciowych dla oprogramowania Methylkit. Oprogramowanie Methylkit v. 1.26.0
zostalo uzyte do identyfikacji miejsc réznie metylowanych (DMS- Differential
Methylation Sites) z wartoSciami odciecia, co najmniej 25% roznic metylacji miedzy
dwiema grupami iwartosciami q <0,05. Adnotacje genéw uzyskano z adnotacji

Sscrofall.l Ensembl GTF.
* mRNA-Seq

Zdemultipleksowane pliki fastq pobrane z serwera sekwencjonowania zostaty
poddane kontroli jakosci, przyciete i zmapowane przy uzyciu oprogramowan FastQC
11.8, FLEXBAR 3.5.0 iTopHat 2.1.1. Do oceny statystyk mapowania i liczby
odczytow wykorzystano Samtools 1.9, RSeQC, oprogramowanie HTSeq-count 0.11.1
i adnotacje Gtf-Ensembl 96. Nastepnie do przeprowadzenia analizy ekspres;ji
roznicowej wykorzystano program R i pakiet oprogramowania DESeq 2. Za geny
o roznicowej ekspresji uznano te o wartosciach q <0,05 (FDR, ang. False Discovery
Rate), korektach Benjamini-Hochberg (BH) ibez progéw krotnosci zmian. Do
dalszych analiz wykorzystano tylko te geny, ktoére wykazywaly base mean wiekszy

niz 20. Adnotacje genow uzyskano z adnotacji Sscrofall.1 Ensembl GTF.
* Integracja wynikow methyl-seq i mRNA-seq

W celu integracji wynikow wykorzystano zbiory danych methyl-seq i RNA-seq,
aby powiazac¢ zmiany metylacji miejsc CpG ze zmianami poziomow ekspresji genow.

Do tego poréwnania wykorzystano program Venny 2.1.
o Analiza funkcjonalna

Przeprowadzono analize funkcjonalna wynikow metyl-seq, wynikow mRNA-
seq i potaczonych danych. Geny regulowane w gore/hipermetylowane i regulowane
w dol/hipometylowane zostaly wykorzystane do wspdlnych (GSA- Gene Set
Analysis) i oddzielnych analiz. Analize funkcjonalna przeprowadzono przy uzyciu
oprogramowania STRING (wersja 12.0) wykorzystujac bazy Gene Ontology (GO)
i Kyoto Encyclopedia of Genes and Genomes (KEGG). Dodatkowo podczas analizy
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funkcjonalnej wykorzystano programy BioMart (wydanie 110) iVenny 2.1.
Najbardziej istotne wyniki analiz (top 10 zmienionych procesé6w) wybrano na
podstawie wartosci FDR (ang. False Discovery Rate) isile zidentyfikowanych

wzbogacen (ang. enrichment score).

4.4.2. Wyniki i dyskusja

Celem badania bylo poréwnanie efektu standardowej i podwyzszonej dawki
cholekalcyferolu na transkryptom i metylom zdrowej tkanki pluc swin. Wyniki
sugeruja, ze wyzsza dawka cholekalcyferolu powoduje znaczace zmiany
w transkryptomie i metylomie ptuc. Wyniki sekwencjonowania mRNA (mRNA-seq)
wskazuja, bowiem, ze zwiekszone spozycie witaminy D wplynelo na ekspresje 195
genow, a wiekszos¢, bo 86.15% z nich uleglo obnizeniu ekspresji. Ponadto, bazujac
na wynikach RRBS, zidentyfikowano 1116 ro6znie metylowanych miejsc zwigzanych
z genami iich miejscami regulatorowymi (DMS), 56.27% znich wuleglo
hipermetylacji. Adnotacja DMS zgodna z cechami genu ujawnila, ze wiekszos¢, bo
47.17% miejsc o zmienionej metylacji znajdowalo sie w intronach. Z kolei DMS

w kodujacych czesciach genu stanowity 5.24%.

Analiza funkcjonalna wynikow methyl-seq wykazata, ze zwiekszone spozycie
witaminy D wplynelo najistotniej na procesy zwiazane z GTPaza, cytoszkieletem
i aktyna. Co ciekawe, inni badacze ustalili, ze spadek nasilenia wirusowej choroby
pluc laczy sie ze zmianami metylacji genoéw zwigzanych wlasnie z GTPaza i aktyna
(Alkafaas iwsp., 2023). Zkolei analiza funkcjonalna wynikow mRNA-seq
wyszczegblnita wplyw zwiekszenia dawki cholekalcyferolu na Sciezki biologiczne
zwiazane z kaskadami dopelniacza i krzepniecia oraz chemiczna kancerogeneza.
Wykryto znaczace obnizenie ekspresji genow kodujacych biatka ostrej fazy (np. FBG,
FGA i FGG) oraz genow zwiazanych z nowotworami (np. SERPINCI i F2). Dla
przykladu, SERPINCI1 jest uznawany za kluczowy gen w procesach proliferacji
i migracji komorek nowotworowych, a obnizenie jego ekspresji moze byc

skutecznym sposobem leczenia raka ptuc (Zhang i wsp., 2022; Wang i wsp., 2019).

Integralna analiza wynikow mRNA-seq oraz methyl-seq wylonitla 11 genow
o zroznicowanej ekspresji oraz metylacji pod wplywem zwiekszonej dawki
cholekalcyferolu. w przypadku genow HSDI17B6, CYP3A22, TTPA, SHMT1, MIPEP,
PSMA1, HDLBP, KLHL3, BHMT i UGT1A6 zmiana metylacji nastapila w intronach.

Gen I[TIH2 charakteryzowal sie¢ zmiana metylacji w kodujacej czesci genu.
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Przeprowadzone dodatkowo badanie qPCR potwierdzilo rzetelnosé¢ uzyskanych
wynikow w szerszej kohorcie obejmujacej samice (n=10) i samce (n=10). W badaniu
tym wykorzystano geny ITIH2, KLHL3, TTPA oraz UGT1A6. W przypadku wszystkich
wymienionych zaobserwowano znaczny spadek ekspresji pod wplywem zwiekszonej
dawki witaminy D, co jest zgodne z wynikami sekwencjonowania. Jednakze spadek

ekspresji genu KLHL3 nie byt statystycznie istotny (p-value=0,076).

Rezultaty analizy funkcjonalnej, ze szczegoélnym uwzglednieniem panelu 11
genow wspolnych dla wynikow sekwencjonowania metylomu i mRNA wskazuja na
przeciwnowotworowe i przeciwzwloknieniowe  dzialanie zwigekszonej dawki
cholekalcyferolu (Rycina 3.). Swiadcza o tym przede wszystkim zmiany w ekspresji
genow PSATI1 i SHMTI1. Wyniki badania in vitro iin vivo przeprowadzonego na
myszach wskazuja, ze PSATI jest silnym promotorem zwléknienia pluc, a VDR
reguluje ekspresje tego genu (Zhu iwsp., 2021). Co wiecej, badanie in vitro na
ludzkich liniach komorkowych wykazalo, ze wyciszenie genu PSATI skutkuje
zahamowaniem proliferacji i wzrostu guza w niedrobnokomoérkowym raku ptuc
(Yang i wsp., 2015). Gen PSATI odgrywa wazna role w biosyntezie aminokwasow.
Obnizona ekspresja PSATI hamuje synteze seryny, a w konsekwencji glicyny.
Glicyna z kolei, jest kluczowym skladnikiem kolagenu, ajej nieprawidlowa
produkcja wiaze sie zarowno zwloknieniem phluc, jak ipowstaniem zmian
nowotworowych w tym narzadzie. Zaobserwowano, ze zwiekszona dawki
cholekalcyferolu powoduje znaczny spadek ekspresji PSATI. Jednocze$nie
zaobserwowano wplyw zwieckszonej dawki cholekalcyferolu na szlak glikolizy
i syntezy aminokwasow, wtym glicyny iseryny. Co wigcej, na przeciw
zwloknieniowe i przeciwnowotworowe dzialanie witaminy D wskazuje rowniez
obnizenie ekspresji i hipermetylacja w obrebie genu SHMTI1. Gen SHMTI1 koduje
hydroksymetylotransferaze serynowa 1, czyli enzym niezbedny do przeksztalcania
seryny w glicyne (Zhu i wsp., 2021). Bazujac na tych odkryciach mozna stwierdzic,
ze wplyw witaminy D na hamowanie produkcji kolagenu w ptucach jest
dwukierunkowy: po pierwsze, poprzez hamowanie syntezy seryny, czyli materialu
niezbednego do tworzenia kolagenu, a po drugie, poprzez obnizenie ekspresji
enzymu bezposrednio zaangazowanego w synteze tego bialka. Co wiecej, wyniki
niniejszego badaniu sugeruja, ze zwiekszona dawka cholekalcyferolu powoduje
zmiany poziomu metylacji w intronie genu MeCP2. Gen ten uwazany jest za
kluczowy regulator procesu wioknienia (O’Reilly, 2017). Wykazano na przyktad, ze
myszy MeCP2 KO (knockout/dezaktywacja genu) sa odporne na zwiéknienie phluc

(Hu i wsp., 2011). Dodatkowo, rezultaty badania in vitro sugeruja, ze witamina D,

40



poprzez wplyw na TGFP1l, moze hamowac polimeryzacje a-aktyny w miesniach
gltadkich oraz produkcje fibronektyny i kolagenu w fibroblastach (Ramirez i wsp.,
2010). Efekt ten potwierdzac moga rowniez istotne zmiany metylacji czterech genow

kodujacych kolagen (COL4A1, COL5A1, COL6A3 i COL24A1).
é
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Rycina 3. Potencjalne cele cholekalcyferolu odpowiadajace za
przeciwnowotworowe i przeciwzwloknieniowe  wlasciwosci zwiazane  zjego

zwiekszonym spozyciem.
Dodatkowo, wykazano, ze gen UGT1A6, ktory prezentowat zmiany w ekspresji

i metylacji, rowniez jest istotnie zwiazany z rozwojem zwloknienia pluc. Gen ten
ulega zmianie ekspresji u pacjentow z idiopatycznym wloknieniem pluc w
porownaniu do zdrowych osob (Qian i wsp., 2022). Co wiecej, zwiekszona ekspresja

UGT1A6 jest rowniez charakterystyczna dla pacjentow z nowotworami, w tym
rakiem phuc (Li i wsp., 2020; Cengiz i wsp., 2015). UDP-glukuronozylotransferazy to

grupa enzymow zwigzanych z katabolizmem lekow i ksenobiotykéw. Dlatego uwaza
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sie, ze zmiana ekspresji genow UGT1A, w tym UGT1A6, moze znaczaco modulowac
odpowiedz na leczenie i progresje raka (Cengiz i wsp., 2015). Obnizenie ekspresji
tego genu pod wplywem suplementacji witaming D (kalcytriolem) zostalo juz
zaobserwowany przez innych badaczy w tkankach watroby szczuréw (Doan i wsp.,
2020).

Wplyw witaminy D na procesy zwigzane ze zwloknieniem pluc irakiem
sugeruje rowniez obnizenie ekspresji i hipermetylacja w obrebie promotora genu
ITIH2 (SHAP). Gen ITIH?2 jest zwigzany z grupa inhibitorow seryny. Gen ten moze
by¢ zaangazowany w kontrole stanu zapalnego i procesé6w immunologicznych
(Hamm i wsp., 2008). Mozliwe jest, ze zdolnos¢ do regulacji angiogenezy moze taczyc
ITIH2 z procesem wloknienia pluc. Badanie przeprowadzone przez Garantziotisa i i
in. wykazalo, ze indukowane uszkodzenie phluc spowodowalo ponad szesciokrotny
wzrost ekspresji ITIH2 w watrobie i spadek jego ekspresji w plucach (Garantziotis
i wsp., 2008). Podobnie, w nowotworach ptuc, ITIH2 wykazuje znaczna redukcje
ekspresji w zmienionych tkankach (Hamm i wsp., 2008). ITIH2 jest czeScia biatka
Ial, ktore jest syntetyzowane w watrobie. lal sklada sie z lancucha lekkiego i dwoch
tancuchow ciezkich (ITIH1 1iITIH2). Uwaza sie, ze Ial jest czynnikiem
ogb6lnoustrojowym, ktoéry wzmacnia angiogeneze. Badania histologiczne wykazaly
silna kolokalizacje biatka inhibitora inter-a-trypsyny (Ial) w ogniskach chorobowych
u pacjentow ze zwloknieniem ptuc. w przeciwienstwie do tego, ptuca zdrowych osob
byly stabo wybarwione na obecnos¢ lal (Garantziotis i wsp., 2008). Przytoczone
wyniki wskazuja na wyzsza ekspresje biatka Ial oraz obnizona ekspresje genu ITIH2
w ptucach chorych na zwldoknienie. Ustalenia te oraz rezultaty niniejszej pracy

sugeruja inng, niezwigzana z lal, role genu ITIH2 w tkance ptuc.

Z kolei na przeciwnowotworowe wlasciwosci zwiekszonej dawki
cholekalcyferolu wskazuje takze obnizona ekspresja i hipermetylacja genu KLHL3
(kelch-like family member 3). Wiele sugeruje, ze gen KLHL3 jest powiazany
z rozwojem raka. Odkryto na przyklad obnizenie ekspresji genu KLHL3 w probkach
osocza pacjentow zrakiem pluc (Zhang iwsp., 2022). Brakuje jednak ustalen
dotyczacych ekspresji i regulacji epigenetycznej tego genu w samej tkance ptluc.
Badania przedstawiajace ekspresje genu KLHL3 w tkankach nowotworowych
wykazaly, ze moze on ulega¢ zarowno nadekspresji, jak i obnizeniu ekspresji pod
wplywem choroby (Lin i wsp., 2022). Niemniej jednak rola KLHL3 w patogenezie

nowotworow powstalych w wyniku interakcji wirusowej wydaje sie byc¢ dobrze
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udowodniona. Naukowcy odkryli, ze KLHL3 posredniczy w infekcji i replikacji KSHV

indukujacej nowotworzenie (Qi i wsp., 2022).

Innym interesujacym wynikiem niniejszego badania byl rowniez znaczacy
spadek ekspresji genu TTPA (biatka przenoszacego alfa-tokoferol). TTPA wiaze
biologicznie aktywng forme witaminy E (a-tokoferol) iodgrywa wazng role
w regulacji poziomu tej witaminy w organizmie. Ze wzgledu na silne wlasciwosci
przeciwutleniajace, przeprowadzono liczne badania wcelu ustalenia, czy
suplementacja witaminag E moze chroni¢ przed rakiem. Co interesujace, pierwsze
badanie kliniczne przeprowadzone na duzej grupie mezczyzn palacych tyton
wykazalo o 2% wyzsza SmiertelnoS¢ w grupie osob przyjmujacych witamine E
w porownaniu do grupy osob niesuplementowanych (Alpha-Tocopherol, Beta
Carotene Cancer Prevention Study Group, 1994). Brak ochronnego wplywu
suplementacji witaming E w chorobach nowotworowych i sercowo-naczyniowych
potwierdzono réwniez w innym badaniu klinicznym przeprowadzonym na grupie
zdrowych kobiet (Lee i wsp., 2005). Zaobserwowana zmiana ekspresji genu TTPA
pod wplywem witaminy D wskazuje na mozliwa interakcje pomiedzy jednoczesna
suplementacja diety witaminami D i E, co wydaje sie¢ byc¢ ciekawym kierunkiem

kolejnych badan.

Podsumowujgc, wyniki sugeruja, ze zwiekszenie spozycia cholekalcyferolu
moze okazac sie korzystane zaréwno z punktu widzenia dobrostanu zwierzat jak
i zdrowia ludzi. Wyniki wskazuja, ze zwiekszone spozycie witaminy D moze
regulowac¢ produkcje kolagenu i hamowac¢ proces zwloknienia ptuc miedzy innymi
poprzez wplyw na ekspresje genow SHMTI, UGT1A6 iITIH2. Co wiecej, zmiana
ekspresji tych genéw oraz genéw KLHL3 i TTPA wskazuje na przeciwnowotworowe
wlasciwosci zwiekszonej dawki cholekalcyferolu. Uzyskane wyniki sugeruja rowniez,
ze witamina D moze wplywac¢ na poziom i dzialanie witaminy E. Prawdopodobnym
mechanizmem epigenetycznym stajacym za wszystkimi wymienionymi wyzej

wlasciwosciami zwiekszonej dawki cholekalcyferolu jest metylacja DNA.
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5. Wnioski

Analiza literatury oraz wyniki badan z zakresu transkryptomiki i epigenetyki

umozliwily sformutowanie nastepujacych wnioskow:

R/
0’0

R/
0'0

Dane literaturowe pokazuja, ze niedobor witaminy D w osoczu dotyczy
znacznie czesciej plci zenskiej, rownoczesnie to samice posiadaja wickszy
potencjat akumulacji witaminy D w komorkach. Ustalono rowniez, ze
istnieje szereg czynnikow mogacych powodowac miedzyplciowe roznice
w poziomie i dzialaniu witaminy D. Wsrod nich wymieni¢ nalezy przede
wszystkim  roznice w ekspresji receptora witaminy D, genow
metabolizujacych witamine D oraz bialka transportujacego witamine D.
Dhugotrwata suplementacja zwiekszona dawka cholekalcyferolu oraz
zwiekszong dawkag kombinacji cholekalcyferolu i kalcydiolu nie wplywa
znaczaco na ekspresje mRNA w tkance miesSniowej swin. Catkowite
zastapienie cholekalcyferolu kalcydiolem réwniez wydaje sie nie wywierac
istotnego wplywu na ekspresje mRNA w tej tkance.

Dtugotrwata suplementacja zwiekszona dawka cholekalcyferolu zmienia
ekspresje miR-215, a zastapienie cholekalcyferolu kalcydiolem nie
wywotuje zadnych zmian w ekspresji miRNA w tkance pluc. Z kolei,
zastosowanie  podwyzszonej dawki  kombinacji = cholekalcyferolu
i kalcydiolu powoduje wiele istotnych zmian w profilu miRNA tej tkanki.
Zidentyfikowane zmiany moga wykazywaé szerokie spektrum
oddzialywan. Jednakze szczeglOlnie istotny wydaje sie wplyw kombinacji
na szlak TGF-p oraz szlaki zwiazane z metabolizmem i synteza glikanow.
Efekt ten sugeruje, ze zwiekszona dawka witaminy D w postaci
cholekalcyferolu i kalcydiolu moze regulowac procesy zwigzane
z powstawaniem nowotworow.

Dhugotrwata suplementacja podwyzszona dawka cholekalcyferolu wptywa
znaczaco na profil metylacji oraz mRNA tkanki ptuc swin. Ustalono, ze
zwiekszone spozycie cholekalcyferolu moze regulowac¢ produkcje kolagenu
oraz hamowac proces zwloknienia pluc. Ponadto wiele wskazuje, ze tego
typu suplementacja posiada wlasciwosci przeciwnowotworowe. Co
ciekawe, ustalono takze, ze zwieckszona dawka cholekalcyferolu moze

regulowac poziom tokoferolu, czyli witaminy E.
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Abstract

The ubiquity of vitamin D metabolising enzymes and vitamin D receptors in mammalian organisms suggests that vitamin D has pleiotropic
effects. There are quite a few studies indicating the anticancer, cardioprotective and antidiabetic effects of vitamin D; however, the best-doc-
umented actions of vitamin D are the regulation of Ca—phosphate balance and its effect on immune function.

Vitamin D levels in organisms are modulated by many environmental and non-environmental factors. One potential factor that may influence
vitamin D levels and effects is the sex of the individuals studied. This review focuses on the scientific evidence indicating different synthesis and
metabolism of vitamin D in females and males, mainly from PubMed database sources. The article verifies the sex differences in vitamin D levels
reported around the world. Moreover, the different effects of vitamin D on the musculoskeletal, cardiovascular, nervous and immune systems, as
well as cancer in males and females, were discussed.

Most studies addressing sex differences in vitamin D levels and effects are observational studies with conflicting results. Therefore, carefully
designed clinical trials and experiments on animal models should be carried out to determine the role of non-environmental factors that may

differentiate vitamin D levels in females and males.

Key words: Vitamin D: Sex: Sex differences: Deficiency: Nutrigenomics

Until recently, the effect of vitamin D has been primarily asso-
ciated with the regulation of Ca and phosphate balance of the
body. However, vitamin D shows a broader range of activities
since it affects both the skeletal and immune, cardiovascular,
and endocrine systems'”. Nevertheless, the range and exact
effect of vitamin D action are still debatable. Currently, vitamin
D deficiency is associated with many chronic ailments related
to oxidative stress, inflammation and ageing'®. A significant
part of these disorders is civilisation diseases, such as obesity
or diabetes®®. The occurrences of vitamin D deficiency and
civilisation diseases are strongly correlated with each other
because both problems originate from a common source.
The reason for their existence is the presently preferred — but
far from natural — human lifestyle. Vitamin D status is a proxy
for a healthy lifestyle; thus, it is difficult to assess whether sig-
nificant deficiency in vitamin D is the cause or effect of illnesses
like those mentioned above. However, vitamin D deficiency is
a global issue, and the primary source of this deficiency is the
widespread isolation of the skin from exposure to sunlight>®.
Since this phenomenon shows a progressive character, it is nec-
essary to uncover precisely all mechanisms influencing vitamin

D levels in the body. The selection of all the factors involved
and thorough knowledge of the relationships between them
will help to create principles for the effective and safe supple-
mentation of vitamin D.

Numerous studies that have examined plasma 25(OH) vita-
min D concentrations show significant differences between
sexes®™. Additionally, analysis of the National Health
and Nutrition Examination Survey (NHANES) dataset indi-
cates that vitamin D supplementation should be sex-depen-
dent'”, Moreover, a transcriptome study investigating
blood samples of persons supplemented with vitamin D
revealed that vitamin D regulates 3-2 times more genes in
women than in men?. In addition, many studies assessing
the effects of vitamin D on disease units have demonstrated
different outcomes in men and women. Despite this, many
analyses relating to the impact of vitamin D have not included
sex as an important factor. Further, experimental animal stud-
ies usually use only one sex to increase the standardisation of
results. However, as many studies have indicated, sex can be
important in determining the effectiveness of vitamin D
supplementation.

Abbreviations: ACA, anterior cerebral arteries;; AD, Alzheimer’s disease;; BC, breast cancer;; CRC, colorectal cancer;; EAE, encephalomyelitis;; FGF23, fibro-
blast growth factor 23;; MS, multiple sclerosis;; PTH, parathyroid hormone;; T2DM, type 2 diabetes mellitus;; VDR, vitamin D receptor.

* Corresponding author: Dr A. Wierzbicka, email alicja.wierzbicka@iz.edu.pl
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The goal of this article is to review scientific reports that illus-
trate the occurrence of sex differences related to the effects and
levels of vitamin D in mammals.

This article consists of four main parts. The first part explains
how vitamin D is synthesised and metabolised, and the second
part outlines which factors modulate vitamin D levels in the
body. The third section characterises the differences between
males and females in blood 25(OH) vitamin D. The last and larg-
est part of the article is devoted to sex differences in the effect of
vitamin D on various disease entities.

Synthesis and regulation of vitamin D levels

Vitamin D possesses a secosteroid structure similar to that of ste-
roids'?. In general, the term ‘vitamin D’ is most often used in
reference to the different isoforms and metabolites of vitamin D.

There are two forms of vitamin D: D, and D;. Both are the
result of non-enzymatic reactions involving solar radiation™?.
Yeast, fungi and plants synthesise vitamin D, or ergocalciferol.
In those mentioned above, the substrate for the production of
vitamin D, is ergosterol (i.e. a compound that is part of cell mem-
branes that performs the same function as cholesterol in animal
cells). Under the influence of UVB radiation (280-315 nm), vita-
min D, is synthesised from yeast, fungi and plants from ergo-
sterol. Vitamin D3, or cholecalciferol, is synthesised in animal
tissues in a two-step process. The substrate needed to produce
vitamin D3 is 7-dehydrocholesterol (7-DHC), whose level is
regulated by 7-DHC reductase (DHCR7)!"®. Under the influence
of UVB radiation, 7-DHC is converted in the skin of animals into
previtamin D3, which isomerises to vitamin D5 (cholecalciferol 1)
as a result of the heat of the skin. The process of synthesising
vitamin D3 in animal skin takes several hours. Initial products
in the form of ergocalciferol and cholecalciferol are not biologi-
cally active (Fig. 1).

Vitamin D3, produced in the skin, binds to vitamin D trans-
porting protein (DBP) in the bloodstream. DBP transports all
vitamin D metabolites. Cholecalciferol and ergocalciferol from
food and dietary supplements, after absorption from the intes-
tines, enter the circulatory system, initially on chylomicrons,
and then it is slowly transferred to DBPY'®. As a result, cholecal-
ciferol and ergocalciferol can be absorbed directly by peripheral
tissues (e.g. muscle). However, cholecalciferol and ergocalcif-
erol, bound to DBP, go mainly to the liver, where the first stage
of its metabolism takes place. In the liver, 25-hydroxylases-
CYP2R1 and CYP27A1 convert cholecalciferol and ergocalciferol
into 25(OH) vitamin D (calcidiol — 25(OH)D)'>. CYP2R1 in
humans exhibits the highest levels of expression in the liver
and testis microsomal fraction!®. 25(OH)D, resulting from 25-
hydroxylation, is the primary circulating form of vitamin D.
DBP has twenty times greater affinity for this form of vitamin
D than the active form“”,

The most important site for the next stage of vitamin D acti-
vation is the kidney. In mitochondrial kidney cells under the
influence of la-hydroxylase-CYP27B1, 25(OH)D is hydroxyl-
ated to 1,25(OH), vitamin D (calcitriol — 1,25(OH),D). The
CYP27B1 enzyme is also active in the cells of other tissues.

CYP27B1 expression has been observed, among others, in the
liver, gonads, prostate epithelium, immune cells, thyroid cells
and pancreas. However, CYP27B1 activity varies depending
on the site of expression. In the kidney, the primary regulators
of CYP27B1 action are changes in parathyroid hormone (PTH)
and fibroblast growth factor 23 (FGF23), while at other locations,
its activity is regulated by a large group of cytokines*'®

1,25(OH),D is the biologically active form of vitamin D pro-
duced by many organisms including mammals and plants"®.
1,25(OH),D enters the circulatory system, where after binding
to DBP, it reaches the target tissues®?. Calcitriol can perform
its biological function thanks to its assembly with vitamin D
receptor (VDR). VDR, belonging to the group of nuclear recep-
tors, is located in most mammalian tissues. However, the level of
its expression is tissue-dependent, being the most pronounced
in the liver, intestines, bones, parathyroid glands and kidney
(i.e. in tissues involved in maintaining the body’s Ca-phosphate
homoeostasis)"?". VDR is dimerised together with the nuclear
retinoid receptor RXR1®. Calcitriol in the bound form with the
VDR-RXR complex regulates the transcription of many genes,
including CYP27B1 and CYP24A1519,

The CYP24A1 enzyme is produced mainly in the kidneys, and
it is responsible for calcidiol and calcitriol catabolism. 24-
Hydroxylase-CYP24A1 metabolises 1,25(OH),D and 25(OH)D,
although it has a higher affinity for 1,25(OH),D"7. CYP24A1
inactivates these vitamin D metabolites in the form of calcitroic
acid. The regulation of CYP24A1 expression levels is a major fac-
tor in maintaining normal levels of vitamin D in the body.
Calcitriol, acting as a hormone, uses a negative feedback mecha-
nism to strictly regulate vitamin D metabolism. Thanks to calci-
triol-dependent CYP24A1 activity in the kidneys, it is possible to
control both 25(OH)D and 1,25(OH),D levels. Calcitriol also reg-
ulates the level of CYP27B1 in the kidneys, which is essential to
prevent the accumulation of excessive levels of vitamin D in the
body. In addition to using the negative feedback mechanism,
vitamin D levels in the body are controlled by PTH, mentioned
above, and FGF-23. The parathyroid glands secrete PTH in
response to low blood Ca, and it stimulates CYP27B1 activity
in the kidneys. FGF-23, produced by osteoblasts and osteocytes
in response to too high levels of phosphates and calcitriol in the
blood, inhibits the renal expression of CYP27B1 while enhanc-
ing CYP24A1 activity®. Moreover, calcitonin (i.e. a hormone
produced mostly in thyroid C cells) affects the level of vitamin
D in the body. Calcitonin is synthesised in a state of increased
serum Ca. Lowering Ca levels due to calcitonin occurs by inhib-
iting osteoclasts formation”.

Interestingly, according to our recent study in rats, the expres-
sion of metabolising genes differs between sexes. In the liver, the
expression of Vdr and Cyp2ri genes is significantly higher in
females compared with males, while the expression of
CQyp27b1 does not differ significantly between the sexes.
Significant differences in the expression of these genes were also
observed in kidney tissue. Again, C)p2r1 gene expression was
higher in females, while the Cyp27b1 gene, only under the influ-
ence of vitamin D supplementation, showed higher expression
in males compared with females. Moreover, this study revealed
higher expression of Cyp2r1 and Cyp27b1 in the rat brain tissue
in females compared with males. Furthermore, females have a
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: uCho&ecalciferol
1 (vitamin D)

Cholecalciferol
(vitamin D)/
Ergocalciferol
(vitamin D)

VDR c 1, 25(0H), D

Fig. 1. The scheme shows the sources of vitamin D and its main activation pathway in the body. Vitamin D can be supplied to the body through dermal synthesis, during
which 7-dehydrocholesterol is converted to cholecalciferol (D3) under the influence of UVB radiation and heat generated by the body. Vitamin D can also be taken orally
with food or in the form of dietary supplements. Vitamin D taken orally may be in the form of D5 or D,. Regardless of its source or form, vitamin D enters the liver where it
undergoes its first hydroxylation to form 25(0OH)D by CYP2R1 and CYP27A1 enzymes. The 25(0OH)D then reaches the kidney where it is converted to 1,25(0OH)D under
the action of the enzyme CYP27B1. 1,25(0OH)D is the active metabolite of vitamin D and is recognised by the vitamin D receptor (VDR). (Figure made with BioRender).

VDR, vitamin D receptor.

higher expression of the Cyp27b1 gene in adipose tissue com-
pared with males?.

An exogenous vitamin can be delivered to the body in both the
D, and D3 forms. Both forms undergo the same, two-stage biologi-
cal activation process. However, the effect of vitamin D, diet sup-
plementation shows a weaker effect®. Nevertheless, in the
absence of skin exposure to UVB radiation, a varied diet cannot
cover the daily requirement for calcitriol. Therefore, in many
cases, vitamin D dietary supplementation is necessary. Despite
the availability of many different dietary supplements with vitamin
D, specific recommendations for their use remain controversial.
Currently, the recommended doses refer to the general popula-
tion and perhaps men and women should be treated differently
in this regard. What is more, perhaps different recommendations
should be applied depending on specific disease or condition. A
routine way to determine the body’s vitamin D levels is by testing
25(OH)D in blood plasma. In most recommendations, >30 ng/ml
(>75 nmol/l) is considered an appropriate outcome™*,

Sources of vitamin D and factors affecting its synthesis

Vitamin D is called the sun’s vitamin because the most efficient
source is endogenous synthesis, starting in the skin under the
influence of UV radiation. Therefore, a key element in maintain-
ing proper levels of vitamin D in the body is regularly exposing
the skin to the sun. Apart from recent limitations in exposure to
UV rays related to the significant reduction in outdoor activities,
attention should be paid to the popularity of cosmetics with UV
protection filters. The use of cosmetics with a sun protection

factor (SPF) 30 reduces the synthesis of vitamin D in the skin,
as much as 99 %>, An additional obstacle to maintaining proper
levels of vitamin D in plasma is the seasonal variability in the
length and intensity of sun exposure. In many areas, the time
and level of insolation change dramatically throughout the year,
which leads to seasonal deficiency of vitamin D in humans®,
Moreover, the range of seasonal variations in 25(OH)D in the
blood depends on sex?%27,

The amount of vitamin D contained in the Western diet is low.
The most vitamin D-rich foods are fatty ocean fish such as
salmon or eel. Apart from that, vitamin D is present in eggs, yel-
low cheese, or milk; however, the daily requirement (1000 IU)
from food can only be covered by consuming fish. The impos-
sibility of simultaneously maintaining a varied diet and supple-
menting the daily requirement of vitamin D, as well as the
widespread and robust reduction of skin contact with the sun,
contribute to the need for vitamin D supplementation.

When determining the appropriate daily dose of vitamin D,
attention was given to the recipient’s age, skin colour and
physiological condition. Age is one of the best-proven factors
correlated with vitamin D levels in the body®. Metabolic proc-
esses in the elderly are significantly slowed down. Older people
are also characterised by lower absorption of vitamins and
minerals from the digestive tract, as well as a slowdown in the
synthesis of cholecalciferol through the skin. Moreover, recom-
mendations for vitamin D supplementation are correlated with
women’s physiological status. The reason for these recommen-
dations is fluctuations in oestrogenic concentrations associated
especially with pregnancy and menopause.
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Another important factor defining the accurate level of vita-
min D supplementation is genetic background. Recently,
much attention has been given to the effects of polymor-
phisms of genes involved in the action and metabolism of vita-
min D®. For example, a meta-analysis performed by Duan
et al. proved that the rs10741657 polymorphism of the
CYPZ2R1 gene plays a vital role in determining the presence
of vitamin D deficiency®”. Nevertheless, establishing the
exact relationship between the genetic profile and the ability
to maintain adequate vitamin D levels requires many years of
research, and it seems unattainable now.

Among significant aspects influencing the status of vitamin D
in the body, we should also mention obesity, low levels of physi-
cal activity®-3% and smoking cigarettes®®. For example, it was
shown that obese men have a higher vitamin D deficiency index
than men with normal body weight?”. Moreover, according to a
Norwegian study, seasonal variations in vitamin D do not appear
to be strictly related to BMI in women, while obese men have
much smaller seasonal variations than non-obese men. In addi-
tion, the analysis of NHANES 2011-2014 data indicates that the
most significant differences in vitamin D levels are observed
between obese women and women with normal body
weight©®?,

One of the most important factors influencing the level of vita-
min D synthesis in the body is skin colour. An increased amount
of melanin in the skin guarantees its protection from the sun.
Consequently, the darker one’s skin colour is, the weaker the
synthesis of vitamin D in the skin®”., This draws attention to
the problem of people with high pigment levels living in sun-
poor areas. The incidence of vitamin D deficiency is more than
three times higher among African Americans than among
Caucasians"”.

There is a growing number of indications that sex is an addi-
tional, crucial non-environmental factor regulating the level and
effect of vitamin D®825:27.35-38) Tg date, a number of studies
have been carried out in which vitamin D levels have differed
between women and men, most of them defining the female
sex as being more vulnerable to vitamin D deficiency®73%,

Importantly, several studies confirm that sex hormones
(androgens and oestrogens) affect the expression levels of genes
related to vitamin D. The results of an experiment conducted on
a human breast cancer (BC) cell line demonstrate that both dihy-
drotestosterone and estradiol-17 § (E2) increase the VDR gene
expression®. The effect of E2 on Vdr expression was also con-
firmed in a study conducted on rat duodenal mucosa, which sug-
gests that oestrogen up-regulates Vdr expression in this tissue
and concurrently increases the responsiveness to endogenous
1,25(0OH),D“?. Additionally, Schwartz et al. confirmed these
results using several omics techniques. According to their find-
ings, oestrogen increases VDR gene transcript level, protein
expression and endogenous 1,25(OH),D bioactivity in colonic
mucosa“?. Central nervous system studies also confirm the
effect of E2 on Vdr gene expression~*¥. Analysis of the effect
of E2in T cells in vitro by Spanier et al. showed that E2 decreased
Cyp24al expression and increased Vdr expression. This result
suggests that E2 may slow the rate of calcitriol degradation while
increasing the reactivity to calcitriol in T cells““?. Moreover, one
of the more recent studies showed that testosterone may

increase the catabolism of vitamin D. The result of this experi-
ment indicates that testosterone induced CYP24A1 while inhib-
iting CYP27B1 gene expression in placental cell cultures?,
Remarkably, not only do sex hormones affect vitamin D metabo-
lism but also vitamin D affects sex hormone synthesis. According
to one study, an active form of vitamin D stimulates the produc-
tion of progesterone by 13 %, oestrogen by 21 % and estradiol by
9% in cultured human ovarian cells“>.

Interestingly, the size of sex differences in plasma levels of
vitamin D is correlated with ethnic origin. The most significant
differences, regardless of age or health abnormalities, are
between women and men from Latin American countries“®.

As shown above, serum vitamin D levels are determined by
many non-environmental and environmental factors. Moreover,
factors such as area of residence, exposure time to UVB radia-
tion, age, skin colour, sex, genetic profile, physiological state
and BMI interact with each other, making the search for the
causes of insufficient vitamin D levels very individual.
Therefore, the idea of creating a personal index has recently
emerged, which would enable the calculation of one’s own vita-
min D requirement”. However, this may require a precise
determination of the significance of all factors that considerably
modulate vitamin D levels, including the role of sex.

Sex as a non-environmental factor may influence both overall
vitamin D levels in the body and may also modulate the body’s
response to vitamin D supplementation in the prevention and
treatment for various conditions. Both of these aspects are dis-
cussed below.

Sex differences in the serum levels of vitamin D

The results of numerous studies carried out in different countries
regarding sex differences in the levels of vitamin D measured in
plasma are inconsistent. A survey on a group of as many as
15 804 people revealed that in the USA, vitamin D deficiency
is more common in men (P < 0001); however, an earlier study
pointed out that women are more prone to vitamin D deficiency
in this country”?. The difference in the outcomes may be due to
the fact that the first study was part of a clinical trial where the
average age was 08 years, while the second study involved peo-
ple over 65 years of age. On the other hand, Muhairi et al. con-
ducted a study on a group of adolescents between 15 and 18
years of age in the United Arab Emirates. Their results showed
that vitamin D deficits are much more prevalent in girls®.
Similar findings were obtained by researchers in Brazilian ado-
lescents and children aged 12-17 years. Additionally, in this case,
25(OH)D deficiency (d 20 ng/ml) was much more common in
girls“®_ Similarly, an analysis of the Taiwanese middle-aged and
elderly population indicated that as many as 72:3 % of people
with vitamin D deficiency were women, and in the group of peo-
ple with adequate vitamin D levels, women constituted only
23.9% Y, Lower vitamin D levels in females were also noted
in a study performed on a group of people aged 5-101 years liv-
ing in urban parts of China. According to the outcomes, the
group most at risk of low levels, including severe plasma vitamin
D deficits, consisted of females under 20 years of age and
females over 80 years of age®.
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Sexual differences in vitamin D levels are most evident in
overweight and obese people, especially children®. A cross-
sectional survey with Brazilian children aged 12-17 years
pointed to a significant relationship between weight category
and hypovitaminosis D. According to the results, obese boys
are particularly predisposed to vitamin D deficiency“®.
Moreover, insufficient levels of vitamin D are especially common
in young obese men®. Similarly, Zhu et al. discovered that BMI
and visceral obesity rates are significantly related to low serum
concentrations of 25(OH)D in men®?, Additionally, Lagunov
et al. demonstrated that women with obesity (BMI e 40) had
higher concentrations of 25(OH)D than men from the same
BMI category. Approximately 40 % of obese women and 75 %
of obese men have vitamin D deficiency during winter and
spring®”. Further, an epidemiological study by McCullough
et al. confirmed the link between low levels of vitamin D and
obesity in men®". In contrast, the results of one of the latest
cohort studies in Italy by Barrea et al. clearly signals that the level
of vitamin D is significantly lower in women, regardless of the
BMI class®?. Moreover, the results of the analysis of patients
before undergoing bariatric surgery indicate that as many as
72:5% of them have insufficient levels of vitamin D.
Interestingly, this deficiency was more often observed in women
(775 % v. 69-2%; P=0-019)°%. Recently, a correlation has also
been found between vitamin D deficiency and the fat-free mass
in the Italian population®®. In addition, women deficient in vita-
min D had higher levels of fat mass than men. The authors con-
cluded that the lower 25(OH)D levels in women can be
explained by the fact that generally women have more fat than
men®?, According to other research, the greater amount of body
fat in women results in an ability to store more vitamin D from
skin synthesis than in men, which also explains the fact that vita-
min D levels are more variable over the year in men. Vitamin D
accumulated in larger amounts of adipose tissue may be the rea-
son for a more stable vitamin D level throughout the year in
women than in men®?”,

The molecular basis for differences in 25(OH)D serum level
between the sexes is not fully understood. Recently, an increase
in 25(OH)D with the use of oestrogen-containing contraceptives
was observed®”, which is in line with a large multi-ethnic study
of men and women aged 45-84 years suggesting that lower
25(OH)D concentrations were associated with the lower sex
hormone-binding globulin and higher free testosterone in both
men and women®®. Moreover, it is hypothesised that females
have a higher ability to synthesise vitamin D in the skin than
males. In mice, it was shown that males exhibit lower levels
of 25(OH)D after UV exposure than females because of a lower
level of 7-DHC (the precursor to vitamin D) in male skin®7,
Furthermore, it was revealed that women have higher DBP (vita-
min D-binding protein) concentration which is combined with
oestrogen-dependent DBP synthesis®”. Undoubtedly, the fact
that sex hormones affect the expression levels of genes related
to vitamin D is of great importance. Nevertheless, it may not be
the only reason since the research results of different studies are
inconsistent, indicating both men and women have lower aver-
age levels of vitamin D depending on a study. Therefore, there
might be other mechanisms responsible for the occurrence of
these variances.

N

One possible explanation for the discrepancy between the
results of different experiments may be the cultural differences
in the lifestyles of men and women around the world. For exam-
ple, a cross-sectional study carried out in Saudi Arabia showed
that women exhibit a lower general exposure to the sun,
although their knowledge about vitamin D importance is greater
than in men (P < 0-002)°%. Moreover, they take vitamin D sup-
plements more frequently than men®?. Furthermore, baseline
characteristics of participants in the Vitamin D and OmegA-3
TriaL (VITAL) in the USA suggest more frequent consumption
of foods containing vitamin D by women than men®”.
Conversely, in several regions of Europe, men tended to have
higher intakes of vitamin D than did women (P < 0-0D)©Y,

Generally, the findings of studies regarding different levels of
vitamin D in males and females are inconsistent (Table 1).
Overall, it appears that in some geographical regions, women
are at higher risk of vitamin D deficiency®?. This tendency
may change with an increasing public awareness of the impact
of vitamin D on health. There are some interesting suggestions
attempting to explain sex differences in vitamin D status, but so
far, no comprehensive research has been conducted to identify
the causes of this imbalance unequivocally.

Sex differences observed in association studies
examining the relationship between vitamin D status and
the occurrence and course of skeletal and non-skeletal
disorders

Recently, an increasing number of scientific articles have taken
into account sex differences in the effectiveness of vitamin D in
preventing and alleviating the course of human disorders. In this
chapter, we aimed to systematise the most relevant articles on
sex differences in the effect of vitamin D supplementation
between females and males.

Skeletal and muscle disorders

Vitamin D deficiency in the body inhibits the absorption of Ca
and P supplied from the diet. With significant deficits of vitamin
D, only up to 15 % of Ca is absorbed from food. Low concentra-
tions of Ca in the blood stimulate PTH synthesis. PTH increases
Ca resorption in kidney tubules. Additionally, in the case of
decreased Ca in blood plasma, PTH works similarly to the active
form of vitamin D. Mammalian organisms are overly sensitive to
fluctuations in Ca concentration in blood plasma. Therefore,
when the plasma Ca level in plasma drops, 1,25(OH),D interacts
with VDR in bone blasts to cause preosteoclasts to mature.
Mature osteoclasts, releasing hydrochloric acid and collage-
nases, dissolve bones, thanks to which Ca and phosphorus
are released into circulation®®®. For this reason, low levels of
Ca and vitamin D in blood plasma cause abnormalities in the
bone system. It is well known that a number of systemic hor-
mones and transcription factors regulate bone turnover; how-
ever, the hormone whose action is best documented in this
regard is oestrogen, which prevents bone loss via estrogen
receptor (ER) a and induction of the Fas ligand (FasL) in osteo-
clasts®. Moreover, genetic variation at the ER locus, singly and
in relation to the VDR locus, may influence bone mass and
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Table 1. Sex differences in the level of vitamin D measured in the serum

Sex with lower serum vitamin D

concentration Age of participants (years) Number of participants ~ Country of research ~ Years of measurement References
Male e50 15 804 USA 2011-2014 4
Female 5-101 5531 China 2011-2013 3
Female 50 4814 UK 2012-2013 68
Female 18-75 2317 China 2018-2019 147
Female e65 2312 USA 1992-1993 1
Female e50 1839 Taiwan 2011-2013 47
Female 35-79 1600 Saudi Arabia - 88
Female e65 1425 Portugal 2015-2016 77
Female 18> 60 1347 Kazakhstan 2018 5
Male 18-89 1329 Chile - 148
Female 80-112 1324 China 2011 73
Female 12-17 1152 Brazil 2013-2014 46
Female >100 943 China 20142016 149
Female 15-18 315 United Arab Emirates 2010 2
Male 19-69 226 Pakistan - 150
Female 41-60 120 India - 151

provide insight into the biological nature of the variation in sus-
ceptibilities to osteoporosis®. Nevertheless, the exact mecha-
nism of the interaction between oestrogens and vitamin D is
not fully understood.

Several investigations indicate that older women are charac-
terised by lower bone mineral density than older men =67,
Moreover, a body of evidence suggests that the risk of bone
fractures depends on sex®®%®_In the group of people between
65 and 70 years of age, women were 2-2 times more likely to
have a non-vertebral fracture than men®®. Another cross-sec-
tional study revealed a correlation between the incidence of
osteoporosis and Parkinson’s disease. Osteoporosis and osteo-
penia were found in as many as 91% of women with
Parkinson’s disease, while in the group of men with
Parkinson’s disease, the same diseases were present in 61 %
of respondents®®. Interesting information is provided by a case
study that searched for differences in the type of hip fracture in
to 25(OH)D and PTH
Researchers have found, among other outcomes, that severe
vitamin D deficiency and being female are associated with a
more frequent recurrence of falls.

Further, a UK cross-sectional study, using data from the
English Longitudinal Study of Aging (ELSA) and conducted with
people over 50 years old, demonstrated that a higher plasma
concentration of 25(OH)D lowers the risk of disability in women,
but not in men®. Moreover, the risk of basic activities of daily
living disability is related to vitamin D deficiency in both sexes;
however, in females, this risk is much higher (53 % v. 44 %) In
addition, a greater risk of female skeletal abnormalities associ-
ated with vitamin D deficiency was confirmed by a study on
so-called residual rickets. Residual rickets is diagnosed in adults
who have suffered rickets in childhood due to severe vitamin D
deficiency”?. The survey, carried out on a group of 200 persons
(100 women and 100 men), who were not diagnosed with osteo-
malacia, showed that there were as many as 21 women among
29 subjects with residual rickets”’?.

In turn, a study of people with inflammatory bowel dis-
ease listed men as a group with a higher risk of reduced bone

relation serum concentrations.

mineral density associated with low levels of vitamin D773,

Additionally, multidimensional logistic regression models
indicated a significant inverse relationship between the level
of 25(OH)D and the risk of frailty and geriatric syndrome7%,
However, these studies have not proven that the relationship
between 25(OH)D level and frailty risk is sex- or age-depen-
dent. In contrast, an experimental study carried out on preg-
nant mice clearly underlines a different effect of vitamin D on
offspring’s bones according to sex. Further, vitamin D sup-
plementation in pregnant C57BL/6] mice improves bone
strength and structure, but only in male offspring”®.
Similar information is offered by a cross-sectional study that
traced the relationship between 25(OH)D levels in two
stages of pregnancy and bone measurements in offspring
at the age of 11 years. This study signalled a positive corre-
lation between 25(OH)D in the mother in early pregnancy
and bone mineral content and density in boys. A similar rela-
tionship was not observed in girls7®.

Further information about the different effects of vitamin D
on females and males is provided by research on sarcopenia
(i.e. loss of muscle mass and strength). The study indicated
that the sarcopenic condition was significantly related to total
serum 25(OH)D concentration and cholesterol level in
females only, and PTH level in males only®®. Additionally,
cross-sectional study demonstrated that vitamin D levels were
positively correlated with relative skeletal muscle mass in
males with sarcopenia””. Another study was conducted on
a group of people aged 65 years to determine the relationship
between vitamin D deficiency and the lowest values of gait
speed and hand grip. The results revealed a relationship
between vitamin D deficiency and gait speed and grip
strength. This relationship was particularly important in the
male group compared with the female group®.

In sum, women are more likely to suffer damage and abnor-
malities in the functioning of the skeletal system associated with
low levels of vitamin D than men. In turn, the relationship
between vitamin D deficiency and muscle mass and strength
seems to be stronger for men than for women.
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Cardiovascular and cardiometabolic disorders

The importance and complexity of functions and the associated
ubiquitous presence of blood vessels make CVD not only one of
the most dangerous, but also one of the most common condi-
tions in the world. Many studies have linked the functioning
of the circulatory system with vitamin D®%7:80,

Moreover, many indicate different effects of vitamin D in
women and men. Further, studies have confirmed the positive
impact of vitamin D supplementation on the cardiovascular system
and connected its deficiency to an increased risk of CVD 67980,
Low vitamin D content may lead to increased renal renin and angio-
tensin II production, consequently increasing blood pressure and
leading to the development of hypertension and systemic and vas-
cular inflammation®3Y_ In the USA, a survey was carried out on a
group of over 15 000 people concerning the connection of vitamin
D with the occurrence of CVD ailments. The results verified that low
levels of vitamin D in plasma were significantly related to factors
increasing the risk of CVD, such as inadequate blood pressure, dia-
betes mellitus, high BMI and high TAG levels“?. A clinical study in
rats also established that the occurrence of heart disease is associ-
ated with low levels of vitamin D, which suggests the usefulness of
vitamin D supplementation in treating heart failure®. Moreover, a
recent study showed that even short-term use of vitamin D affects
the expression of genes associated with CVD®”,

One experiment examined how excess androgens, in combi-
nation with vitamin D deficiency, affect the thickness of the ante-
rior cerebral arteries (ACA) in cerebrovascular disease in rats.
The obtained results proved that females with vitamin D defi-
ciency and excess androgens are characterised by increased
ACA wall thickness, whereas among males, vitamin D deficiency
alone is sufficient to increase ACA wall thickness. Moreover,
immunohistochemical investigation indicated that vitamin D
deficiency does not significantly affect the expression of andro-
gen receptor (AR) protein in ACA walls in females, but in males, it
is significantly higher than in females. This study proves the sig-
nificance of vitamin D in correlation with androgens for ACA vas-
oconstriction, which reduces the cerebral circulation efficiency
leading to stroke®® | implying that men are more likely to reduce
cerebral circulation efficiency in the case of vitamin D deficiency
than women.

Other evidence of sex differences in vitamin D action is pro-
vided by the results of a clinical study on total antioxidant capacity
among candidates for coronary artery bypass grafting surgery. An
appropriate total antioxidant capacity level in the body prevents
CVD. According to the findings of the study, a higher serum vita-
min D content was accompanied by a higher total antioxidant
capacity, but only in males, suggesting that the appropriate level
of vitamin D, especially in the male diet, can help to protect
against cardiometabolic risk factors®. In contrast, a cross-sec-
tional study on the relationship between cardiovascular mortality
and vitamin D levels, based on data from the Swiss MONICA
study, showed that serum 25(OH)D was inversely proportional
to cardiovascular mortality in women, but not in men®. The out-
comes of the coronary artery disease study by Verdoia et al. also
provide interesting information. According to their findings, low
levels of vitamin D are associated with a higher incidence and
severity of coronary artery disease in women. In the case of

men, the status of vitamin D is independently related to the inci-
dence of coronary artery disease, but not to its severity®®, signal-
ling that woman have a worse course of CVD due to vitamin D
deficiency than men. Contrary, Jarrah et al. study did not confirm
the relationship between vitamin D and coronary artery disease in
either men or women®®,

Type 2 diabetes mellitus (T2DM) and metabolic syndrome
increase the probability of death from cardiovascular causes.
The leading mechanism proposed to explain the relationship
between vitamin D deficiency and predisposition to metabolic
syndrome and T2DM increased insulin resistance and dysfunc-
tion of pancreatic § cells*V. Some investigations hint that vita-
min D supplementation may prevent abnormalities in glucose
metabolism and thus the development of T2DM and metabolic
syndrome®”. However, research in this area presents very
inconsistent results“7,

Abudawood et al. indicated the relevance of the link between
vitamin D deficiency and the occurrence of T2DM as a factor
increasing the risk of CVD. This study compared glycaemic
indexes, lipid profiles and vitamin D levels of healthy individuals
and those with T2DM. The level of vitamin D in patients, regard-
less of sex, was significantly lower than in healthy people. Vitamin
D and total cholesterol levels were positively correlated in both
sexes; however, the significance of this correlation was demon-
strated only in men®®. In contrast, apparent intersex differences
in vitamin D activity were found by analysing the relationship
between vitamin D supplementation and apo expression®”.
The study revealed that under the influence of vitamin D supple-
mentation, the production of apo C2 and C3 increased signifi-
cantly, but only in men. Interestingly, the expression of apo C1
rose significantly, but only in women. At the same time, under
the influence of vitamin D, the expression of apo B fell signifi-
cantly in women only. These results led the authors to conclude
that sexual dimorphism, in the modulatory action of lipoproteins
in circulation, may explain the sex imbalance in cardiometabolic
health®. Similarly, a cross-sectional study on MetS indicated
potential differences in vitamin D activity between the sexes.
The results of multifactorial logistic regression analysis, using data
collected in this study, demonstrated that vitamin D deficiency
(below 20 ng/ml) was associated with an increased risk of MetS
in men only(90). Further, participants from the Asian Indian
Diabetic Heart Study exhibited sex differences in the association
of serum vitamin D deficiency with increased risk for cardiometa-
bolic disorders in 3879 Asian Indians®”. The authors observed
that vitamin D deficiency and obesity may together have additive
effects on cardiometabolic risk. However, the association of
serum vitamin D with fasting blood glucose and homoeostasis
model assessment (HOMA-B) in normoglycemic individuals
was significant, but only in males®.

Another study pointed out that women with vitamin D defi-
ciency are characterised by a younger age and more frequent
occurrence of dyslipidaemia than men. Further analysis based
on the results of this study inferred a significant relationship
between vitamin D deficiency and increased cardiometabolic
risk (including high DBP, high total cholesterol, low-density lip-
oprotein and TAG) in men. However, the link between vitamin
D deficiency and cardiometabolic risk in women was weaker™”,
The cross-sectional study conducted by Quaiz et al. signalled
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that the risk of low HDL cholesterol associated with 25(OH)D
deficiency was 2-1 times higher in men and 1-3 times higher
in women than in their counterparts with normal vitamin D sta-
tus. Simultaneously, an increased probability of having high TAG
levels associated with 25(OH)D deficiency was observed in
females, but not in males®.

Recently, a quantitative, serum proteomics study in a cross-
sectional cohort of non-diabetic adults with obesity and low v.
high vitamin D status revealed sexual dimorphism in vitamin
D action. According to the results, a high status of vitamin D cor-
relates with high expression of serum insulin-like growth factor
2-binding protein (IGFBP-2), but only in men with obesity.
Further, the association between vitamin D level and the expres-
sion of IGFBP-3 protein is positively regulated, but only in obese
women with high vitamin D levels. Moreover, the authors
observed that IGFBP-2 and IGFBP-3 may serve as markers of risk
reduction in cardiometabolic disease®?.

Additionally, studies on non-alcoholic fatty liver disease have
shown a different effect of vitamin D supplementation on ala-
nine aminotransferase levels in women and men. The results
of the cross-sectional analysis of the population cohort revealed
that vitamin D deficiency was associated with elevated alanine
aminotransferase levels only in men with normal body weight.
A similar relationship was not observed in any of the BMI classes
in women. Therefore, the authors stressed the need to conduct
further studies on the relationship between vitamin D and non-
alcoholic fatty liver disease, taking sex into account®?.

Maintaining a normal level of vitamin D in the body in the
context of cardiometabolic health seems more important for
men than for women. Importantly, a clinical study confirmed
the therapeutic effect of vitamin D on the cardiovascular system
of men only®®. In addition, men are more frequently victims of
CVD, but women have a worse course of events of this kind®?.

Nervous system disorders

The effect of vitamin D supplementation on the occurrence and
course of multiple sclerosis (MS) is currently the best proven rela-
tionship among all non-skeletal diseases. MS is a chronic,
progressive disease that leads to increasing disability in many
individuals. The clinical status of people with MS is routinely
determined using the Expanded Disability Status Scale (EDSS).
Kragt et al. detected a negative correlation between EDSS scores
and 25(OH)D levels®>. Moreover, high levels of vitamin D were
associated with a lower risk of MS, but only in women®. The
prevalence of MS increases with latitude, which verifies the neg-
ative influence of low concentrations of vitamin D on the occur-
rence of this disease®”. MS is diagnosed most frequently in
women of reproductive age (female:male ratio 3:1), whereas
the incidence of MS in pre-pubertal and postmenopausal women
is equal compared with men®”. Vitamin D5 levels in the global
population have dropped dramatically over the past few deca-
des®  correlating with growing female MS incidence.
Therefore, decreased vitamin D status may be a reason for wom-
en’s higher susceptibility to MS“?. Several other studies indicate
a different vitamin D metabolism in females and males with MS.
Kragt et al. showed that a 10 nmol/l increase in serum 25(OH)D
levels in women reduces the risk of MS by up to 19 %9,

Moreover, Woolmore et al. confirmed that women with MS, with
increased sensitivity to sunlight, have a lower risk of a severe
course of disease®.

A study conducted on a group of people with MS showed that
the active form of vitamin D inhibits T cell proliferation in women
much more strongly than in men®”, Moreover, the increase in
the number of regulatory T lymphocytes induced by 1,25(0OH),D
was higher in a group of females with MS. Additionally, exposure
to vitamin D reduced the number of cells producing IFN-y- and
IL-17 and increased the number of cells producing IL-10. In this
case, the effect of vitamin D was also stronger in females.
Interestingly, exposure to the active form of vitamin D in healthy
people and those suffering from MS caused a significant increase
in CYP24A1 expression in T cells, but only in males. In this study,
the amount of DBP associated with T cells in female patients with
MS was 2-5 times higher than in male patients with MS. Moreover,
male cells treated with 17-f estradiol showed a similar response
to 1,25(0H), D as female cells"%?, These findings suggest that
women have a better ability to accumulate the active form of vita-
min D; thus, it has a stronger anti-inflammatory effect in women
than in men.

The results of the study, aiming to compare the levels of vita-
min D and FGF23 metabolites in subjects with MS and in healthy
controls, indicated that the concentration of DBP was higher in
patients with MS than in healthy subjects (2= 0-02). This differ-
ence was particularly significant in men. However, the authors
suggested that the role of DBP in MS, as well as sex differences
in the VD-FGF23 axis, require further research®V,

Furthermore, experiments on an animal model for investigat-
ing MS, mice with autoimmune encephalomyelitis (EAE), revealed
that vitamin Ds-fed female mice had significantly less clinical, his-
topathological and immunological signs of EAE“?. Moreover,
intact female mice fed the feed with vitamin D had significantly
more 1,25(0OH),D and fewer CYP24A1 transcripts in the spinal
cord than ovariectomised females, intact or castrated males.
The authors hypothesised that an ovarian hormone inhibited
CYP24A1 gene expression in the spinal cord, leading to the locally
produced 1,25(OH),D and its accumulation, which may prevent
the inflammation before severe EAE developed®?. On the other
hand, a study conducted by Correale et al. suggested that T cells in
females and males synthesise similar amounts of 1,25(0OH),D,
although females activate it slower, thus its accumulation in
self-reactive T cells 1,25(OH),D100,

Additionally, Nashold et al. proved that female mice with
ovarian hormone production disorder have lost the protective
effect of vitamin D against EAE. This study also revealed that
despite the administration of E2 (estradiol) to males, vitamin D
did not inhibit EAE disease. The results indicate that vitamin D
increases the synthesis of E2 and the expression of VDR only
in females, which favours vitamin D’s therapeutic effect on
EAE disease®. These observations provide evidence there
are synergies between the action of oestrogen and
1,25(0OH),D in MS regulation, which suggests vitamin D supple-
mentation has greater potential to prevent autoimmune-related
nervous system diseases in women than in men.

Research on Alzheimer’s disease (AD) has also detected sex
differences in response to vitamin D supplementation. AD is
one of the most common, incurable and progressive
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neurodegenerative ailments. Age and being female increase the
risk of ADUY®, According to the results of one study, women
are 2-6 times more likely to develop this disease than men™%?,
Studies have confirmed the positive role of vitamin D in the treat-
ment or preventing of ADY%. Morello et al. established that vita-
min D supplementation improves the working memory of mice
with AD. In females with AD, chronic vitamin D supplementation
was effective for working memory and amyloid loading only
when taken during the symptomatic phase. The authors pointed
to the need for additional preclinical studies to better understand
the sex-specific mechanisms of vitamin D action in ADY0®,
Additionally, Ouma et al. revealed sex differences in relation to
vitamin D and mild cognitive impairment and various stages of
AD. In the case of mild cognitive impairment, 25(OH)D and
1,25(OH),D were correlated with male sex, whereas in the case
of AD, this correlation occurred in women%®,

Interesting results are also provided by another study on
the therapeutic effect of vitamin D supplementation. This
study involved a group of people with severe depressive dis-
orders (major depressive disorder) who underwent 3 months
of vitamin D supplementation. The effect of vitamin D in this
study was determined using the Beck Depression Inventory
(BDI) scale. Females with moderate, severe and extreme
depression had significantly lower BDI results after vitamin
D treatment (P < 0-05). In males, a significant improvement
in the BDI score (P < 0-05) was diagnosed only in the group
with severe depression'?”. The findings suggest that vitamin
D therapy may be helpful in treating major depressive disor-
der, especially in women.

Further, Lowe et al. investigated whether vitamin D affects
functional results in a rat model of infant hypoxia and ische-
mia% According to the outcomes, treatment with HNAC and
vitamin D (Hypothermia + NAC N-acetylcysteine
+1,25(0OH),D) significantly reduced the incidence of serious
brain pathologies in males, while in females, there were no
differences between the use of HNAC (NAC + hypothermia
treatment) and HNAC + Vit. D therapy. In addition, HNAC +
Vit. D improved motor skills compared with hypothermia
(HYPO) treatment alone; however, there were some sex
differences (P=0-01). In general, a beneficial effect of vitamin
D supplementation on asymmetry of the feet was observed
(P=0-001). However, males showed significantly greater asym-
metry of the feet than females. Additionally, HNAC + Vit. D
improved sensory motor adaptation after hypoxia and ischemia
more in male rats than in females. Importantly, hypoxia and
ischemia injury increased the CYP24A1 enzyme for vitamin D
degradation, particularly in males, and males benefit more from
1,25(0OH),D treatment in the long term™%®. A study on changes
in fetal neurodevelopment with maternal vitamin D deficiency
also provides interesting information!%”. Mice that were fed vita-
min D or vitamin D-deficient feed before and during pregnancy
were used as a research model. Here, too, the researchers indi-
cated sex differences in response to supplementation or lack
thereof. Morphological analysis of the brains obtained from
fetuses signals that a deficiency of vitamin D during pregnancy
leads to a reduction in crown-rump length, head size and lateral
ventricle volume. Additionally, Foxp2-immunoreactive cells
were reduced in the cerebral cortex of female fetuses with

vitamin D deficiency. In the case of female fetuses, the expres-
sion of tyrosine hydroxylase was also reduced™®”,

The outcomes of the quoted studies underscore both the pro-
tective role of vitamin D and sexual dimorphism in relation to
vitamin D metabolism in the nervous system. The scientific evi-
dence presented here implies that women are much more at risk
from diseases of the nervous system. However, this research also
suggests that vitamin D appears to have a stronger therapeutic
effect in females with nervous system diseases than in males.

As in the case of CVD, there are many uncertainties about the
link between vitamin D and the nervous system™'?. However,
numerous studies stresses that vitamin D is involved in the path-
ophysiology and progression of many neurological illnesses®”.
In addition, low levels of vitamin D are diagnosed in patients
with nervous system diseases such as MS and AD®®.

Cancer

Due to the contribution of vitamin D to the regulation of the sur-
vival, proliferation and differentiation of cells, its action is also
often associated with the pathogenesis of cancer. It was shown
that low levels of vitamin D in serum, regardless of age, sex or
BMI, are correlated with advanced cancer™V. Additionally, a
number of studies revealing the link between latitude and the
incidence of cancer have confirmed the protective role of vita-
min D. For example, Cuomo et al. conducted a study in 172
countries. The incidence of leukaemia was inversely propor-
tional to the intensity of UVB radiation in both women (P <
0-01) and men (P<0-0D"'?. In turn, Tas et al. proved that
the level of 25(OH)D in blood serum is not related to the duration
and activity of the disease in patients with melanoma™'?,
Additionally, a recent study (VITAL) carried out in the USA on
a group of more than 25 000 people has not confirmed that vita-
min D supplementation results in a lower incidence of invasive
cancers!?, Therefore, the role of vitamin D in the cancer patho-
genesis is still debated.

However, there is also evidence of different effects of vitamin
D in female and male organisms in cancer research. For example,
a cross-sectional study carried out in the Swiss population
revealed that an increase in 25(OH)D concentration of 10 ng/
ml reduces overall mortality by as much as 20 %. In addition,
the study pointed to an inverse relationship between 25(OH)D
concentration and cancer mortality, but only in males®.
Interesting information has been provided by a study on the
expression of genes involved in vitamin D metabolism in individ-
uals with colorectal cancer (CRO). In this study, the sex-specific
analysis showed a significant difference in CYP27B1 gene expres-
sion between rectal and CRC in women but not in men.
Additionally, in tumours located in the distal part of the large intes-
tine, the expression of the CYP27B1 gene was more than twice as
high in men as in women!*, The association study between vita-
min D, the VDR gene and the androgen receptor gene with colo-
rectal and rectal cancer also provides interesting information. The
AR gene partially regulates the transcriptional activity of the VDR
gene. A significant interaction between vitamin D and the AR gene
and the risk of CRC was detected only in men. Men with lower
vitamin D intake and lower sun exposure are more likely to
develop CRCM®. In turn, a study on polymorphisms of the
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VDR gene and CRC confirmed that the Bsm/ variant is significantly
associated with CRC in women™!”. Additionally, studies on colo-
rectal adenomas suggest sex-dependent effects of vitamin D. In
general, according to the outcome of this study, colorectal adeno-
mas are much more common in men than in women (P < 0-001);
however, in men, the level of vitamin D was not associated with
the place or amount of lesions in the large intestine. In women, on
the other hand, the total number of neoplastic lesions was
inversely correlated with the serum level of vitamin D'®),
Similar conclusions were reached by researchers from Arizona.
Admittedly, they did not find a significant statistical relationship
between 1,25(OH),D and the chance of metachronic adenoma.
Yet according to their results, women — but not men — with the
highest concentration of 1,25(OH),D have a significantly reduced
chance of developing adenomas in the distal part of the large
intestine. In addition, these researchers suggest that the supply
and activity of vitamin D metabolites in different parts of the large
intestine may vary according to sex!'. Further, research on the
carcinogenesis of esophageal adenocarcinoma implies a different
effect of vitamin D on females and males. Zhou et al. verified a
significantly higher level of VDR expression in precancerous
lesions and esophageal adenocarcinoma in males than in
females”??. In another study, a high expression of TGR5, a cell
membrane surface receptor-G protein coupled receptor associ-
ated with the development of gastrointestinal cancer, was signifi-
cantly increased in males compared with females. Moreover, VDR
was significantly correlated with TGRS expression. According to
the authors of this study, sex differences in TGRS and VDR expres-
sion may explain why the prevalence of esophageal adenocarci-
noma is higher in men than in women?V,

On the other hand, the results of a large population study in
China revealed an unexpected direct link between higher
serum concentrations of 25(OH)D and an increased risk of
esophageal squamous cell carcinoma in men, but not in
women'??. The detrimental effect of higher vitamin D levels
on non-Hodgkin’s lymphoma was observed in the San
Francisco Bay Area population?®. The authors indicated that
high levels of vitamin D are associated with an increased risk of
non-Hodgkin’s lymphoma, which is surprisingly more signifi-
cant in men than in women. However, as the authors them-
selves pointed out, this study is ambiguous and needs to be
continued??,

Suggestions about the sex-dependent effect of vitamins can
be found in a study on lung cancer conducted in Finland. This
study did not demonstrate a generally significant link between
vitamin D and the risk of lung cancer. However, serum concen-
trations of 25(OH)D were inversely related to lung cancer inci-
dence in women (P < 0-001), but not in men (P = 0-81)12%,

When considering the effects of vitamin D supplements in
women and men, we must take into account its impact on vari-
ous types of cancer that occur only, or predominantly, in one
sex, that is, ovarian, uterine and BC in women, and prostate
cancer in men. There is a strong theoretical support for the ben-
eficial effects of vitamin D in preventing BC. First of all, vitamin D
has the potential to reduce progesterone and estradiol, which is
connected with decreasing BC risk in young women. Moreover,
it was shown that ER-positive BC cells treated with 1,25(OH),D
induce a cell cycle shutdown.

Available data strongly suggest an association of 25(OH)D
with BC risk in women?-127 The analysis by Song et al.
showed that a 5 nmol/l increase in blood vitamin D levels
was associated with a 6% decrease in BC risk!??,
Furthermore, epigenetic analysis has shown that the interaction
of 25(OH)D levels with methylation of CpG in vitamin
D-related genes (specifically ¢g21201924 in RXRA) may influ-
ence BC risk"?® Moreover, in the case of the most lethal gynae-
cological cancer among women, that is, ovarian cancer, the
beneficial effect of 1,25(0OH),D was observed129-13D For
example, the results of the Prejovic et al. study suggest a
chemo-preventive role of vitamin D in the development of epi-
thelial ovarian cancer in women. This study investigated the
association between vitamin D and ovarian cancer develop-
ment in breast cancer susceptibility gene (BRCA) mutation car-
riers. BRCA gene mutation is strongly associated with the
occurrence of epithelial ovarian cancer. The results showed
that VDR protein levels in BRCAImut ovarian surface epithelial
cell cultures treated with calcitriol were increased by about 95
% compared with untreated cells. Furthermore, the same
cancer cells treated with calcitriol showed a lower proliferation
rate in a dose-dependent manner3?.

Another possible target for vitamin D is the prostate gland.
In men with prostate cancer, higher 25(OH)D plasma concen-
trations were associated with longer survival'3. A controlled
clinical trial by Deschasaux et al. found that high 25(OH)D
concentrations were associated with a reduced rate of prostate
cancer'3®_ Furthermore, a randomised controlled trial by Li
et al. showed that both 25(OH)D and 1,25(OH),D may
play an important role in preventing prostate cancer progres-
sion3. In addition, these researchers showed that the VDR
FokI polymorphism and plasma 25(OH)D concentration inter-
act and alter prostate cancer risk. According to this study, men
with low 25(OH)D concentrations and the Fok! ff genotype
are at the highest risk of developing prostate cancer.
Similarly, high plasma 25(OH)D concentrations correlated
with an approximately 70 % reduction in the risk of aggressive
prostate cancer in men with the ff genotype3>.

Vitamin D exhibits a number of actions, including anti-inflam-
matory activity, indicating that it may influence the process of
cancer formation3®. However, not all studies confirm the ben-
eficial effect of vitamin D on preventing cancerogenesis.
Remarkably, the study of the population of 217 244 individuals
in Denmark revealed that vitamin D levels are not associated
with the incidence of several major cancer types including
breast, ovary or corpus uteri cancer, but higher vitamin D con-
centrations are associated with a significantly higher incidence of
skin, prostate and haematological cancer, as well as a lower inci-
dence of lung cancer™”. Although these are correlations, and
do not indicate a direct negative impact of vitamin D supplemen-
tation on the development of prostate cancer, they show how
important it can be to understand sex-specific vitamin D actions.

Overall, the current knowledge does not allow us to regard
vitamin D as a strong anticancer agent yet, and it only indicates
the need to maintain its blood level within the laboratory norms.
Furthermore, there are many scientific indications of potentially
different effects of vitamin D on tumour formation in females
and males.
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Fig. 2. The difference in the production of sex hormones is the most significant relationship leading to the conclusion that vitamin D metabolism is sex-dependent. Sex
hormones characteristic of females stimulate vitamin D metabolism, whereas testosterone characteristic of males inhibits vitamin D metabolism. Studies show that males
are characterised by lower levels of vitamin D precursors (7-dehydrocholesterol), lower levels of vitamin D transporting protein (DBP), lower levels of body fat and a higher
expression of the vitamin D catabolising enzyme (CYP24A1). On the other hand, females are characterised by higher levels of self-reactive T cells and higher levels of
vitamin D-activating enzyme (CYP27B1) and vitamin D receptor (VDR). (Figure made with BioRender).

Immunity/autoimmunity

The link between vitamin D action and immune system func-
tion has been known for a long time. The beneficial effects
of vitamin D on tuberculosis were observed in 194339
However, only a few years ago, it was found that calcitriol indu-
ces the expression of antimicrobial peptides, such as CAMP and
DEFB4"%.  Additionally, several meta-analyses™4?
proven the beneficial effect of vitamin D supplementation on
the incidence of upper respiratory tract infections. However,
it is not known whether vitamin D improves the immunity of
males and females to the same extent, or whether it is respon-
sible to some degree for the differences between female and
male immunity. Currently, the improvement of immunity is
of great importance due to the widespread COVID-19 infection.
Recently, it has been hypothesised that the interaction between
vitamin D and oestrogen could affect the sex imbalance in the
outcomes of patients with COVID-19"4Y. However, further
research to elucidate these relationships is still required. A good
example of the investigation of sex hormones and vitamin D
relationships in the context of immunity is a study by Olmos-
Ortiz et al., which points out that male newborns are less resist-
ant to postpartum infections?. At the same time, cotyledons of
male fetuses expressed lower CYP27B1 gene expression than
those of female fetuses. This led to lower local production of
active vitamin D, and consequently, to lower expression of
the antimicrobial peptide cathelicidin®?. Sex differences were
also observed in the immune system response to vitamin D
through the secretion of inflammatory cytokines (TNF-a and
IL-6) in human adipose tissue. According to the results,
25(OH)D and 1,25(0OH),D reduced the lipopolysaccharide-
induced increase in cytokine concentration in adipose tissue
in women, but not in men**?. Further, a randomised control
trial that investigated the effect of long-term vitamin D

have

supplementation on gene expression in blood identified a
much stronger effect in women than in men. Gene set enrich-
ment analysis highlighted the engagement of identified genes
in the immune system, among others".

Strong evidence of the importance of sex in the action of
vitamin D in shaping immunity is provided by studies on auto-
immune diseases. The occurrence of autoimmune diseases
such as MS, systemic lupus erythematosus, rheumatoid arthri-
tis, irritative bowel syndrome or Hashimoto’s disease is much
more common in women than in men'%3-149 However, male
sex is associated with more severe clinical manifestations of
these ailments'?. This generally indicates greater reactivity
of the female immune system. The link between vitamin D
deficiency and the change in the incidence of MS in women
and men over the years has already been discussed in the sec-
tion on the nervous system. For other autoimmune diseases,
an association between oestrogen level, the course of the dis-
ease and the vitamin D content of the serum was also
observed, although the role that vitamin D plays in the course
of these diseases is less well established*>. Undoubtedly,
vitamin D deficiency is a risk factor in autoimmune diseases,
but further studies are needed to assess the beneficial role of
vitamin D supplementation in therapy for males and females
with particular disorders.

Conclusion

Vitamin D has been the subject of several research studies over
the years. Nonetheless, due to the large number of factors modu-
lating its levels in organisms (Fig. 2), these studies seem to be
insufficient. Our article is a narrative, not a systematic review,
which may be a limitation. However, it indicates the need for
comprehensive intervention studies to establish the real impact
of vitamin D on individual diseases. Future research should take
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into account both sexes and possible differences in the
responses of females and males, as well as inter-individual
differences in vitamin D metabolism. Particularly at this time
of dynamic progress in personalised medicine, differences in
physiological processes between the patients require special
attention. A better understanding of differences in the levels
and effects of vitamin D in females and males may lead to
sex-specific dietary recommendations.

The 2020-2021 quarantine, covering a large part of the
world’s population, may undoubtedly contribute to an increase
in the number of people suffering from vitamin D deficiency4®,
Future epidemiological studies are likely to present even more
worrying results as an effect of the SARS-CoV-2 pandemic.
Further, in light of the current global situation, knowledge
already acquired about the effects of vitamin D should be dis-
seminated to improve the general health of the population.
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ARTICLE INFO ABSTRACT

Keywords: Skeletal muscle tissue is one of the potential targets for vitamin D actions. There are indications that vitamin D
Vitfamin D supplementation to swine has a positive effect on meat quality. However, these issues need further study,
Swine especially in terms of response to the use of different forms of vitamin D. We carried out a multi-purpose study to
r:]:‘_seq compare the effects of cholecalciferol and calcidiol on meat quality and muscle tissue transcriptome. Meat
Nutrigenomics quality assessment and gene expression analysis were performed on longissimus dorsi samples collected from

swine fed grower/finisher diets containing 2000 IU cholecalciferol/1500 IU cholecalciferol per kg (n = 8), 3000
IU cholecalciferol/2500 IU cholecalciferol per kg (n = 10), 2000 IU cholecalciferol +1000 IU calcidiol/1500 IU
cholecaliferol +1000 IU calcidiol per kg (n = 8), and 2000 IU calcidiol/1500 IU calcidiol per kg (n = 8). The
results suggest that increasing the dose of cholecalciferol and using calcidiol in the diet of finishers may improve
meat texture parameters (shear force P = 0,014, toughness P = 0,048, cohesiveness P = 0,017, resilience P =
0,002). Shear force (68.46 N-51.42 N) and toughness (145.85 N-114.52 N) decreased the most under the effect
of increasing cholecalciferol dosage. In turn, cohesiveness (0.60 N-0.65 N) and resilience (0.23 N-0.28 N)
increased most strongly under the use of cholecalciferol+calcidiol. Moreover, the results indicate no significant
effect of increasing cholecalciferol dose and use calcidiol in the swine diet on muscle tissue transcriptome.

1. Introduction

The appropriate serum concentration of vitamin D maintains
calcium-phosphate homeostasis. This main non-genomic effect of
vitamin D is necessary for the development and functioning of the
skeletal system. However, vitamin D displays a much wider spectrum of
actions in mammalian bodies via vitamin D receptors (VDR). One study
showed that the VDR overexpression stimulates muscle hypertrophy
through increased protein synthesis, translation efficiency and ribo-
somal expansion (Bass et al., 2020).

Vitamin D receptor is the DNA-binding factor regulating a lot of
genes in mammalian organisms. VDR linked with 1,25(OH)sD, the
active form of vitamin D, and with retinoid X receptor (RXR) create an
active signal transduction complex. VDR-RXR complex recognises
vitamin D responsive elements (VDREs) in the genes regulated by

* Corresponding author.

vitamin D. Thus, the availability of the active form of vitamin D regu-
lates the expression of many genes connected with bones (RANKL,
SPP1), mineral homeostasis (PTH), detoxification (CYP3A4), cell cycle
control (p21), immunity (CAMP) and metabolism (CBS) (Haussler,
Jurutka, Mizwicki, & Norman, 2011). Vitamin D receptor is also
expressed in the muscle (Garcia, Seelaender, Sotiropoulos, Coletti, &
Lancha Jr, 2019), therefore the assessment of the effect of vitamin D
supplementation on the level of gene expression in the muscle may
provide interesting results with clinical implications. The transcriptome
analysis conducted on human skeletal muscle “biopsies” from older
people did not show significant changes in gene expression after calci-
diol (25(OH)D) supplementation (Hangelbroek et al., 2019). In contrast,
the RT2 Profiler PCR Arrays in rats indicated that vitamin D deficiency
altered the functions of skeletal muscles by changing several genes
(Gogulothu et al., 2020). Furthermore, an RNA-seq study of human
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biopsies showed that combining vitamin D3 supplementation with
resistance training had an impact on the expression of gene sets involved
in vascular functions in muscle tissues and on strength gains in partici-
pants with high-fat mass (Mglmen et al., 2021).

In addition to improving health, vitamin D supplementation in
livestock may also affect meat quality, but this has not yet been
comprehensively evaluated. Recent study in this field indicates that the
use of vitamin D3 (cholecalciferol) in finishers nutrition by the short-
term supplementation in the water can improve pork meat quality
such as improving drip loss and tenderness of muscle (Rey et al., 2020).
Vitamin Dy (ergocalciferol) also has a positive effect on swine meat
quality. According to recent findings, the use of ergocalciferol in the diet
of swine increases the antioxidant activity and improves the overall
colour stability of fresh pork meat (Conway et al., 2022). Nevertheless, it
is worth noting that the use of vitamin D5 in swine feeding is not allowed
in the European Union (Commission Implementing Regulation (EU)
2019/849).

Due to its pleiotropic effect, vitamin D is widely recommended in
both animals and humans. However, the current EU guidelines on
vitamin D supplementation in swine (Commission Implementing Regu-
lation (EU) 2019/849) do not indicate a minimum dose, while the
maximum daily dose is 50 ug/kg of feed (2000 IU) regardless of whether
it is supplemented in the form of cholecalciferol or calcidiol. Interest-
ingly, the studies on pork biofortification with vitamin D indicate the
effectiveness of this process may vary depending on its form - either
cholecalciferol or calcidiol (Neill, Gill, McDonald, McRoberts, & Pour-
shahidi, 2021). In fact, according to other research, calcidiol supple-
mentation has a much more effective impact on its blood concentration
than cholecalciferol (Duffy et al., 2018; Upadhaya, Chung, Jung, & Kim,
2022).

We decided to conduct this study due to the above-mentioned in-
consistencies, particularly considering the current scale of pork pro-
duction in Europe. The experiment we designed allowed us to compare
the effects of supplementation with standard doses of cholecalciferol and
calcidiol, as well as increased doses of cholecalciferol and a combination
of cholecalciferol and calcidiol, on both transcriptome of muscle tissue
and pork meat quality. The problems discussed above indicate the ne-
cessity of further research on vitamin D in the context of public health,
animal welfare and economic issues (Organisation for Economic Co-
operation and Development (OECD) and Food and Agriculture Organi-
zation of the United Nations (FAO), 2017, Yang & Ma, 2021). We hope
that the new data will help to establish recommendations for vitamin D
supplementation in swine.
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2. Materials and methods
2.1. Animals and diets

Animals were kept at the Research Station of the National Research
Institute of Animal Production in Grodziec Slaski. All procedures
included in this study relating to the use of live animals agreed with the
local Ethics Committee for Experiments with Animals in Cracow (Res-
olution No. 427,/2020 of 22.07.2020). In this study, we used 34 samples
of muscle collected from crossbred swine. In the nutritional experiment,
animals were randomly divided into four dietary groups in which the
diets differed from each other only in dose and form of vitamin D. There
was the same number of female and male swine in each group. It should
be noted that the males used in the experiment were previously cas-
trated (barrows).

The vitamin D dosage of the groups was as follows (Fig. 1.):

- 1 group (control group) 2000 IU cholecalciferol (grower) and 1500
IU cholecalciferol/ kg feed (finisher)- 8 individuals.

- 2 group 3000 IU cholecalciferol (grower) and 2500 IU cholecalcif-
erol/ kg feed (finisher)- 10 individuals.

- 3 group 2000 IU cholecalciferol +1000 IU calcidiol (grower) and
1500 IU cholecalciferol +1000 IU calcidiol/kg feed (finisher)- 8
individuals.

- 4 group 2000 IU calcidiol (grower) and 1500 IU calcidiol/kg feed
(finisher)- 8 individuals.

All animals were kept in individual straw-bedded pens where envi-
ronmental conditions were uniform. The body weight of animals was
measured at the beginning, every two weeks and at the end of experi-
ment. The diets of all the groups were isonitrogenous, isoenergetic. The
diets were formulated to cover all nutritional requirements of the swine
(GROWER MIX: metabolizable energy - 13.3 MJ, total protein - 172 g/
kg; FINISHER MIX: metabolizable energy - 13.3 MJ, total protein - 156
g/kg). The animals were fed with dosed amounts of feed, depending on
body weight (first fattening period - grower - 30-60 kg, second fattening
period - 60-110 kg - finisher). The experimental fattening lasted
approximately from 30 to 110 kg of live weight of the animals. At the
end of the experiment, all the finishers were slaughtered with used
stunning high-voltage electric tongs (voltage 240-400 V).

Immediately after slaughter, the blood and muscle tissue samples
(longissimus) were taken. Muscle tissue samples for the genomic analysis
from the area between the last thoracic and the first lumbar vertebrae
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Fig. 1. Doses and forms of vitamin D used in groups of swine.
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were stored in —85 °C until the analysis. Samples for meat the quality
analysis were collected from the same part of meat cutting after 24 h
cooling the carcass at +4 °C. Then the samples were used for the
investigation of chemical components, acidity, colour, and texture pa-
rameters and the Warner-Bratzler shear force analysis. The samples for
thiobarbituric acid reactive substances (TBARS) and colour analysis
were stored frozen in —20 °C until the analysis.

Blood for measurement of 25(OH)D concentration was collected into
tubes with ACD anticoagulant (acid dextrose citrate/glucose). The
samples were stored at +6 °C until plasma was obtained. The blood
samples were then transported to the laboratory where blood plasma
was obtained in a gradient centrifuge (3000 rpm). Subsequently, the
obtained plasma was stored at —20.

2.2. Measurement of 25(0OH)D concentration

Determination of total plasma vitamin D concentration was per-
formed by an external company (ANCHEM Laboratorium, 20 Fredry
Street, Katowice, Poland). Frozen blood plasma samples were sent to the
laboratory with care to maintain an even temperature in transport. The
determination was performed by RIA method, using DIAsource 250H
Vitamin D total -RIA-CT Kit (Rue de Bosquet 2, 1348 Louvain-La-Neuve,
Belgium) and Multigamma 1260 multidetector instrument (LKB WAL-
LAC, Finland). The result 250H Vitamin D total was obtained in ng/ml.
Possible measurement error according to the protocol was > + 1.5 ng/
ml.

2.3. Analysis of chemical components, acidity, colour, and texture
parameters of meat

Acidity of longissimus. Was checked 45 min. After the slaughter and
after 24 h of cooling at +4 °C. It was measured using pH-meter HI99163
(Grupa Hanna Instruments, Olsztyn, Polska), equipped with a combined
electrode pH/T°FC 232 (blade FC 099, length 35 mm). Calibration of the
apparatus is performed each time when a new batch of samples is
measured. Calibration is performed using two buffers with pH 4.01 and
7.0. The compensation of temperature in the range of —5 to 105 °C in the
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psychometric colour saturation (C) and colour change during storage
(AE) were calculated (McDougall, 2002):

Cc=(@+v)"

AE = [(AL)? + (4a)> + (4b)*]"

200 g of meat was cooked to the internal temperature of +80 °C.
After cooling for 45 min at room temperature, samples were cut parallel
to the muscle fibres in the form of cylinders 15 mm in diameter and 15
mm high. Cooking of the samples was carried out in one batch in a large
water bath. The samples were placed in the central part of the bath for
uniform heat treatment. Each sample was fitted with a temperature
probe inserted into its centre. When the temperature reached 80 °C, the
sample was removed from the bath. Therefore, the linear model of
calculation did not need to include the effect of batches. Measurements
were made with five technical repetitions. The pork shear force was
established using a TA. XT Plus texturometer from Stable Micro Systems
(Vienna Cort, Lampas Road, Godalming, Surrey GU7 1JG, England) with
the Warner-Bratzler attachment fitted with a triangular cut-out knife.
During the test, the knife speed was 4.5 mm/s. The shear force is
expressed as Fmax at the highest point of the cut curve (N). The cutting
energy is presented as the value of the force acting on the cross-sectional
area (N/cm?/s). Texture Profile Analysis (TPA) was conducted using the
same texturometer with an adapter, which was a cylinder with a
diameter of 50 mm. A test of double compression of the samples to 70%
deformation of their height was performed. The rapidity of the roller
was 2 mm/s, the pressure interval was 3 s, and the test detection
threshold was 5 g. The analysis of texture included measuring the pa-
rameters such as hardness, springiness, cohesiveness, chewiness, and
resilience.

The water holding capacity of the meat was measured according to
Grau and Hamm (Grau & Hamm, 1953). To assess the weight loss during
cooking, a thermal drip loss analysis was performed (Bertram, Karlsson,
& Andersen, 2003). The meat samples were boiled in bags until the in-
ternal temperature reached +75 °C and then cooled. Pork weight loss
during cooking was intended according to the following formula:

Thermal drip loss (%) = ((sample mass before cooking—sample mass after cooking) x 100 )/sample mass before cooking

measuring device is automatic, the temperature resolution is 0.1 °C, and
the accuracy of temperature is +£0.5 to 60 °C, +1 °C to 105 °C.

Basic chemical analyses (dry matter, crude protein, crude fat) of
longissimus samples were performed according to standard methods
AOAC (2005).

TBARS were analysed in the meat samples after 3 months of storage
at —20 °C using a modified method proposed by Pikul, Leszczynski, and
Kummerow (1989). Briefly, 10 g of comminute sample was homoge-
nised with 50 mL of 4% perchloric acid with butylated hydroxytoluene
(BTH) additive. Next, after filtering, 5 ml of the filtrate was mixed with
5 ml of 2-thiobarbituric acid (0.02 M). The solution was heated in a
boiling water bath for 1 h, then cooled under running cold water for 10
min. The measurement was carried out at 532 nm against a calibration
curve including a blank sample. The colour of the meat was assessed
with the CIE L* a* b* system using a Minolta CR-310 colourimeter. The
operating parameters of the device were as follows: degree of observer -
2°, aperture - 50 mm, illuminant - C. Measurements were carried out
after 2 h of sample stabilisation. The first measurement was performed
24 h after slaughter. Next, brightness (L*), colour saturation towards red
(a®), and saturation towards yellow (b*) were measured in fresh sam-
ples. Then, the meat samples were frozen to the temperature of —20 °C
and the meat colour was examined again after storage for 3 months. The

2.4. RNA isolation, 3'quant mRNA library construction and sequencing

RNA isolation from 34 samples was performed using the TRizol re-
agent (Invitrogen 15,596,026) according to the recommendations. Next,
the isolated genetic material was cleaned up using RNAClean XP
(Beckman Coulter, Brea, California, USA). The quality of RNA was
assessed using a Tapestation2200 (Agilent, Santa Clara, California,
USA), while quantity was evaluated by NanoDrop™ 2000/2000c
Spectrophotometers (Thermo Scientific™, Foster City, California, USA).
RIN (integrity number equivalent) scores in all RNA samples were
higher than 7. Then, genetic material was used for library preparation
using the QuantSeq 3'mRNA-Seq Library Prep Kit FWD for Illumina
(Lexogen, Vienna, Austria). Assessment of library (quantity and quality)
was performed using a Qubit (Thermo Scientific™, Foster City, Cali-
fornia, USA) and Tapestation 2200 (Agilent, Santa Clara, California,
USA) devices. The sequencing of the pooled libraries (50 bp single read)
was performed on Nextseq 5500 device (Illumina, San Diego, California,
USA) at the National Research Institute of Animal Production in Balice.



A. Wierzbicka et al.

2.5. Statistical analysis

2.5.1. 25(0H)D concentration and meat quality assessments

Statistical analyses of 25(OH)D concentration and meat quality were
conducted by one-way analysis of variance ANOVA, where each swine is
a data point (n). The comparison of means was performed using Dun-
can's multiple range test at the P < 0.05 level of significance. All the
analyses of variance were conducted using the Statistica 12 package
(Copyright©StatSoft, Inc. 1984-2014).

2.5.2. RNA-seq

After downloading demultiplexed fastq files from the sequencing
provider server, the quality check, trimming of reads, and mapping of
reads were conducted with FastQC 11.8, FLEXBAR 3.5.0, and TopHat
2.1.1 software, respectively. For evaluation of the mapping statistics and
read counts, Samtools 1.9, RSeQC, HTSeq-count 0.11.1 software, and
Gtf-Ensembl annotation 96 were used. The DEseq 2 software was used to
perform the differential expression analysis. Genes with Padj < 0.05
(FDR-False Discovery Rate) Benjamini-Hochberg (BH) adjustment and
no fold-change threshold were regarded as differentially expressed.
Functional analysis of RNA-seq results was conducted with BioMart and
STRING software using the Sus scrofa 11.1 database.

2.6. gPCR validation

RNA from 18 samples was reverse transcribed using a high-capacity
cDNA archive kit (Thermo Scientific™, Foster City, California, USA). As
there were no significant differences in group 3, individuals from groups
1,2 and 4 were used for validation. We performed qPCR on the VDR,
MYH2, NDUFC2 and SLC30A9 genes using gene-specific primers. The
VDR and MYH2 genes used for validation were selected in relation to the
study subjects, while the NDUFC2 and SLC30A9 genes were selected
using the obtained NGS data. 100 ng RNA was reverse transcribed to
cDNA using a High-Capacity RNA-to-cDNA™ Kit (Applied Biosystems™,
Waltham, Massachusetts, United States). Real-time PCR was performed
using RT PCR Mix SYBR® (A&A Biotechnology, Gdansk, Poland) on a
QuantStudio ™ 7 Flex Real-Time PCR System (Applied Biosystems™,
Waltham, Massachusetts, United States). Relative quantity data were
analysed on the Thermo Fisher Cloud (Thermo Scientific). Statistical
significance was assessed using the Relative Quantification application
on ThermoFisher Connect.

3. Results

The results of the vitamin D concentration test in the blood serum
showed that the applied supplementation was effective. There was a
significantly (P < 0.01) higher concentration of 25(OH)D in finishers
from all experimental groups compared to the control group (Fig. 2.).
The highest blood serum concentration of calcidiol was found in animals
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Fig. 2. Effect of vitamin D supplementation on blood 25(OH)D concentration
of swine.
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Table 1
Effects of vitamin D levels and forms on meat quality.
Parameters Group* SEM
1 2 3 4 P
(control) value
Meat acidity:
pH 45 min. After  6.14 6.09 6.12 6.09 0.033 0.959
slaughter 5.73 5.66 5.69 5.66 0.019 0.592
pH 24 h of
cooling (4 °C)
Thermal drip loss 27.94 27.03 26.89 27.08 1.030 0.986
after 48 h

cooling in 4 °C
(%)
Water holding capacity (cm?/g):

24 h after 18.68 b 17.28ab  16.85 16.60 0.304  0.064
slaughter 21.06 21.17 a a 0.496 0.938
after 3 months of 21.91 21.51
frozen (—20 °C)

Meat colour 24 h
after slaughter: 51.80 51.40 51.46 52.53 0.250 0.367
brightness, “L 15.83 16.34 16.06 15.48 0.152 0.245
saturation in 2.85 3.13 3.30 3.33 0.094 0.248
red, *a 16.09 16.64 16.40 15.85 0.153  0.285
saturation in
yellow, “b
colour

saturation, C
Meat colour after 3 months of frozen (—20 °C):

brightness, “L 51.65 50.73 51.46 52.29 0.368  0.538
saturation in 16.20 17.09 17.02 17.53 0.285 0.432
red, *a 4.28 4.79 4.57 4.46 0.251  0.920
saturation in 16.81 17.81 17.68 18.12 0.291  0.446
yellow, “b
colour
saturation, C

Colour change 3.21 3.23 2.87 3.07 0.209  0.933

after 3 months of
frozen (—20 °C),
AE

a, b—mean values in the same row marked with different letters are significantly
different at P < 0.05.

* 1- standard dose of cholecalciferol (n = 8), 2- increased dose of cholecal-
ciferol (n = 8), 3- increased dose of cholecalciferol+calcidiol (n = 8), 4- standard
dose of calcidiol (n = 8).

receiving calcidiol in feed (group 3 and 4).

3.1. Effect of different doses and forms of vitamin D on meat quality
parameters

The analysis of longissimus quality showed that the meat acidity was
similar in all groups of the animals (Table 1.), irrespective of the dose
and form of vitamin D used. The pH of the meat measured after both 45
min and 24 h of chilling at 4 °C did not differ significantly between the
groups. Similarly, the analysis of free water loss from the meat,
measured after 48 h of cooling at 4 °C did not show any significant
differences between the groups. However, the meat from the animals
receiving calcidiol (groups 3 and 4) had approximately 10% lower water

Table 2
Effects of vitamin D levels and forms on meat chemical components.
Components Group* SEM
1 (control) 2 3 4 P value
Dry matter (%) 24.10 24.44 24.43 24.54 0.176 0.848
Protein (%) 23.34 23.25 22.97 23.21 0.116 0.728
Fat (%) 1.52 1.51 1.57 1.58 0.080 0.991
TBARS (mg/kg) 0.518 0.548 0.517 0.538 0.018 0.925

* 1- standard dose of cholecalciferol (n = 6), 2- increased dose of cholecal-
ciferol (n = 6), 3- increased dose of cholecalciferol+calcidiol (n = 6), 4- standard
dose of calcidiol (n = 6).
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holding capacity than that of the control group (P < 0.05). On the other
hand, meat water absorption tested after 3 months of freezing at —20 °C
did not show any differences between the groups. Likewise, the analysis
of the meat colour and meat water absorption did not show any statis-
tically significant differences.

The results of the chemical analyses of the meat also showed no
statistically significant effect of supplementation with different forms
and doses of vitamin D (Table 2.). The dry matter, protein and fat con-
tent of the meat were very similar in all groups. Also, the oxidative
stability of the tested meat showed no significant differences between
the groups after 3 months of frozen storage.

The results of the Warner-Bratzler test showed that the meat of an-
imals from groups 2 and 3 was characterised by a significantly lower (P
< 0.05) shear force compared with the control group (Table 3.). The
meat texture analysis showed significant differences in traits such as
toughness, cohesiveness, and resilience. The meat of animals in the
experimental groups (groups 2-4) was characterised by lower toughness
compared to the control group. Furthermore, the meat of animals
receiving the combination of cholecalciferol and calcidiol was charac-
terised by higher cohesiveness compared to the control group.
Furthermore, the results of the Warner-Bratzler test showed that the
meat from animals in the experimental groups was characterised by a
highly significantly higher resilience compared to the meat from animals
in the control group. It is worth mentioning that also in the case of this
trait, supplementation of the combination of cholecalciferol and calci-
diol at an increased dose showed the greatest effect, however, not sta-
tistically different from the other experimental groups (groups 2 and 4).

3.2. Effect of different doses and forms of vitamin D on transcriptome
profiles of skeletal muscle

3.2.1. RNA-seq parameters of the results

Sequencing proceeded correctly and it was possible to use the results
for all samples for further analysis (Table 4.). The sequencing results
have been published on the GEO server and will be available from
1.01.2023.

3.2.2. RNA-seq statistics

The comparison of the transcriptome profiles of finishers supple-
mented with normal and increased doses of cholecalciferol (group 1 and
2) demonstrated only three changed genes. Table 5. shows the results of
all the analyses that identified statistically significant changes according
to the adjusted P-value (Padj < 0.05). Increase of cholecalciferol doses
resulted in downregulation of ENSSSCG00000044439 (log2FC =
—0.543), ENSSSCG00000025403 (log2FC = —0.564) and SLC30A9
(log2FC = —0.568) genes. 13 genes, including RBFOX2 (log2FC =
—0.444) and APOA5 (log2FC = —0.547), were on the border of statis-
tical significance (Padj = 0.052). However, due to the functions of these
genes, they should be considered. Interestingly, a comparison of the
transcriptome profiles of swine supplemented with increased doses of
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Table 4
RNA-seq parameters of muscle samples from swine received different levels and
forms of vitamin D.

Sample  Number of input Uniquely mapped reads Uniquely mapped
reads number reads %
1 15,379,262 9,690,960 63.01%
2 14,673,923 12,086,529 82.37%
3 14,150,442 10,373,066 73.31%
4 12,729,264 9,508,130 74.70%
5 15,375,411 11,286,264 73.40%
6 12,296,131 9,316,169 75.77%
7 9,428,628 7,019,892 74.45%
8 11,590,123 8,806,574 75.98%
9 14,860,692 10,651,971 71.68%
10 13,636,401 9,837,692 72.14%
11 12,800,784 9,445,004 73.78%
12 13,748,146 10,019,727 72.88%
13 25,267,856 18,738,362 74.16%
14 16,143,912 11,498,948 71.23%
15 16,372,471 11,608,864 70.90%
16 13,255,376 9,057,274 68.33%
17 10,011,650 7,120,922 71.13%
18 8,515,777 6,413,113 75.31%
19 14,477,786 11,023,250 76.14%
20 15,025,701 11,338,759 75.46%
21 13,277,640 9,923,000 74.73%
22 7,908,576 5,757,974 72.81%
23 9,096,168 6,284,202 69.09%
24 9,416,199 6,176,293 65.59%
25 59,017,472 42,433,005 71.90%
26 38,354,937 27,855,454 72.63%
27 35,318,849 25,854,335 73.20%
28 32,906,371 23,706,632 72.04%
29 46,779,763 31,701,386 67.77%
30 3,303,569 2,065,908 62.54%
31 4,849,117 3,213,388 66.27%
32 4,993,503 3,077,584 61.63%
33 6,498,348 3,944,580 60.70%
34 4,185,836 2,543,198 60.76%

cholecalciferol and increased doses of combination- cholecalciferol and
calcidiol (group 2 and 3) — didn't show any altered genes. As well as
comparing gene expression of the animals receiving a normal dose of
cholecalciferol with gene expression of the animals receiving an
increased dose of a combination of cholecalciferol and calcidiol (group 1
and 3). Also, according to Padj, the comparison of mRNA of finishers
supplemented with normal doses of cholecalciferol and the finishers in
which cholecalciferol was replaced with calcidiol showed no altered
genes (group 1 and 4). However, the altered genes were found when
compared to the mRNA of swine supplemented with increased doses of
cholecalciferol and normal doses of calcidiol (group 2 and 4). There was
found that two genes were downregulated- TMEMI127 (log2FC =
—0.969) and NDUFC2 (log2FC = —2.269).

The PCA graphs presented in Supplementary Material 2. show no
significant effect of the supplementation used. Interestingly, the analysis

Table 3
Effects of vitamin D levels and forms on shear force and meat texture parameters.
Parameters Group* SEM P value
1(control) 2 3 4

Shear force, N 68.46 b 51.42a 53.07 a 56.22 a 2.156 0.014

Texture profile analysis:

Toughness 145.85b 114.52 a 116.51 a 120.45 a 4.601 0.048
Hardness 8.99 7.96 10.44 8.79 0.796 0.757
Springiness 0.66 0.66 0.71 0.67 0.009 0.227
Cohesiveness 0.60 a 0.63 ab 0.65 b 0.63 ab 0.007 0.017
Chewiness 3.90 3.99 4.81 4.06 0.318 0.748
Resilience 0.23a 0.26 b 0.28 b 0.26 b 0.005 0.002

a, b — mean values in the same row marked with different letters are significantly different at P < 0.05.
* 1- standard dose of cholecalciferol (n = 8), 2- increased dose of cholecalciferol (n = 8), 3- increased dose of cholecalciferol+calcidiol (n = 8), 4- standard dose of

calcidiol (n = 8).
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Table 5
Results of RNA-seq analysis of muscle samples from swine received different
levels and forms of vitamin D.

Ensembl ID baseMean log2FoldChange Padj* Gene name
1 vs 2%+

ENSSSCG00000044439 2143.117 —0.543 0.008 -
ENSSSCG00000025403 1191.058 —0.564 0.008 -
ENSSSCG00000008801 1313.035 —0.568 0.040  SLC30A9
ENSSSCG00000028850 3785.044 —0.566 0.052 RPL26
ENSSSCG00000001705 2567.781 —0.562 0.052 TCTE1
ENSSSCG00000037310 2333.483 —0.435 0.052  ATP6AP1
ENSSSCG00000000152 1306.383 —0.444 0.052 RBFOX2
ENSSSCG00000036106 1213.265 —0.511 0.052 TUBG1
ENSSSCG00000030241 1090.864 0.509 0.052 TSC22D3
ENSSSCG00000034153 782.850 —0.431 0.052 TAF6
ENSSSCG00000008250 745.055 —0.365 0.052 -
ENSSSCG00000015486 652.409 —0.411 0.052 PIGC
ENSSSCG00000017476 607.512 —0.418 0.052 MSL1
ENSSSCG00000033982 515.959 0.462 0.052 ZNHIT1
ENSSSCG00000017104 506.971 —0.465 0.052 NSUN2
ENSSSCG00000015067 492.612 —0.546 0.052  APOA5

2 vs 4%+

ENSSSCG00000034105 136.251 —0.969 0.034  TMEM127
ENSSSCG00000039494 33.798 —2.269 0.034  NDUFC2

“ all P values <0.001.

“ 1- standard dose of cholecalciferol (n = 8), 2- increased dose of cholecal-
ciferol (n = 8), 3- increased dose of cholecalciferol+calcidiol (n = 8), 4- standard
dose of calcidiol (n = 8).

of 1 vs 2 PCA graph (Supplementary Material 1.) shows that the samples
are divided into two groups, but the dividing factor is not supplemen-
tation, gender, or relatedness.

3.3. qPCR validation

Quantitative qPCR performed for 18 samples (6 samples each from
groups 1, 2 and 4) partially confirmed the NGS results (Supplementary
Material 2.). The Pearson correlation (r2) coefficient for the VDR and
MYH2 genes were > 0.75 but for the NDUFC2 and SLC30A9 genes were
< 0.1.

4. Discussion

We analysed the effect of supplementation with standard and
increased doses of cholecalciferol alone or with calcidiol on swine
muscle tissue. Firstly, we determined the effect of different forms and
doses of vitamin D supplementation on the quality parameters of swine
meat. Subsequently, we analysed the data to find out if vitamin D sup-
plementation in the form of cholecalciferol and/or calcidiol affects the
transcriptome of swine muscle tissue.

Cholecalciferol is commonly used to supplement the diet with
vitamin D in humans and animals. However, the results of the com-
parison of bioavailability and bioactivity of cholecalciferol and calci-
diols are not conclusive (Duffy et al., 2018; Neill et al., 2021). It seems
that the use of the 25(OH) form of vitamin D may be more effective, inter
alia due to the different ability of organisms to vitamin D hydroxylation
into active form.

The analysis of the concentration of calcidiol in blood serum and
fattening parameters of swine used in the experiment was presented in
breeders' newsletter published by the National Research Institute of
Animal Production in Balice (Fig. 1. and Supplementary Material 3.)
(Swiatkiewicz & Nabozny, 2015). Consistently, it is worth mentioning
that according to our results, the finishers supplemented with calcidiol
for about 13 weeks had 3.4 higher plasma concentration of this
metabolite compared to the finishers receiving the same dose of chole-
calciferol (133,6 ng/ml vs 39,67 ng/ml), which indicates that calcidiol
supplementation is much more effective (Swiatkiewicz & Nabozny,
2015). The same was observed by Duffy et al., confirming that the use of
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calcidiol results in significantly higher plasma calcidiol concentration in
finishers compared to the use of the same dose of cholecalciferol (27,6
ng/ml vs 59,2 ng/ml) (Duffy et al., 2018). Additionally, based on our
previous analysis, the application of a higher dose of vitamin D in the
diet of finishers resulted in a slightly higher daily body weight gain.
Moreover, the application of a standard dose of calcidiol in the diet of
swine increased by 4.6% of the average daily body weight gain (ADG)
compared to the group receiving the same dose of cholecalciferol.
However, this increase was not statistically significant, nor was the in-
crease in feed conversion ratio (FCR) and the final weight of the animals
(Swiqtkiewicz & Nabozny, 2015). In this respect, our results are in
concordance with the analysis carried out by Duffy et al., in which 2000
1U/kg cholecalciferol or calcidiol in swine feeding did not show signif-
icant differences in ADG, FCR and the final weight of animals (Duffy
et al., 2018).

The first stage of this study was the analysis of parameters deter-
mining the quality of meat. The pH analysis did not show any changes in
the longissimus of finishers supplemented with different doses and/or
forms of vitamin D. The lack of significant effect of vitamin D in doses
near recommended ones on meat pH is also confirmed by other re-
searchers (Rey et al., 2020). Interestingly, the pH analysis performed by
Wilborn et al. showed that only the application of 80,000 IU cholecal-
ciferol per kg of feed caused a statistically significant increase of pH in
the longissimus of swine (Wilborn, Kerth, Owsley, Jones, & Frobish,
2004).

Furthermore, our analysis of meat quality parameters performed on
longissimus showed that the meat from animals receiving feed with cal-
cidiol was characterised by slightly lower free water loss and a signifi-
cantly more favourable water holding capacity index compared to meat
from animals receiving the recommended dose in the form of cholecal-
ciferol. Recent studies on the effect of calcidiol on pork quality confirm
the positive influence of this form of vitamin D on water holding ca-
pacity. Moreover, this study indicates reduced drip loss during day 7 of
meat sample storage after calcidiol supplementation (Upadhaya et al.,
2022). On the other hand, according to the results of Duffy et al. meat
parameters such as cook loss %, water holding capacity and the Warner-
Bratzler shear force did not differ significantly between the groups that
received calcidiol or cholecalciferol. However, in this study, a higher
percentage of water holding capacity was observed in the meat from
animals receiving calcidiol (10.2% vs 11.7%) (Duffy et al., 2018).
Increased water holding capacity in meat is extremely important in the
context of its technological processing and culinary qualities. Based on
the results presented above, it seems that the use of vitamin D in the
form of calcidiol in the diet of swine may be more beneficial than the use
of cholecalciferol.

Nevertheless, based on our Warner-Bratzler test data, it appears that
both the use of an increased dose of cholecalciferol and the calcidiol
form in the feeding of swine may prove to be beneficial from the con-
sumer's point of view. The results of our test showed that the use of
increased doses of cholecalciferol improved meat toughness by about
22% and meat resilience by 13%. Furthermore, the application of the
combination of cholecalciferol and calcidiol at an increased dose not
only improved meat toughness by 20%, but also had a significant effect
on its cohesiveness. Additionally, this combination had the greatest ef-
fect on meat resilience, increasing this parameter by 22% comparing to
the control group. The total replacement of cholecalciferol with calcidiol
improved meat toughness by 11% and, similarly to the higher dose of
cholecalciferol, increased pork resilience by 13% compared to the con-
trol group. Interestingly, a recent study on the effects of maternal
vitamin D3 supplementation on meat quality in the swine offspring
confirms the positive effect of an increased dose of cholecalciferol (Guo,
Miao, Ma, & Melnychuk, 2021). In this research, the offspring born
during the experiment were receiving cholecalciferol until slaughter in
the same dose as their mothers during pregnancy. The results indicate
that the meat from offspring receiving a high dose of cholecalciferol
(3200 IU/kg feed) had the best parameters compared to the meat from
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the groups receiving medium (800 IU/kg feed) and low (200 IU/kg feed)
doses. Drip loss of meat from animals in this group was significantly
lower (P < 0.05). Furthermore, the pork from animals receiving the
medium cholecalciferol dose had significantly (P < 0.05) lower shear
force compared to the meat from swine receiving the low cholecalciferol
dose (shear force 35.28 N vs 31.36 N). Moreover, these researchers
observed the greatest results (shear force = 27.44 N) in the pork from
animals receiving a high dose of cholecalciferol compared to the other
groups (Guo et al., 2021). On the other hand, one study on texture pa-
rameters of the same cut from swine receiving extremely high doses of
vitamin D indicates that such doses have no effect on the shear force of
pork (Wilborn et al., 2004).

In our experiment, we also carried out a meat colour test. Our
analysis shows no significant effect of calcidiol supplementation on pork
colour. However, we observed that the meat from animals receiving
calcidiol changed colour to a lesser extent after a 3-month freezing
period compared with the meat from animals receiving cholecalciferol.
The pork from animals receiving the combination of cholecalciferol and
calcidiol showed a 10% lower colour change after freezing compared to
the group with the standard dose of cholecalciferol. In contrast, ac-
cording to the results obtained by Duffy et al. meat from animals
receiving calcidiol or cholecalciferol differed significantly (P < 0.01) in
colour. These researchers conducted an analysis which showed that
calcidiol supplementation increased the redness and yellowness of pork
(Duffy et al., 2018). Moreover, the results of Guo et al. confirm the effect
of cholecalciferol on meat colour. Their results indicate a significant
improvement in subjectively assessed pork colour and marbling under
the influence of 3200 IU/kg feed supplementation of cholecalciferol
(Guo et al., 2021).

The final element of our experiment was the RNA-seq of porcine
skeletal muscle. This study showed that the differences in gene expres-
sion in the muscles of swine supplemented with the recommended and
increased doses of cholecalciferol and of those receiving calcidiol are not
large. Similar conclusions were reached by researchers from the
Netherlands, who found that calcidiol supplementation did not signifi-
cantly affect the muscle tissue gene expression (Hangelbroek et al.,
2019). Thus, we confirm the suggestions of Hangelbroek et al. that
muscles may not be a direct objective for vitamin D (Hangelbroek et al.,
2019).

Our comparison of transcriptomes of the animals from the groups
receiving the standard dose of cholecalciferol and the animals receiving
the increased dose of cholecalciferol showed that the expression of genes
has changed marginally (log2FoldChange > —0,568 and < 0,509). The
genes ENSSSCG00000044439, ENSSSCG00000025403 and SLC30A9
have changed the most. These genes were downregulated. The SLC30A9
gene functions as a zinc transporter involved in intracellular zinc ho-
meostasis. The SLC30A9 gene is associated with the Birk-Landau-Perez
Syndrome causing psychomotor regression and movement disorder.
Importantly, the study by Perez et al. confirms that the SLC30A9 is
highly expressed in muscles (Perez et al., 2017). It demonstrates the rank
of this gene for muscle tissue. Instabilities of zinc homeostasis in the
body can lead to many health problems such as developmental delay or
immunodeficiency. Moreover, studies show that mutations in the
SLC30A9 gene reduce its activity cause weakness of muscles (Perez
et al., 2017). Our RNA-seq results suggest that increasing the dose of
cholecalciferol may affect intracellular Zn homeostasis by down-
regulating the expression of the SLC30A9, however, we did not manage
to confirm this by qPCR (r2 = 0.041). Noteworthy are also the genes that
in this comparison, according to the adjusted P-value, were on the
borderline of statistical significance (Padj = 0.052). These genes include
RBFOX2 and APOAS5. The first of these genes is associated with cardio-
vascular diseases, heart defects, and development of skeletal muscle
(Cao et al., 2021). In our experiment, RBFOX2 was downregulated due
to the increased dose of cholecalciferol. One recent paper on the role of
the RBFOX2 gene reports that cells of RBFOX2 knockout rats shows
significant disruption of alternative poly(A) (APA) in the Slc25a4 gene.
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Interestingly, Slc25a4 gene is critical for energy production in mito-
chondria. Furthermore, study on humans indicates that mutations in the
SLC25A4 gene are known to be associated with hypertrophic cardio-
myopathy and skeletal muscle myopathy (Cao et al., 2021). Therefore,
our results may suggest a potentially adverse effect of increasing the
cholecalciferol dose.

Interestingly, the activity of APOAS5, another gene on the borderline
of statistical significance, is mainly associated with biosynthesis and
absorption of cholesterol, biosynthesis of fatty acid and catabolic pro-
cesses of triglycerides. It has been known that APOA5 is a crucial fat
transfer factor in the PPAR signalling pathway. Furthermore, APOA5 is
important for the regulation of triglycerides concentration and fat
deposition (Hui et al., 2013). According to our results, increasing the
dose of cholecalciferol may cause downregulation of the APOA5 gene
expression. It means that increasing the dose of cholecalciferol supple-
mentation may enhance the number of triglycerides, thus enhancing
intramuscular fat (IMF) in pork (Perez et al., 2017). IMF is dependent on
triglycerides concentration and is one of the determinants of meat
quality. Regrettably, this parameter of pork quality was significantly
reduced during the selection for high growth rate in swine (Fernandez,
Monin, Talmant, Mourot, & Lebret, 1999; Zuo et al., 2003). Neverthe-
less, our chemical analysis of pork does not support this assumption and
shows that there is no difference in the percentage fat content of meat
from animals receiving the standard and increased dose of cholecalcif-
erol (1.52% vs 1.51%).

Additionally, we performed the expression analysis of the genes most
known for their function in myogenesis (Upadhaya et al., 2022). One of
the genes we analysed was MYH2, however, our results (RNA-seq and
qPCR r2 = 0.772) do not confirm the effect on neither this gene, nor
MSTN, MYOD and MYF5 genes (RNA-seq) under the influence of calci-
diol application compared to cholecalciferol-only supplementation.
Changes in the expression of these genes after 25(OH)D supplementa-
tion were detected using qPCR and recently published by Upadhaya
et al. (Upadhaya et al., 2022). The lack of identification of these changes
may be due to sensitivity of the methods used (NGS vs qPCR).

Admittedly, our analysis (the increased dose of cholecalciferol vs
standard dose of calcidiol) allowed us to detect (RNA-seq) significant
differences in only two genes, but the functions of these genes are crucial
for myogenesis. First, the TMEM127 gene controls cell proliferation by
acting as a suppressor of the TOR signalling pathway. The TOR signalling
pathway regulates protein syntheses and degrades proteins via the
ubiquitin-proteasome signalling pathway. This is supported by a study
showing that the loss of muscle mass in rats with vitamin D deficiency
was caused by a robust increase in protein degradation (Bhat, Kalam,
Qadri, Madabushi, & Ismail, 2013). According to the results obtained in
our study, calcidiol supplementation caused a significant down-
regulation of TMEM127 compared to cholecalciferol supplementation. If
TMEM127 causes inactivation of TOR signalling and calcidiol supple-
mentation significantly downregulates TMEM127 expression, then cal-
cidiol seems to be more beneficial for myogenesis, energy production
and muscle fibre formation than cholecalciferol (Gogulothu et al.,
2020). The recent study by Gogulothu et al. indicates that the inacti-
vation of mTOR signalling observed in vitamin D deficient rats is detri-
mental to the muscle tissue of these animals (Gogulothu et al., 2020).
Furthermore, also the study by Akagawa et al. using type 2 diabetes
mellitus model rats, showed that vitamin D after hydroxylation shows
beneficial effects on muscle tissue, probably by affecting the TOR
pathway (Akagawa et al., 2018).

Furthermore, a comparison of the transcriptomes of swine that
received an increased dose of cholecalciferol and a standard dose of
calcidiol showed that the NDUFC2 gene was strongly downregulated.
NDUFC2 is an accessory subunit of the mitochondrial membrane respi-
ratory chain NADH dehydrogenase, and it is implicated in respiratory
electron transport, ATP synthesis by chemiosmotic coupling and heat
production by uncoupling proteins. According to the results of Nitert
et al., physical exercise reduces the methylation of the NDUFC2 in
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skeletal muscle, i.e., activates the NDUFC2 gene (Nitert et al., 2012).

Many advantages of determining muscle respiratory capacity have
already been recognised (Laveneziana et al., 2019). Research on this
issue is still being developed because muscle respiratory capacity mea-
surements are a useful tool in diagnosis, phenotyping, and the assess-
ment of treatment efficacy in patients with respiratory symptoms and
neuromuscular diseases (Laveneziana et al., 2019). Negative effects of
decreased the NDUFC2 mRNA expression have also been shown in the
acute coronary syndrome (ACS) studies (Raffa et al., 2019). According to
Raffa et al., the NDUFC2 silencing in human endothelial and vascular
smooth muscle cells caused significant increases in ROS concentrations,
reduced ATP levels, a higher degree of mitochondrial structural damage
and dysfunction (Raffa et al., 2019). Our results from NGS indicate that
the use of calcidiol may reduce muscle respiratory capacity as it strongly
decreases the NDUFC2 expression in the muscle. From this point of view,
the use of cholecalciferol is preferable.

Despite these interesting clues, the TMEM127 and NDUFC2 data from
NGS were not confirmed by the qPCR study (NDUFC2 r2 = —0.016).

The presented results provide a basis for further research into
increasing the dose of vitamin D and replacing cholecalciferol with
calcidiol in swine nutrition. This is the first study to simultaneously
investigate the effects of vitamin D on pork quality and muscle tissue
transcriptome profiles. Our results suggest that increasing the dose of
cholecalciferol and using calcidiol is safe and does not significantly
affect skeletal muscle function. On the other hand, the use of calcidiol in
the diet of swine results in an increase in meat quality, with no change in
the chemical composition of the product. It is particularly significant in
the light of ongoing attempts to biofortify pork with vitamin D.
Remarkably, current research shows that vitamin D biofortified foods of
animal source are the most efficient in raising blood 25(OH)D concen-
trations in humans compared to other products biofortified with this
vitamin (Neill et al., 2021). Therefore, a limitation of our experiment is
the lack of analysis of the total vitamin D content of the meat tested. In
our opinion, such a study would complement the information on the
effect of calcidiol in the diet of swine.

5. Conclusion

In conclusion, the meat from swine supplemented with calcidiol was
characterised by a significantly more favourable water holding capacity
index compared to the meat from animals receiving the recommended
dose in the form of cholecalciferol. Furthermore, the meat from swine
supplemented with calcidiol showed an improvement in such parame-
ters as toughness, cohesiveness, and resilience. At the same time, we did
not observe any strong effect neither of the increased dose or the cal-
cidiol form of vitamin D supplementation on muscle transcriptome.
Nevertheless, there are some indications that the application of vitamin
D in the form of calcidiol in swine diet can be beneficial for myogenesis,
energy production and muscle fibre formation by influencing the TOR
signalling pathway. However, the use of vitamin D in the form of cal-
cidiol may reduce muscle respiratory capacity.

Our results indicate that using calcidiol form instead of the chole-
calciferol form in the diet of swine may have slight beneficial effects and
that the risk of adverse effects of this form of vitamin D is low.
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Abstract

Background Vitamin D is an immunomodulator, and its effects have been linked to many diseases, including the pathogen-
esis of cancer. However, the effect of vitamin D supplementation on the regulation of gene expression of the lungs is not fully
understood. This study aims to determine the effect of the increased dose of cholecalciferol and a combination of cholecal-
ciferol + calcidiol, as well as the replacement of cholecalciferol with calcidiol, on the miRNA profile of healthy swine lungs.
Methods and results The swine were long-term (88 days) supplemented with a standard dose (20001U/kg) of cholecalciferol
and calcidiol, the increased dose (3000 IU/kg) of cholecalciferol, and the cholecalciferol + calcidiol combination: grower:
3000 IU/Kg of vitamin D (67% of cholecalciferol and 33% of calcidiol), finisher 2500 IU/Kg of vitamin D (60% of chole-
calciferol and 40% of calcidiol). Swine lung tissue was used for Next Generation Sequencing (NGS) of miRNA. Long-term
supplementation with the cholecalciferol + calcidiol combination caused significant changes in the miRNA profile. They
embraced altered levels of the expression of miR-150, miR-193, miR-145, miR-574, miR-340, miR-381, miR-148 and miR-
96 (g-value <0.05). In contrast, raising the dose of cholecalciferol only changed the expression of miR-215, and the total
replacement of cholecalciferol with calcidiol did not significantly affect the miRNAome profile.

Conclusions The functional analysis of differentially expressed miRNAs suggests that the use of the increased dose of the
cholecalciferol + calcidiol combination may affect tumorigenesis processes through, inter alia, modulation of gene regulation
of the TGF- B pathway and pathways related to metabolism and synthesis of glycan.

Keywords Cholecalciferol - Calcidiol - Lungs - miRNA-seq - Swine

Introduction

Vitamin D5 (cholecalciferol), also known as the sun vitamin,
is currently one of the most recommended dietary supple-
ments for improving general health in humans and animals.

It is assessed that the vitamin D receptor (VDR) regu-
lates up to 3% of genes in both the human and the mouse
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genomes [1]. Vitamin D affects VDR expression and can
influence epigenetic processes by regulating miRNA
expression [2]. Interestingly, although the expression of
the enzyme CYP27BI1 responsible for converting vitamin
D into its active form is most pronounced in the kidney, its
production is observed in many other tissues including the
lungs, suggesting the possibility of local activation of this
vitamin [3].

In recent years, interest in vitamin D has increased
because there have been many reports of its extra-skele-
tal effects, e.g. on the immune system. Strengthening the
immunity of animals is currently one of the priorities, there-
fore assessing the effects of vitamin D supplementation
on changes in the lungs, which is the repertoire of tissue-
resident immune immune cells, seems to be crucial. The
domestic pig is an animal of great economic importance
around the world. At the same time, it is considered a very
good model animal due to its similar physiology and size of
main organs to humans. Therefore, our experiment, on the
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one hand, assessed the validity of using an increased dose
and various forms of vitamin D to improve the function-
ing of the respiratory system of animals and, on the other
hand, allowed us to trace the impact of these modifications
on the miRNAome of lungs in the context of lung diseases
in humans.

Vitamin D exerts antibacterial and anti-inflammatory
effects, as well as plays an antioxidant function [4]. Nev-
ertheless, knowledge about the effect of vitamin D supple-
mentation on the health of the respiratory system in farm
animals is scarce, despite that they are often exposed to
dust, what makes them prone to respiratory diseases. Con-
trary, in humans, vitamin D deficiencies are linked to several
lung diseases such as acute lung injury, asthma, pneumo-
nia, cystic fibrosis, pulmonary fibrosis, tuberculosis, and
COPD (chronic obstructive pulmonary disease) [3]. Due
to its significance in inflammatory mechanisms, vitamin D
has emerged as a potential therapeutic agent in patients with
chronic and acute respiratory diseases [4]. Interestingly,
both association and clinical trial studies demonstrated that
vitamin D concentration in blood serum is closely related to
the course of COVID-19 disease [5]. Moreover, the results
of one randomized controlled trial in the field of oncology
indicated that vitamin D; supplementation can improve the
survival of patients with early-stage lung cancer [6]. It has
also been proven that the chemopreventive effects of vita-
min D are associated with the regulation of tumour suppres-
sor miRNAs (miR-100 and miR-125b) [2].

Recently, there has been a lot of discussion about the need
to update the recommendations concerning the dosage and
supplementation of calcidiol (calcifediol) in humans [7, 8].

Grower feed

Group 3 2000 1000
Group 2 3000
Group 1 2000

Finisher feed

Group 4

Group 3 1500
Group 2 2500
Group 1 1500
1U/kg feed
Cholecalciferol ® Calcidiol

Fig. 1 The content of cholecalciferol and calcidiol in the grower and
finisher feeds

@ Springer

According to some researchers, current recommendations
for vitamin D intake are adequate for skeletal disorders,
while for extra-skeletal disorders treatment much higher
vitamin D doses are needed. It is also known that high-dose
vitamin D supplementation is effective and well tolerated by
the body, which is supported by randomized control trials of
high-risk COVID-19 patients [9, 10]. In pigs, the maximum
dose of vitamin D in the feedstuff is 20001U/Kg, according
to the European Union regulations ref. However, in the light
of current knowledge, the question arises whether these rec-
ommendations should not be changed. Moreover, attempts
to replace traditional cholecalciferol supplementation with
calcidiol seem to be important for this issue. This is evi-
denced by our previous study, but also the findings of other
researchers, indicate that calcidiol supplementation is more
effective and faster in increasing 25(OH)D serum levels
than cholecalciferol supplementation in pigs and in humans
[11-13].

Although the effects of vitamin D have been researched
for many years, the effect of cholecalciferol and calcidiol
supplementation on the whole miRNAome has not been
studied yet. It is well known that miRNAs, which belong
to the class of short non-coding-RNAs, act as post-tran-
scriptional regulators. They bind complementary mRNAs
and prevent further protein synthesis. It is recognised that
miRNA sequences are involved in the regulation of more
than 60% of protein-coding genes [14]. Thus, the analysis of
changes in the global miRNA profile can provide data which
either confirms previous findings or points to new directions
in the study of the effects of vitamin D.

Materials and methods
Animals and diets

All procedures on live animals included in this study received
consent from the local Ethics Committee for Experiments
with Animals in Cracow, Poland (Resolution No. 427/2020
of 22.07.2020). The animals were kept in individual
straw-bedded pens at the Research Station of the National
Research Institute of Animal Production in Grodziec Slaski.
Swine were randomly divided into four dietary groups but
all the animals were kept in the same environmental condi-
tions. Group 1, n=12 individuals, group 2, n=12, group 3,
n=12, and group 4, n=12. Each group included an equal
number of males and females, except group 2 (3 females
and 4 males). The male swine had previously been castrated.

The diets of animals differed from each other only in the
dose and form of vitamin D (Fig. 1.). In this experiment,
animals receiving a standard dose (grower: 2000 IU/Kg, fin-
isher: 1500 [U/Kg) of cholecalciferol in feed constituted the
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control group. The diets used were isonitrogenous and isoen-
ergetic, and they covered all nutritional requirements of the
swine (grower: metabolizable energy —13.3 MJ, total pro-
tein — 172 g/kg; finisher: metabolizable energy —13.3 MJ,
total protein — 156 g/kg) [15]. The diet was determined by
the needs of the animals and accounted for their current age
and weight (grower —30-60 kg, finisher — 60-110 kg).

After 88 days, when the animals reached a weight of
~110 kg, the feeding experiment ended, and 48 lung sam-
ples were collected from the animals. All the samples came
from the middle part of the upper lobe of the left lung. Each
swine was slaughtered using stunning high-voltage elec-
tric tongs (voltage 240—400 V). Immediately after, the lung
samples were placed in a ULT freezer (— 85 °C) and stored
until the miRNA analysis.

During slaughter, animals’ blood was collected into tubes
with anticoagulant (acid dextrose citrate/glucose from the
animals. The blood was used to assess serum vitamin D
concentrations. The blood samples were then transported at
+6 °C to the laboratory, where blood plasma was obtained
by centrifugation at 3000 RPM. The plasma samples were
stored at -20.

Measurement of 25(0OH)D concentration

The measurement was conducted for 8 animals from each
group. Assessment of total plasma vitamin D concentra-
tion was performed by ANCHEM Laboratorium, 20 Fredry
Street, Katowice, Poland. The blood plasma samples were
transported to the laboratory in a frozen state. The assess-
ment was performed by RIA method. The DIAsource 250H
Vitamin D total-RIA-CT Kit (Rue de Bosquet 2, 1348
Louvain-La-Neuve, Belgium) and Multigamma 1260 mul-
tidetector instrument (LKB WALLAC, Finland) were used.
The result of vitamin D concentration was obtained in ng/
ml, and the possible measurement error was estimated at
>+ 1.5ng/ml. Statistical analysis of measurement results
was performed using SAS software (mean, p-value, stan-
dard deviation).

RNA isolation, miRNA library construction and NGS
sequencing

Total RNA isolation from 48 lung samples was performed
using the Direct-zol RNA Miniprep Kits (ZYMO Research,
Orange, California) in line with the recommendations of
the manufacturer. Then, the isolated genetic material was
cleaned up using Monarch® RNA Cleanup Kit (New Eng-
land Lab, Woburn, USA). The quality and quantity of RNA
were assessed using the Tapestation 2200 (Agilent, Santa
Clara, California, USA). The integrity number equivalent
(RIN) scores in all RNA samples were higher than 7. The

quantity of RNA was additionally evaluated by NanoDrop™
2000/2000c Spectrophotometers (Thermo Scientific™, Fos-
ter City, California, USA). Next, the isolates were used for
library preparation with the NEBNext Multiplex Small RNA
Library Prep Set for Illumina (New England Lab, Woburn,
USA). The quantity assessment of pooled libraries was per-
formed using the Qubit (Ther-mo Scientific™, Foster City,
California, USA), while the quality was assessed using the
Tapestation 2200 (Agilent, Santa Clara, California, USA)
devices. Sequencing of pooled libraries (75 bp single read)
was performed on the NextSeq 550 device (Illumina, San
Diego, California, USA) at the National Research Institute
of Animal Production in Balice. The libraries for sequenc-
ing were prepared according to the Standard Normalization
Method from NextSeq 500 and NextSeq 550 Sequencing
Systems-Denature and Dilute Libraries Guide protocol. We
used a 2nM starting library concentration and 10% PhiX
addition.

Statistics of the miRNA-seq results

The obtained reads were demultiplexed with bel2fastq soft-
ware (Illumina) and quality controlled with FastQC soft-
ware. The reads were also subjected to adapter and length
trimming (18-25 nt) with the TrimGalore package. miRD-
eep2 was applied to identify known and potentially novel
miRNAs using default settings, Sus scrofa 11.1 reference
genome, miRBase 22.1. R package and DESeq2 software
were used to perform the differential expression analysis.
miRNAs with p-adjusted < 0.05 Benjamini—Hochberg (BH)
adjustment and no fold-change threshold were regarded as
differentially expressed (DE). Only those miRNAs for which
the number of reads per sample was greater than zero in a
minimum of four samples in each group were used for fur-
ther analysis. Functional analysis of differentially expressed
(DE) miRNAs was conducted with DIANA-miRPath v3.0
online tool for human miRNA homologs.

gPCR analysis

The RNA from 28 samples (7 samples/group) was reverse
transcribed using a miRCURY LNA RT Kit (QIAGEN,
Hilden, Germany), according to the manufacturer proto-
col. The following miRNAs were selected to confirm the
results obtained from miRNA-seq: miR-215-5p, miR-96-5p
and miR-381-3p. The selection was guided by the average
number of reads and the log2FoldChange value. Real-time
PCR was performed using miRCURY LNA SYBR Green
PCR Kit (QIAGEN, Hilden, Germany) and miRCURY
LNA miRNA PCR Assays (QIAGEN, Hilden, Germany) on
a QuantStudio™ 7 Flex Real-Time PCR System (Applied
Biosystems™, Waltham, Massachusetts, United States).
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Relative quantity data were analysed on the Thermo Fisher
Cloud (Thermo Scientific). The results obtained from NGS
(Next Generation Sequencing) and those obtained from
qPCR analysis were compared by checking the level of
Pearson correlation (r2).

The RNA isolated from the 28 samples was addi-
tionally reverse transcribed using the High-Capacity
RNA-to-cDNA™ Kit (Applied Biosystems™, Waltham,
Massachusetts, United States). The resulting cDNA was
used to analyse changes in the expression of the NEUI
(Neuraminidase 1) and FUT! (Fucosyltransferase 1)
genes using RPS29 endogenous control. These genes are
targets of miRNAs altered by the vitamin D supplementa-
tion and were selected based on the results of functional
analysis of miRNA-seq results. Analysis of the obtained
results was conducted using the Thermo Fisher Cloud
(Thermo Scientific). The level of significance of differ-
ences between groups was checked using the Mann-Whit-
ney U and t-tests.

Results

The 25(OH)D blood test confirmed that the applied sup-
plementation was effective. The plasma concentration of
25(OH)D in animals from all experimental groups differed
significantly (p-value < 0.05) from that of the control group.

Pigs supplemented with a standard dose of cholecal-
ciferol had the lowest plasma 25(OH)D concentration
(39.67 ng/ml, +/- 10.25). The mean 25(OH)D concentra-
tion in animals receiving the increased cholecalciferol
dose was 24.29 ng/ml higher (63.96 ng/ml, +/- 22.68).
Animals treated with calcidiol (groups 3 and 4) had sig-
nificantly (p-value < 0.05) higher vitamin D concentrations
compared to the others. Animals receiving cholecalcif-
erol + calcidiol combinations had an average of 124.93 ng/
ml (+/- 23.20), while those receiving calcidiol alone had
non-significantly higher plasma 25(OH)D concentrations-
133.5 ng/ml (4+/- 20.5).

RNA assessment and miRNA-seq statistics

RNA evaluation indicated that 39 samples met the quality
criteria (RIN scores> 7). The remaining 8 samples were
excluded from further analysis.

The NGS of lung tissue samples proceeded correctly for
38 of 39 samples. The average number of mapped reads was
345 116 per sample. One sample was discarded due to a low
number of mapped reads (8569 reads). All 38 samples were
used for further analysis, including miRNA identification
and differential expression analysis. The sequencing results
have been deposited in the NCBI GEO database (accession
number: GSE217599).
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Differential expression analysis results

Table 1. shows the miRNAs which, according to adjusted
p-value (q-value <0.05), were most significantly altered.
The properties of individual miRNAs recognized so far are
compiled in the table in Table S1. Nine significantly altered
miRNAs were excluded from further analysis because the
number of reads for these miRNAs was zero for most sam-
ples in each group.

The obtained results (Table 1.) indicate that the use of the
increased dose of cholecalciferol compared to the standard
dose (1 vs. 2) caused a significant change (g-value =0,004) in
the miR-215-5p expression only (log2FoldChange =2,652).
In turn, supplementation with the increased dose of the cho-
lecalciferol + calcidiol combination (1 vs. 3) resulted in the
altered expression of 13 miRNAs, including 7 upregulated
and 6 downregulated. In contrast, supplementation with the
standard dose of calcidiol instead of cholecalciferol (1 vs. 4)
showed no effect on the miRNA profile.

Subsequent analysis showed that the increased dose of
cholecalciferol + calcidiol compared to the increased dose
of cholecalciferol (2 vs. 3) showed a change in the expres-
sion of 12 miRNAs (Table 1.). Among them, 9 miRNAs
were upregulated and 3 were downregulated. The compari-
son of the standard dose of calcidiol with the increased dose
of cholecalciferol + calcidiol (4 vs. 3) showed 17 altered
miRNAs. However, 11 of these miRNAs are repeated in the
results of the other comparisons, and the direction of their
changes is the same. Only 6 of the altered miRNAs were
specific for the 4 vs. 3 comparison, of which 5 miRNAs
were downregulated and 1 was upregulated.

gqPCR analysis

One of the reverse-transcribed miRNA samples was excluded
at a further stage of analysis due to a significant concentra-
tion deviation from the other cDNA samples. The qPCR
validation performed for 27 samples partially confirmed the
NGS results (Table S2.). The Pearson correlation (12) coef-
ficient for the miR-215-5p was > 0.63 (p-value=0.0004),
for miR-381-3p was >0.60 (p-value=0.0008), and for the
miR-96-5p was > 0.58 (p-value=0.0015).

In turn, analysis of NEUI and FUT1 gene expression car-
ried out on 28 samples showed no significant differences
between groups (Figure S1.). The FUTI expression results
were not characterized by a normal distribution, because of
this we performed a non-parametric analysis for this data.

Functional analysis

For the functional analysis we used the differentially
expressed miRNAs from 1 vs. 3, 2 vs. 3 and 4 vs. 3. The
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Table 1 The miRNAs altered by different doses and forms of vitamin D supplementation (g-value <0.05). The level of change is presented in

log2FoldChange (log2FC).

2vs. 1 3vs. 1 3vs.2 3vs. 4
miR name log2FC miR name log2FC miR name log2FC miR name log2FC
miR-215-5p 2,652 miR-574-3p 1,663 miR-4334-3p 2,727 miR-885-5p 1,944
miR-193a-5p 1,249 miR-205-5p 2,69 miR-574-3p 1,503
miR-145-5p 1,101 miR-885-5p 2,337 miR-193a-5p 1,329
miR-150-5p 1,015 miR-125b-5p 2,157 miR-150-5p 0,938
miR-181a-5p 0,756 miR-574-3p 2,047 miR-181a-5p 0,72
miR-191-5p 0,674 miR-133a-3p 1,691 miR-676-3p 0,604
miR-181b-5p 0,519 miR-145-5p 1,311 miR-181b-5p 0,505
miR-340-5p -0,86 miR-193a-5p 1,145 miR-21-5p -0,869
miR-450a-5p -0,885 miR-150-5p 0,887 miR-340-5p -0,917
miR-101-3p -1,228 miR-148b-3p -0,984 miR-218-5p -0,923
miR-96-5p -1,653 miR-151a-3p -1,695 miR-450a-5p -0,963
miR-182-5p -2,117 miR-215-5p -2,313 miR-148b-3p -0,972
miR-381-3p -2,599 miR-299-3p -1,176
miR-183-5p -1,203
miR-96-5p -1,36
miR-101-3p -1,504
miR-381-3p -2,504

Table 2 KEGG pathways that were stimulated by the combined supplementation of cholecalciferol + calcidiol in comparison to cholecalciferol at

standard doses in the lungs of finishing pigs

KEGG pathway p-value KEGG class

Estrogen signalling pathway 8.7e-09 Organismal Systems; Endocrine system

TGF-B signalling pathway 2.7e-08 Environmental Information Processing; Signal
Transduction

Signalling pathways regulating pluripotency of stem cells 1.8e-05 Cellular Processes; Cellular community - eukaryotes

Phosphatidylinositol signalling system 2.5e-05 Environmental Information Processing; Signal
Transduction

Proteoglycans in cancer 6.4e-05 Human Diseases; Cancer: Overview

Amphetamine addiction 0.0001 Human Diseases; Substance dependence

Metabolism of xenobiotics by cytochrome P450 0.004 Metabolism; Xenobiotics biodegradation and metabolism

Transcriptional Misregulation in Cancer 0.005 Human Diseases; Cancer: Overview

Adherens junction 0.012 Cellular Processes; Cellular community - eukaryotes

Axon guidance 0.028 Organismal Systems; Development and regeneration

Vasopressin-regulated water reabsorption 0.033 Organismal Systems; Excretory system

Glioma 0.037 Human Diseases; Cancer: specific types

GABAergic synapse 0.039 Organismal Systems; Nervous system

Oxytocin signalling pathway 0.040 Organismal Systems; Endocrine system

Pathways in cancer 0.044 Human Diseases; Cancer: Overview

analysis was conducted using DIANA software (‘pathways
union’ option) based on a human database. The results indi-
cated that the increased dose of cholecalciferol + calcidiol
significantly (p-value <0.05) affected 15 KEGG pathways
compared to the standard cholecalciferol supplementation
(Table 2.). Among them, there were 5 disease-related path-
ways, and 4 were connected to cancers (cancer overview,
glioma). On the other hand, the pathways from the organ-
ismal systems class are related to the endocrine system (2
pathways), nervous system (1 pathway), excretory system
(1 pathway) as well as development and regeneration (1
pathway). The remaining altered pathways were associated

with signal transduction, cellular community and xenobiot-
ics biodegradation and metabolism.

Supplementation of the increased dose of cholecalcif-
erol + calcidiol had the most significant effect on the estrogen
signalling pathway (p-value=8.74E-09), TGF-B signalling
pathway (p-value=2.69E-08), signalling pathways regulat-
ing pluripotency of stem cells (p-value=1.80E-05), phos-
phatidylinositol signalling system (p-value=2.45E-05)
and proteoglycans in cancer (p-value=6.42E-05). Figure 2
presents miRNAs and pathways clusters, as well as the
number and significance of each miRNA’s contribution to
the regulation of the altered pathway. The heatmap shows
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Fig.2 The heat map shows the miRNAs altered by the increased dose of cholecalciferol + calcidiol (1 vs. 3), the pathways affected, and the clusters

formed by each of the altered miRNAs and pathways

Table 3 KEGG pathways that were stimulated by the combined supplementation of cholecalciferol + calcidiol in comparison to cholecalciferol at

the increased dose (2 vs. 3) of finishing pigs

KEGG pathway p-value KEGG class

Prion diseases <le-325 Human Diseases; Neurodegenerative disease

ECM-receptor interaction 0.0002 Environmental Information Processing; Signal-
ling molecules and interaction

Hippo signalling pathway 0.020 Environmental Information Processing; Signal
Transduction

Glycosphingolipid biosynthesis-lacto and neolacto series 0.021 Metabolism; Glycan biosynthesis and metabolism

Other glycan degradation 0.048 Metabolism; Glycan biosynthesis and metabolism

that 5 of the 13 differentially expressed miRNAs are associ-
ated with the estrogen signalling pathway. Similarly, in the
case of amphetamine addiction, 5 of the changed miRNAs
are related to this substance-dependence disease. In con-
trast, only 1 of the altered miRNAs (miR-450a-5p) is asso-
ciated with the pathway of metabolism of xenobiotics by
cytochrome P450, but the significance of miR-450a-5p for
this pathway is particularly high.

Among the altered miRNAs engaged in the highest num-
ber of pathways are miR-182-5p (9 pathways), miR-96-5p
(8 pathways), miR-340-5p (7 pathways), miR-381-3p (7
pathways) and miR-101-3p (6 pathways).

The partial replacement of cholecalciferol with calcidiol
at the increased dose (2 vs. 3) had a significant effect on 5
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pathways (p-value < 0.05) (Table 3.). The strongest effect was
observed on the prion disease pathway (p-value = < le-325).
This effect was caused by a change in only one miRNA
expression level - miR-148b-3p (Fig. 3.). Interestingly, the
results also indicate activation of two pathways related to
glycan biosynthesis and metabolism; glycosphingolipid
biosynthesis - lacto and neolacto series (p-value=0.022)
and other glycan degradation (p-value=0.049). Simul-
taneously, the ECM-receptor interaction pathway, which
can also bind to glycans, was also significantly activated
(p-value=0.0003).

Only 5 of the 11 altered miRNAs had a significant impact
on the listed pathways (Fig. 3.). Admittedly, the arrangement
of clusters presents an intermediate connection between all
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Fig. 3 The heat map shows the miRNAs altered by replacing a part of cholecalciferol with calcidiol at the increased dose (2 vs. 3), the pathways

affected, and the clusters formed by each altered miRNA and pathway

Table 4 KEGG pathways that were stimulated by the combined supplementation of cholecalciferol + calcidiol in comparison to calcidiol (4 vs. 3)

of finishing pigs

KEGG pathway p-value KEGG class

Prion diseases <le-325 Human Diseases; Neurodegenerative disease

Signalling pathways regulating pluripotency of stem cells 1.1e-07 Cellular Processes; Cellular community - eukaryotes
Estrogen signalling pathway 9.9¢-06 Organismal Systems; Endocrine system

TGF-B signalling pathway 1.7e-05 Environmental Information Processing; Signal Transduction
Proteoglycans in cancer 9.3e-05 Human Diseases; Cancer: Overview

Amphetamine addiction 0.0003 Human Diseases; Substance dependence
Phosphatidylinositol signalling system 0.002 Environmental Information Processing; Signal Transduction
GABAergic synapse 0.007 Organismal Systems; Nervous system

Morphine addiction 0.026 Human Diseases; Substance dependence

Glioma 0.029 Human Diseases; Cancer: specific types

Hippo signalling pathway 0.030 Environmental Information Processing; Signal Transduction
Pathways in cancer 0.048 Human Diseases; Cancer: Overview

Metabolism of xenobiotics by cytochrome P450 0.049 Metabolism; Xenobiotics biodegradation and metabolism

the miRNAs; however, it is miR-148b-3p and miR-205-5p
that are most relevant to the biological pathways presented
in Table 3.

The functional analysis led to the finding that the use of
the cholecalciferol + calcidiol combination compared to the
standard calcidiol dose (4 vs. 3) significantly affects 13 bio-
logical pathways (Table 4.). Most of these (10 pathways)
are identical in the comparison of the standard cholecal-
ciferol dose with the combination (1 vs. 3) (Figure S2.).
Moreover, two of the remaining pathways are specific for
the comparison of the increased cholecalciferol dose with
the combination (2 vs. 3). The most significant difference

between the results of these comparisons is the change in
miR-148 expression. This miRNA is highly significant for
the prion diseases pathway, which is also the most signifi-
cantly altered pathway in the results of the 2 vs. 3 and 4 vs.
3 comparisons.

The heatmap (Fig. 4.) illustrating the effect of supple-
mentation with the standard dose of calcidiol compared
to the increased dose of cholecalciferol + calcidiol (3 vs.
4) shows similarities to the heatmap 1 vs. 3 comparison
(Fig. 2.). This underlies the similarity of miRNA profiles
of samples with the standard doses of cholecalciferol or
calcidiol.
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Fig. 4 The heatmap shows the miRNAs altered by the increased dose of cholecalciferol + calcidiol compared to the standard dose of calcidiol (4
vs. 3), the pathways affected, and the clusters formed by each altered miRNA and pathway

Discussion

In this study, we performed pairwise comparisons of different
doses and forms of vitamin D to elucidate its effect on miRNA
expression levels in healthy swine lungs. Previous studies
indicate a significant association of vitamin D with the devel-
opment of lung diseases, and the use of alternative forms of
vitamin D such as calcidiol to treat lung diseases is of grow-
ing interest [16]. However, this is the first study describing the
effects of calcidiol and choleclaciferol + calcidiol supplementa-
tion on the lung tissue miRNAome of any species.

We found that supplementation with the increased dose
of the combination of cholecalciferol and calcidiol (group
3) in comparison to the other treatments induced the great-
est changes in the miRNA profile of the lungs. Importantly,
many of the miRNAs presented in our results appear to be
typical for the lung (miR-148b, miR-101, miR-21, miR-
145, miR-181, miR-191, miR-215), and they also have been
mentioned in the results of other studies on this tissue [17,
18].

Many studies on the effects of vitamin D supplemen-
tation conducted to date indicate that increasing plasma
25(OH)D concentration has an immunomodulatory effect
on lung tissue [19, 20]. However, the results presented here
shed new light on these findings. We observed that even
a significant increase in 25(OH)D concentration induced
by calcidiol supplementation (group 4) did not remark-
ably affect the lung miRNA profile. Moreover, an almost
equally high increase in plasma 25(OH)D concentration
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induced by supplementation with the cholecalciferol + cal-
cidiol combination caused significant changes in the lung
tissue transcriptome. This may suggest that simple increas-
ing plasma 25(OH)D concentration may be insufficient to
cause a change at the level of gene regulation and metabolic
transformation of inactive vitamin D in the liver are neces-
sary to achieve this.

The effect of increased dose of cholecalciferol

The first stage of our analysis was to determine how increasing
the dose of commonly used cholecalciferol affects the miRNA
profile of healthy lungs. We found that increasing the dose
of cholecalciferol from 2000 IU to 3000 IU had little effect
regarding the number of altered miRNAs. MiR-215, the only
differentially expressed miRNA, is involved in several basic
processes such as cell and tissue development, cell survival
and migration, cell cycle and proliferation, as well as cellular
metabolism [21]. Due to its crucial functions, the dysregulation
of miR-215 expression has been implicated in the pathogenesis
of many diseases. Changes in miR-215 expression in differ-
ent types of cancer have been researched extensively. For some
types of tumours, this miRNA is a suppressor, for others - an
oncogene [21]. Moreover, one recent finding demonstrated
a strong link between miR-215 and the development of pul-
monary fibrosis [22]. The study also indicated that miR-215
was upregulated in herbicide-induced pulmonary fibrosis (in
vitro and in vivo) causing the activation of the TGF-B path-
way by inhibiting the expression of the BMPR? target gene.
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The research concluded that reducing miR-215 expression
decreased the progression of irreversible pulmonary fibrosis
[22]. In our experiment, the increased dose of cholecalciferol
(1 vs. 2) showed a significant upregulation of the expression
of miR-215 (log2FoldChange=2, 65). In contrast, subsequent
analyses indicated that the use of the same dose of the chole-
calciferol + calcidiol combination (1 vs. 3) did not affect this
miR-215 Therefore, further research is necessary to clearly
determine how vitamin D supplementation is related to the
dysregulation of this miRNA.

The effect of replacing cholecalciferol with calcidiol

The second step of our analysis was to test the effect of calcidiol
vs. cholecalciferol on the miRNA profile. Calcidiol is signifi-
cantly more effective in raising the concentration of 25(OH)D
in plasma compared to cholecalciferol. Therefore, we wanted
to investigate if this higher efficacy may also be followed by
the changes related to gene expression regulation. Surprisingly,
we found that the miRNA lung profile of swine supplemented
with the same dose (2000 TU/kg) of calcidiol and cholecalcif-
erol did not differ significantly. In vitro studies demonstrated
that 25(OH) vitamin D and 1,25(OH), vitamin D have over-
lapping effects on gene expression but each of this metabolite
also display partially independent gene transcriptional effects
[23]. Nevertheless, the concentrations of vitamin D metabolites
used in in vitro studies are much higher than that observed in
living organisms, thus 1,25(OH)2 is the sole active metabolite
under physiologic conditions. The results of our studies sug-
gest that increasing the level of 25(OH) vitamin D by providing
calcidiol, bypassing enzymatic transformations in the liver, has
a negligible effect on the miRNA expression in the lungs. Per-
haps greater differences in the action of two forms of vitamin
D could be observed in the liver or kidneys - places where the
main steps of vitamin D metabolism occur.

The effect of replacing cholecalciferol with the
cholecalciferol and calcidiol combination

In contrast, the use of the increased dose of cholecalcif-
erol + calcidiol showed several changes in miRNA expression
compared to supplementation with cholecalciferol (1 vs. 3, 2
vs. 3) or calcidiol alone (4 vs. 3). This result was also surprising
as one could rather expect a linear increase in the number of
miRNAs changed with increasing 25(OH) vitamin D plasma
concentration. Although there are several experiments describ-
ing the effects of replacing calciferol with calcidiol in pigs [24]
we could not find any reports on the effect of the combination
of these two substances. Molecular mechanisms that regulate
vitamin D metabolism and activation are very complicated
and include among others the availability of Ca ions. There
is also a negative feedback loop by which 1,25(OH), vitamin

D inhibits the expression of 1a-hydroxylase (CYP27B1), pre-
venting excessive 1,25 (OH), vitamin D concentration. Thus
the possible explanation of the highest effect of calciferol/cal-
cidiol combination on miRNAs expression in our study could
be that there is some optimal concentration of different vitamin
D metabolites that triggers the changes at the miRNA level.

The effect of the cholecalciferol + calcidiol combination
compared to cholecalciferol alone (3 vs. 1 and 2 vs. 3) pro-
vides interesting implications based on the changes in the
expression of 4 common findings: miR-150, miR-193, miR-
145, miR-574.

First- miR-150 - regulates the expression level of TLR2, a
receptor involved in the primary mechanism of the immune
response that protects against bacterial and viral infections
[25]. Presumably, miR-150 may also play an important role in
virulence through the regulation of transcription factor- c-Myb
[26]. Moreover, Zheng et al. found, that miR-150 is downregu-
lated in macrophages in tuberculosis (TB) patients [26]. On the
other hand, miR-193, identified by us as upregulated by cho-
lecalciferol + calcidiol, is overexpressed in macrophages in TB
patients [26].

Nevertheless, due to the biological function of miR-193a
(modulation of cell proliferation), it is worth taking a closer
look at the changes in the expression level of this miRNA.
According to Khordadmehr et al., miR-193a can be a valuable
tool for lung cancer prognosis and diagnosis [27]. Furthermore,
Yu et al. indicated that miR-193a overexpression inhibits non-
small cell lung cancer (NSCLC) cell migration, invasion and
epithelial-mesenchymal transition, and lung metastasis forma-
tion in vivo [28]. Thus, it may suggest that miR-193a acts as a
tumour suppressor and cholecalciferol +calcidiol supplemen-
tation has a valuable effect on lung tissue in this regard. This is
also confirmed by the change in expression of another tumour
suppressor - miR-145 - which was also significantly upregu-
lated under the cholecalciferol + calcidiol combination [29]. A
study by Li et al. proves that miR-145 shows high expression
in healthy lung tissue, while in NSCLC cells its expression is
strongly reduced [30]. Moreover, it was observed that miR-145
may regulate pro-inflammatory and anti-inflammatory effects
after intracellular bacterial infection in epithelial cells [31]. It
has been found that downregulation of miR-145 expression
inhibits eosinophilic inflammation, excessive mucus secre-
tion, T(H)2 cytokine production and airway hyperresponsive-
ness [32]. Additionally, studies on the effects of exposure to
tobacco smoke, conducted on rats, have shown that air pollu-
tion causes significant downregulation of miR-145 [33]. This
finding is also supported by a study which used human tissues
[34]. This study suggested that increased miR-145 expression
alleviated apoptosis and inflammatory response by regulat-
ing apoptotic signalling mediated (p53) and pre-inflammatory
factors (TNF-o, IL-6, IL-8) in bronchial epithelial cells [34].
Considering these results, the increase in miR-145 expression
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under the influence of cholecalciferol + calcidiol supplementa-
tion appears to be beneficial for mammals including those con-
stantly exposed to air pollution.

On the other hand, we can reach different conclusions by
analyzing the change in miR-574 expression (upregulation).
The results of research conducted on a group of healthy indi-
viduals exposed to feed dust suggest that increased expression
of miR-574 is a good predictor of such exposure [35]. More-
over, oncology studies also point to negative effects associated
with increased miR-574 expression. It seems to be well-con-
firmed that 7LR9 signalling increases the expression of miR-
574 in human lung cancer cells. A meticulous in vitro and in
vivo study indicated that Ches1-mediated upregulation of miR-
574 enhanced tumour progression [36]. However, the in-silico
study we performed showed that miR-574 is not significantly
associated with any of the four cancer-related pathways. There-
fore, the results of a recent study by Wei et al. seem to be more
interesting [37]. These researchers discovered a mechanism of
circ_0001498 action that stimulates sepsis-induced acute lung
failure syndrome. Circular RNAs (circRNAs) are stable and
conserved RNAs that serve as miRNA sponges affecting gene
regulation. The circ_0001498 is a miR-574 sponge, and SOX6
is a target gene of miR-574. Wei et al. found that overexpres-
sion of circ_0001498 mediated by miR-574 upregulates SOX6.
In contrast, overexpression of miR-574 had the opposite effect
(downregulation of SOX0), resulting in attenuation of cell
damage [37]. The effect of the increased miR-574 expression
on attenuating sepsis-induced lung injury was also confirmed
in another study [38]. However, their effect was presumably
associated with a reduction in C3 (inflammatory transmitter
regulated by miR-574) levels and a decrease in sepsis-induced
endoplasmic reticulum stroma [38]. With the results cited, it
can be concluded that upregulation of miR-574 induced by
cholecalciferol +calcidiol supplementation may show a pro-
tective effect on lung tissue cells, both by downregulation of
SOX6 and CD3 levels.

Among the miRNAs altered by the cholecalcif-
erol +calcidiol combination, it is also worth mentioning
about downregulation of miR-148b. Results of an experi-
ment performed by Pacholewska et al. on healthy and
asthmatic horses showed significantly higher expression
(p-value=0,043) of this miRNA in the blood of asthmatic
horses [39]. The association of miR-148 with asthma was
also pointed out by researchers experimenting on human
cell lines. They suggested that miR-148b may contribute
to the risk of asthma by regulating the HLA-G-a molecule
with immunomodulatory properties [40]. Moreover, asth-
matic horses have also been characterized by significantly
(p-value =0,05) higher expression of miR-215 [39]. Inter-
estingly, our study showed a significant decrease in miR-
215 expression levels under cholecalciferol + calcidiol
supplementation (2 vs. 3) and a significant rise in the

@ Springer

expression of this miRNA caused by the increased dose of
cholecalciferol alone (1 vs. 2).

The opposing functions of individual miRNAs presented
above illustrate the complexity of the mechanisms in which
they participate. Moreover, the vast majority of miRNA
profile analyzes concern patients. For these reasons, a clear
assessment of the effect of changes in the expression of
individual miRNAs requires additional research, including
mRNA analysis.

Nevertheless, our results indicate that the cholecalcif-
erol + calcidiol combination can regulate the cancer forma-
tion processes and functioning of the immune system by
influencing the mentioned miR-150, miR-193, miR-145 and
miR-574.

Functional analysis of differentially expressed
miRNAs after cholecalciferol + calcidiol
supplementation

In the functional analysis, we focused on miRNAs that were
differentially expressed after the increased dose of cholecal-
ciferol + calcidiol compared to a standard dose of cholecalcif-
erol or calcidiol (1 vs. 3 and 4 vs. 3). There were 10 pathways
common for these comparisons. Among them, the most sig-
nificantly altered were signalling pathways regulating pluri-
potency of stem cells, estrogen signalling pathway, TGF-f
signalling pathway and proteoglycans in cancer (Table 2. and
Table 4.). Most of the identified pathways are associated with
tumorigenesis, and only a few are linked to other functions
attributed to vitamin D (e.g. Metabolism of xenobiotics by
cytochrome P450). The reason for this may be that oncology
research accounts for the vast majority of all miRNA research.

The signalling pathway regulating stem cell pluripotency
is, among others, influenced by miR-340, miR-381 and
miR-148. The results of our study indicate that replacing
standard cholecalciferol supplementation with the increased
dose of the combination of different forms of vitamin D
has a significant effect on the expression of miR-340 and
miR-381. Additionally, the combination use compared to
the standard dose of calcidiol also alters the expression of
miR-148. One of the targets of miR-340 is Sox2, and for
miR-148 it is the KIf4 gene. Both genes belong to a subsat-
ellite transcriptional network that activates the reprogram-
ming of somatic cells back to a pluripotent state. Moreover,
both genes are thought to be crucial to the mechanisms of
cancer cell proliferation [41]. Another pathway of interest in
this regard and highly activated under increased cholecalcif-
erol + calcidiol supplementation was the TGF- B signalling
pathway. Our functional analysis showed that this pathway
was regulated by changes in the expression of miR-381,
miR-101, miR-148 and miR-340. SMAD genes (SMAD?2,
SMADY, SMADS5, SMAD4) targeted by these miRNAs
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modulate both proliferation and apoptosis as well as cell dif-
ferentiation and migration [42]. One research showed that
vitamin D, through its effect on the TGF- B pathway, pre-
vents cancer cell-induced apoptosis of inflammatory cells
[43]. Moreover, Moz et al., demonstrated that vitamin D
can reduce the depletion of peripheral blood mononuclear
cells (PBMCs) induced by cancer cells. Furthermore, this
research also indicated that vitamin D inhibits tumour cell-
induced release of tumour necrosis factor-alpha (TNF-a)
and reduces intracellular transforming growth factor beta
(TGF-B) levels [43].

Another activated path - estrogen signalling - is closely
linked to the regulation of gene expression via, e.g., miR-
NAs [44]. We observed that the significance of the estro-
gen signalling pathway was determined particularly by the
change in expression of miR-96, followed by miR-181a,
miR-181b and miR-193a (Figs. 2 and 3.). Action of cal-
cidiol related to the regulation of estrogen synthesis and sig-
nalling may determine the anticancer effect of this vitamin
D metabolite [45]. Furthermore, calcidiol has been found to
inhibit COX-2 expression and increase /5-PGDH expres-
sion, thereby reducing inflammatory mediator expression
(prostaglandins). Thus, the putative inhibition of estrogen
synthesis and signalling by calcidiol, as well as its anti-
inflammatory properties, may play an important role in the
prevention and treatment of cancer [45].

Also, the last of the above-mentioned pathways - pro-
teoglycans in cancer - shows a very wide range of activities
with tumour cells. Proteoglycans contribute to proliferation,
adhesion, angiogenesis and metastasis, thus influencing the
biology of various types of cancer significantly [46—48]. One
well-known proteoglycan is hyaluronan (HA), which acts with
CD44 to enhance the growth and migration of tumour cells.
The significance of the effect on this pathway was determined
by the cholecalciferol+ calcidiol-induced changes in miR-
381, miR-96, miR-148 as well as miR-340 expression levels.
Remarkably, the use of the increased dose of the cholecalcif-
erol+calcidiol combination compared to the same dose of
cholecalciferol alone could also activate glycosphingolipid
biosynthesis - lacto and neolacto series - and other glycan deg-
radation pathways belonging to the class of glycan biosynthe-
sis and metabolism (Table 3.). A significant effect on the former
pathway is related to the change in the expression of miR-205.
The latter-another glycan degradation pathway is additionally
regulated by changes in the expression of miR-125 and miR-
148 (Fig. 3.). Interestingly, the potential link between vitamin
D and proteoglycans was also highlighted in another experi-
ment. A study by D’arrigo et al. showed that activation of the
vitamin D receptor (VDR) through applications of paricalcitol
raises the level of one of the proteoglycans — thrombomodu-
lin (TM), which in turn, improves endothelial function [49].
All this information taken together, suggests that increased
cholecalciferol +calcidiol supplementation may modulate

the cell microenvironment by affecting glycan synthesis and
metabolism.

Based on these findings, we decided to test the potential
of vitamin D in regulating glycoprotein metabolism. For this
purpose, we selected two genes (NEUI and FUTI) that are
involved in glycoprotein metabolism and which are the targets
of miRNAs significantly altered under cholecalciferol + cal-
cidiol supplementation (miR-125b, miR-205). The first of the
selected genes- NEUI encodes neuraminidasel. This enzyme
plays an important role in various biological processes such as
cell recognition, adhesion, cell signalling as well as degradation
of glycoprotein molecules. The second gene - FUT! encodes
an enzyme called fucosyltransferase 1, which is involved in the
process of adding fucosyl sugars to glycans on the surface of
cells. However, the analysis we performed did not show statis-
tically significant differences in the expression of these genes,
suggesting different ways of action of differentially expressed
miRNAs.

Conclusions

Our results indicate that the increased dose of cholecalcif-
erol + calcidiol causes many significant changes in the miRNA
profile compared to cholecalciferol-only supplementation in
the lungs of finishing pigs. Among the altered miRNAs, we can
distinguish those that appeared in the results of several compar-
isons - miR-150, miR-193, miR-145, miR-574, and those that
turned out to be the most significant from the point of view of
functional analysis- miR-340, miR-381, miR-148 and miR-96.
Simultaneously, we showed that the total exchange of standard
cholecalciferol for calcidiol does not cause significant changes
in the miRNA profile. The results of the functional analysis
suggest that the cholecalciferol+calcidiol combination may
affect tumorigenesis processes through, inter alia, modulation
of the TGF- B pathway and pathways related to metabolism
and glycan synthesis.

The miRNAs we have identified have the potential to affect
dozens of genes. Therefore, the results presented above pro-
vide valuable information and a stimulus for further research
including mRNA profiling results, DNA methylation analysis
and clinical trials to fully report on the global molecular effects
of dietary use of different doses and forms of vitamin D.
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Abstract: Maintaining an appropriate concentration of vitamin D is essential for the proper function-
ing of the body, regardless of age. Nowadays, there are more and more indications that vitamin D
supplementation at higher than standard doses may show protective and therapeutic effects. Our
study identified differences in the body’s response to long-term supplementation with cholecalciferol
at an increased dose. Two groups of pigs were used in the experiment. The first group received a
standard dose of cholecalciferol (grower, 2000 IU/kg feed, and finisher, 1500 IU/kg feed), and the
second group received an increased dose (grower, 3000 IU/kg feed, and finisher, 2500 IU /kg feed).
After slaughter, lung samples were collected and used for RRBS and mRNA sequencing. Analysis of
the methylation results showed that 2349 CpG sites had significantly altered methylation patterns
and 1116 (47.51%) identified DMSs (Differentially Methylated Sites) were related to genes and their
regulatory sites. The mRNA sequencing results showed a significant change in the expression of
195 genes. The integrated analysis identified eleven genes with DNA methylation and mRNA expres-
sion differences between the analyzed groups. The results of this study suggested that an increased
vitamin D intake may be helpful for the prevention of lung cancer and pulmonary fibrosis. These
actions may stem from the influence of vitamin D on the expression of genes associated with collagen
production, such as SHMT1, UGT1A6, and ITIH2.The anti-cancer properties of vitamin D are also
supported by changes in KLHL3 and TTPA gene expression.

Keywords: cholecalciferol; lungs; swine; mRNA; DNA methylation

1. Introduction

Vitamin and mineral supplementation is becoming an increasingly integral part of
both human and animal diets. Among the range of available agents, vitamin D is one of
the most commonly recommended dietary supplements.

Vitamin D is unique because it can be synthesized by the body. However, skin contact
with sun-emitted UV-B radiation (290-315 nm) is necessary for its synthesis. Moreover,
several factors, including sex, skin color, and obesity, may influence the availability of this
vitamin [1]. In humans, inadequate environmental conditions e.g., staying indoors, covering
the skin, and using cosmetics with UV filters, are the main cause of vitamin D deficiencies.
Similarly, in the case of animal husbandry, constant or seasonal habitation with no or only
poor access to sunlight determines the need for vitamin D supplementation. Nowadays,
vitamin D deficiencies are frequently diagnosed and cause multifaceted irregularities in
the body. In humans, adequate vitamin D status in young individuals is one of the main
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elements determining their proper development and growth. Later in life, vitamin D
continues to regulate the body’s calcium—phosphate balance; however, the significance of
its action manifests itself evenly in other areas as well.

To date, many studies have investigated the effects of vitamin D on lung diseases of
different etiologies such as pneumonia, chronic obstructive pulmonary disease, asthma,
or COVID-19. However, reviews compiling this research have indicated ambiguous re-
sults [2-4]. A possible reason for these inconsistencies is the variety of doses and methods
of vitamin D supplementation used in the experiments.

In farm animals, especially in pigs, lung diseases caused mainly by mycoplasma
pneumonia infections and high ammonium concentrations in the air significantly impact
the animals” welfare and reduce breeders’ incomes. However, the maximal dose of vitamin
D in pig nutrition is 2000 IU/kg, as recommended by the European Union (https://eur-lex.
europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32019R0849&rid=19, accessed on 1
May 2019). Therefore, similarly, in human nutrition, the question arises as to whether a
higher dose should be used.

While the beneficial effects of vitamin D on the skeletal system are widely recognized,
its effects on non-skeletal diseases are the subject to debate in the scientific community.
Therefore, studies on changes caused by vitamin D supplementation at the molecular level,
such as gene expression, proteins, and DNA methylation, can be important voices in this
debate. Nevertheless, so far, there have been few studies describing the effect of vitamin
D supplementation on gene expression in lungs on the scale of the whole transcriptome
in vivo. It has been shown previously that maternal vitamin D deficiencies induce changes
in 2233 transcripts in newborn rats’ lungs [5]. However, to our knowledge, the impact of
the use of increased doses of vitamin D on the lung transcriptome or methylome in any
model animal has not yet been investigated.

In recent years, the domestic pig has been increasingly used as a model animal in
transcriptomic and epigenomic studies. Using the pig as a model may allow us to un-
derstand the changes at the molecular level that occur under the influence of vitamin D
and assess its potential benefits on lung health. At the same time, this approach may
contribute to the development of new recommendations in animal nutrition, contributing
to improved health and well-being and reducing the amount of antibiotics used in animals
on commercial farms.

The methodology used in this study enabled a bilateral analysis of supplementation-
induced changes at both the epigenome and transcriptome levels. Our study—by combin-
ing changes in DNA methylation and gene expression in lung tissues—provides compre-
hensive knowledge on the effect of the increased long-term daily intake of chole-calciferol
in healthy animals.

2. Results
2.1. Plasma Vitamin D Concentration

The average plasma 25(OH)D concentration in group 1 amounted to 39.67, and it was
63.96 ng/mL in group 2.

2.2. Methyl-Seq

The sequencing of RRBS libraries proceeded correctly for all 16 samples. The sequenc-
ing results are available in the Gene Expression Omnibus (GEO) database under access
number GSE248607. The average number of raw reads per sample was 30.2 mln, and the
average number of reads after filtering was 29.7 mIn. The average number of uniquely
mapped reads was 19.02 mIn, which was an average of 64.16% for all the mapped reads.
Detailed information on the individual samples is provided in Supplementary Table S1.

A total of 2349 CpG sides with statistically significant differences in methylation levels
were identified. Of the DMSs (differentially methylated sites), 955 were hypomethylated
(40.66%) and the remaining 1394 (59.34%) were hypermethylated. Most DMSs were iden-
tified on chromosomes 6 (n = 248) and 3 (n = 209). The smallest number of alterations
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were on the sex chromosomes (X, 45 and Y, 12) and chromosome 16 (1 = 47). On all other
chromosomes, the number of DMSs ranged from 70 to 158. A total of 1116 (47.51%) of the
identified DMSs were related to genes and their regulatory sites (Supplementary Table S2),
and 628 of these DMS were hypermethylated (56.27%) while 487 were hypomethylated
(43.73%). Annotation of the DMSs according to the gene features revealed that most of
the DMSs were in introns (47.17%) (n = 1108) and intergenic regions (34.40%) (n = 808). In
contrast, the DMSs in the coding parts of the genes accounted for 5.24% (n = 123).

2.3. mRNA-Seq

Sequencing proceeded correctly for 9 of the 10 samples. One sample was rejected due
to a significantly lower number of reads. The sequencing results are available in the GEO
database under access number GSE242293. The average number of raw reads for the nine
mRNA libraries was 11.3 million, with an average of 10 million uniquely mapped reads,
constituting an average mapping rate of 88.3% for all the reads. Further details on the
individual samples can be found in Supplementary Table S3.

A comparison of the transcriptomic profiles of the animals receiving the increased
dose and those receiving the standard dose of cholecalciferol showed that the expres-
sion of 195 genes was significantly altered (g-value of <0.05) (Supplementary Table S4).
Among the altered genes, 168 were downregulated (86.15%) while the remaining 27 were
upregulated (13.85%) in the animals receiving increased doses of cholecalciferol (Supple-
mentary Figure 51). The most highly altered genes (log2FoldChange > 3 or <—3) included
EXTL1 (log2FoldChange = —4.04), ENSSSCG00000057577 (log2FoldChange = —3.619), EN-
5§55CG00000018197 (log2FoldChange = —3423), GLP2R (log2FoldChange = —3.36), NPC1L1
(log2FoldChange = —3.279), ENS55CG00000042623 (log2FoldChange = —3.051), SCEL
(log2FoldChange = 3.448), and SCPEP1 (log2FoldChange = —3.091). The remaining genes
all showed log2Foldchange > 0.928 or <—1.02.

2.4. Integration of the Methyl-Seq and mRNA-Seq Results

A comparison of the sets of genes whose expressions and methylation profiles were
significantly altered under the influence of the increasing cholecalciferol dosages identified
11 genes (Table 1). However, only the changes in the methylation of the ITIH2 gene
(log2FoldChange = —2.164) were localized in the gene promoter.

Table 1. Similarities in the results of the mRNA-seq and methyl-seq data analyses.

c mRNA-Seq Methyl-Seq
ene Log2FoldChange Base Mean Meth. Diff. Consequence
ITIH? —2.164 1543.602 30.606 upstream gene
HSD17B6 —1.796 318.769 —32.363 intron
CYP3A22 —1.884 1599.78 —30.897 intron
TTPA —2.297 201.53 —29.991 intron
SHMT1 -1.72 1007.481 —28.281 intron
MIPEP —1.021 196.128 —27.29 intron
PSMA1 1.658 41.835 25.747 intron
HDLBP —2.089 291.196 30.216 intron
KLHL3 —2.213 227.073 30.429 intron
BHMT —2.227 1523.91 38.036 intron
UGT1A6 —1.603 260.41 50.914 intron

2.5. gPCR Validation

The ITIH2 gene, which exhibited a significant downregulation in expression and
demonstrated hypermethylation in its promoter region, underwent qPCR analysis. This
analysis confirmed the significant downregulation of the ITIH2 gene detected in the mRNA
and RRBS sequencing results. Additionally, we selected three other genes (TTPA, UGT1A6,
and KLKL3) whose expression as well as methylation levels changed under the influence of
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the increasing cholecalciferol dosages (Figure 1). The qPCR results confirmed significant
reductions in the expression of TTPA (p-value = 0.001) and UGT1A6 (p-value = 0.038) genes.
However, the decrease in the KLHL3 gene expression according to the qPCR results was
not statistically significant (p-value = 0.076).

Group 1 ® Group 2

p-value= 0.045

p-value= 0.076 p-volue= 0.038

5 15
; p-value= 0.007
3 10
>
B . . .

0 -

mH2 KLHL3 TIPA UGT1A6

Figure 1. The qPCR results (RQ, relative quantification) for the groups of animals supplemented with
different doses of vitamin D. The error bars represent the RQ min and RQ max values within the
groups.

2.6. Functional Analysis
2.6.1. Methyl-Seq

Table 2 shows the top 10 (FDR < 0.0017 and strength > 0.3) functional effects identified
by the RRBS sequencing. The analysis of a set of genes with altered methylation levels
showed changes in 82 biological processes. According to the FDR values (<0.00075) and
strength level (0.35), the actin filament-based process and actin cytoskeleton organization
were most altered in this group. Potential effects on 39 biological functions were also
observed. Within this group, according to the FDR values (<0.00031) and strength level
(>0.35), the greatest effects of the increasing vitamin D intake were observed within the
guanyl-nucleotide exchange factor activity, GTPase regulator activity, and actin binding.
On the other hand, within the biological components, the results of the functional analysis
showed effects on 26 areas. According to the FDR value (<0.00072) and strength level
(>0.35), the greatest changes occurred in the actin cytoskeletons. All the results of the
gene-set analysis are presented in Supplementary Table S5.

Table 2. Most significant results from the functional analysis of the RRBS sequencing data from the
lung tissues from pigs supplemented with increased doses of cholecalciferol.

Base Term Description No. of Genes Strength FDR
GO molecular function ~ GTPase regulator activity 55 0.45 33 x 1077
GO molecular function  Cytoskeletal protein binding 84 0.31 1.34 x 107
GO molecular function =~ Enzyme regulator activity 92 0.28 4.21 x 107°
GO molecular function  Kinase binding 60 0.35 7.62 x 107°
GO molecular function =~ Guanyl-nucleotide exchange factor activity 28 0.47 0.00025
GO molecular function  Actin binding 43 0.36 0.00031
GO biological processes  Actin filament-based process 51 0.35 0.00035
GO cellular component  Actin cytoskeleton 41 0.35 0.00072
GO biological processes  Actin cytoskeleton organization 47 0.35 0.00075

The separate analyses of the hypomethylated and hypermethylated DMSs were ad-
ditionally carried out. The results of the analyses showed that hypomethylated DMSs
enriched 16 biological process, 7 molecular functions, and 8 cellular components. Accord-
ing to the FDR and strength levels, the increasing vitamin D doses enriched the actin-
binding (FDR = 0.016 and strength = 0.45) and cytoskeletal protein-binding (FDR < 0.001
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and strength = 0.41) functions most potently. An analysis of the hypermethylated DMSs
showed that 24 biological processes, 23 molecular functions, and 16 cellular components
were enriched. According to the FDR and strength levels, the GTPase regulator activity
was the most enriched (FDR < 0.001 and strength = 0.46). Interestingly, the analysis of the
hypomethylated DMSs also showed a strong strength level of this molecular function (0.43;
FDR = 0.02). On the other hand, according to the KEGG database, based on a set of hyper-
methylated DMSs, the phospholipase D signalling pathway was altered (FDR = 0.0153 and
strength = 0.61).

The results of the hypomethylated /hypermethylated DMSs analysis are presented in
Supplementary Table S7.

2.6.2. mRNA-Seq

Table 3 shows the top 10 strongest functional changes (5 from the GO database and 5
from KEEG) caused by the increasing cholecalciferol doses based on the mRNA sequencing
results. The analysis showed that the applied changes in the diets of the pigs could
significantly affect 103 biological processes. Based on the FDR (<0.0001) and strength (>1.2)
values, we highlighted such processes as the negative regulation of blood coagulation,
regulation of blood coagulation, retinoid metabolic process, and regulation of wound-
healing. In turn, among the 19 significantly altered biological functions, we identified
(FDR < 0.0001 and strength > 0.2) oxidoreductase activity and catalytic activity. Moreover,
eight significant differences in the biological components were identified. In this area,
the largest changes (FDR < 0.001 and strength > 0.49) occurred in the extracellular region
and extracellular space. The results from the KEGG database indicated the effects of the
increased vitamin D intake on 24 pathways, of which as many as 12 pathways with strength
values of >1 and FDR values of <0.0001 could be distinguished. The results of the gene set
analysis of the mRNA-seq results are presented in Supplementary Table S6.

Table 3. Most significant results from the functional analysis of the mRNA sequencing data for the
lung tissues from pigs supplemented with increased doses of cholecalciferol.

Base Term Description No. of Genes Strength FDR
KEGG Chemical carcinogenesis 12 1.55 1.66 x 10712
KEGG Metabolism of xenobiotics by cytochrome P450 11 1.57 9.57 x 10712
KEGG Retinol metabolism 10 1.52 277 x 10710
KEGG Drug metabolism—cytochrome P450 9 15 3.59 x 1077
GO biological process  Negative regulation of blood coagulation 8 1.53 2.94 x 1077
GO biological process  Regulation of blood coagulation 9 14 2.94 x 1077
GO biological process  Regulation of wound-healing 10 1.21 8.14 x 1077
GO biological process  Blood coagulation 10 1.17 0.0000017
GO biological process  Retinoid metabolic process 8 1.29 7.68 x 107°
KEGG Tyrosine metabolism 5 1.34 0.00022

The results of the analysis of the set of downregulated genes showed the enrichment of
106 biological processes, 28 molecular functions, and 8 cellular components. According to
the FDR and strength levels, the most significantly enriched appeared to be the propionate
metabolic process (FDR = 0.0007 and strength = 2.22). According to the KEGG database, the
set of downregulated genes was most strongly involved (FDR < 0.001 and strength > 1.6)
in the metabolism of the xenobiotics by the cytochrome P450 and chemical carcinogenesis
pathways. The set of upregulated genes was not significantly involved in any pathway,
nor did they significantly enrich any of the processes. The entire results of the analysis are
presented in Supplementary Table S7.

2.6.3. Integration of the Methyl-Seq and mRNA-Seq Results

The analysis of a set of 11 genes, presented in Table 1, showed the significant af-
fectation of 3 pathways (Table 4). The effects on the steroid hormone biosynthesis and
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retinol metabolism pathways were conditioned by the altered expression of CYP3A22 and
HSD17B6. The glycine, serine, and threonine metabolism pathways, on the other hand,
were found to be significantly altered due to the effects on the SHMT1 and BHMT genes.

Table 4. Results of the functional analysis of the set of 11 genes identified in the RRBS and mRNA
sequencing data from the lung tissues from pigs supplemented with increased doses of cholecalciferol.

Base Term Description No. of Genes Strength FDR
KEGG  Steroid hormone biosynthesis 2 2.03 0.0387
KEGG Glycine, serine, and threonine metabolism 2 2.11 0.0387
KEGG Retinol metabolism 2 2 0.0387

3. Discussion

The present study showed that increasing doses of cholecalciferol caused significant
changes in the transcriptomes and methylomes of swine lung tissues. We found that in-
creased vitamin D intake significantly altered the expression of nearly 200 genes. Moreover,
we identified 1116 differentially methylated sites related to genes and their regulatory
sites. Among all the DMSs, only 11 were associated with genes with significant changes
in expression levels (Table 1). A presumed reason for the poor correlation of the results
(RRBS and mRNA) was the different number of samples used in each NGS study. However,
based on the results of other researchers, it should be noted that relatively low correla-
tions are common, especially in experiments where the effect of the studied factor is not
exceptionally strong [6].

It has been assumed that, via the VDR, vitamin D regulates key mechanisms such as
metabolism and cell proliferation [7,8]. Increased vitamin D intake causes activation of the
VDR, which, in turn, intensifies gene transcription. However, our results indicated that
more than 86% of the genes altered by the increased vitamin D intake were downregulated.
Also, among the genes identified as those with altered methylation, there was little bias
toward hypermethylation (56%).

A functional analysis of the methylome sequencing results showed that the increasing
vitamin D intake affected the GTPase-, cytoskeleton-, and actin-related processes most
significantly (Table 2). Interestingly, a recent finding showed that reduced SARS-CoV-2
lung disease severity was associated with methylation changes within processes related
to GTPase and actin [9]. Moreover, it appeared that increasing the dose of cholecalciferol
induced changes in the methylome associated with pulmonary fibrosis. Our results indi-
cated methylation changes in the MeCP2 (methyl-CpG binding protein 2) gene, which is
considered a key regulator of fibrosis (Supplementary Table S2) [10]. It has been shown, for
example, that MeCP2 KO mice are resistant to pulmonary fibrosis [11]. Another study found
that vitamin D could inhibit the TGF(1 stimulation of c-smooth-muscle actin expression
and polymerization and prevent the upregulation of fibronectin and collagen in fibroblasts
in vitro. These results indicated that vitamin D may inhibit the pro-fibrotic phenotype of
lung fibroblasts and epithelial cells [12]. Additionally, we identified four genes encoding
collagen (COL4A1, COL5A1, COL6A3, and COL24A1) whose methylation levels were also
changed (Supplementary Table 52). One of these, COL4A1 is considered a target of miR-29
in pulmonary fibrosis [10].

The functional analysis of the mRNA-seq results (Supplementary Table S6) identified
genes related to complement and coagulation cascades (FDR < 0.0001) and chemical car-
cinogenesis (FDR < 0.0001). We detected the significant downregulation of the expression
of genes encoding acute phase proteins (e.g., FBG, FGA, and FGG) and tumor-associated
genes such as SERPINCI and F2 (Supplementary Table S4). SERPINC1 is recognized as
a key gene in the processes of cancer cell proliferation and migration. It has been shown
that reducing SERPINC1 expression can be an effective treatment for lung cancer [13,14].
Furthermore, the F2-thrombin factor 2 gene may not only affect interactions between viral
proteins and cytokine receptors [15] but also play an essential role in blood coagulation,
angiogenesis, tissue repair, and vascular integrity.
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Our study also showed that increasing vitamin D intake results in changes in the
methylation and expression levels of genes linked to retinol and retinoid metabolism
(Tables 3 and 4). This was in line with the fact that the active form of vitamin D, combined
with vitamin D receptor (VDR), forms a heterodimer with the retinoid X receptor (RXR). The
heterodimer formed in this way can interact with the vitamin D gene’s response elements
(VDRE) [16]. Interestingly, other researchers have shown that vitamin D supplementation
can affect methylation within the RXR promoter [17].

The functional analysis of the results shared by the methylome and mRNA sequencing
indicated the anti-tumor and anti-fibrotic effects of increasing the cholecalciferol dosage.
We identified changes in the expression of the PSAT1 and SHMT1 genes, as well as methy-
lation changes in the SHMT1 gene. The in vitro and in vivo studies on mice by Zhu et al.
showed that PSAT1 is a strong promoter of pulmonary fibrosis and that VDR regulates the
expression of this gene [18]. Moreover, an in vitro study on human cell lines showed that
silencing the PSAT1 gene resulted in the inhibition of tumor proliferation and growth in
non-small cell lung cancer [19]. The PSAT1 plays an important role in connecting pathways
involving glycolysis and the biosynthesis of amino acids. Its decreased expression inhibits
the synthesis of serine and, consequently, glycine. Glycine is a major component of collagen,
which is the building material of connective tissue. Alterations in collagen production cause
lung fibrosis and may regulate cell proliferation in lung tumors. Increasing the dose of
cholecalciferol resulted in a significant decrease in PSAT1 expression and an effect on both
the glycolysis and amino acid synthesis pathways, including glycine and serine. Therefore,
our findings supported the suggestions that vitamin D may be a therapeutic agent in
patients with pulmonary fibrosis and lung cancer, though not only through the regulation
of PSAT1 but also the SHMT1 gene. SHMT1 encodes serine hydroxymethyltransferase 1,
an enzyme essential for converting serine to glycine [18]. We identified the downregulation
and hypermethylation of the SHMT1 gene under the influence of increasing cholecalcif-
erol doses. Based on these results, it could be assumed that the effect of vitamin D in
inhibiting collagen production in the lungs was bidirectional: first, through the inhibition
of the synthesis of serine, the material necessary for the formation of collagen, and second,
through the downregulation of the enzyme directly involved in collagen synthesis. Inter-
estingly, the UGT1A6 gene, whose variations in expression and methylation were observed,
is also significantly associated with the development of pulmonary fibrosis. There have
been some indications that this gene is significantly upregulated in idiopathic pulmonary
fibrosis patients compared to healthy controls [20]. Moreover, the increased expression
of UGT1AG6 is also characteristic of patients with cancers, including lung cancers [21,22].
UDP-glucuronosyltransferases are a group of enzymes associated with the catabolism of
drugs and xenobiotics. Therefore, it is believed that altering the expression of UGT1A genes,
including UGT1A6, can significantly modulate the response to the treatment, development,
and progression of cancer [22]. A decrease in UGT1A6 gene expression under vitamin D
(calcitriol) supplementation has already been observed by other researchers, though in rat
liver tissues [23].

The effects of vitamin D on processes associated with pulmonary fibrosis and cancer
were also suggested by changes within the ITIH2 (SHAP) gene. The ITIH2? gene in our
study was the only one to have significantly altered mRNA expression via a change in
methylation within the promoter. The ITIH2 gene, through the inter-alpha-trypsin inhibitor
protein it encodes, is related to the serine inhibitor group. This gene may be involved in the
control of inflammation and immune processes [24]. There have been indications that the
ability to regulate angiogenesis may link ITIH?2 to the process of pulmonary fibrosis [25].
A study by Garantziotis et al. showed that induced lung injury resulted in a greater than
sixfold increase in ITIH2 expression in the liver and a decrease in its expression in the
lungs [25]. Similarly, in lung cancers, ITIH2 shows significant downregulation in the altered
tissues [24]. ITIH2 is a part of lal protein, which is synthesized in the liver. Ial consists
of a light chain and two heavy chains (ITIH1 and ITIH?2). It is generally considered that
Ial is a systemic factor that enhances angiogenesis. Histological studies have shown the
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strong colocalization of inter-x-trypsin inhibitor protein (Ial) in disease focus in patients
with pulmonary fibrosis. In contrast, the lungs of healthy subjects were weakly stained
for Ial [25]. It is noteworthy that angiogenesis in patients with pulmonary fibrosis and
cancer may have a dual effect. In the early stages of the disease, it may promote tissue
regeneration; however, in the exacerbated stages, it may accelerate the development of the
disease. The results cited above have indicated that Ial shows higher levels in patients with
fibrosis; however, the expression of the lung ITIH2 gene decreases. This result may suggest
another role, unrelated to the Ial, for ITIH? in lung tissues.

KLHL3 (kelch-like family member 3) is another gene that was downregulated by the
increasing cholecalciferol intake in our study. There are many indications that the KLHL3
gene is linked to cancer development. This gene appears to be downregulated in the plasma
samples of patients with lung cancers [26]. However, findings regarding the expression and
regulation of this gene in lung tissues are lacking. Studies presenting the expression of this
gene in tumor tissues have indicated that it can be both overexpressed and downregulated
under the influence of disease [27]. Nevertheless, the role of KLHL3 in the pathogenesis of
cancers formed through viral interaction appears to be well-proven [28]. Indeed, it appears
that KLHL3 protein expression is significantly higher in cells expressing vIRF1 (viral
interferon regulatory factor 1), as well as in cells infected with KSHV (Kaposi’s sarcoma-
associated herpesvirus). Researchers have found that KLHL3 mediates the infection and
replication of KSHV-induced tumorigenesis [28].

Another interesting result was the significant downregulation of the TTPA (alpha
tocopherol transfer protein) gene, which we confirmed by the mRNA-seq (log2FoldChange
= —2.297) and qPCR results. In addition, we observed significant methylation changes in
the introns of this gene. TTPA binds the biologically active form of vitamin E (x-tocopherol)
and plays an important role in regulating the levels of this vitamin in the body. Due to
its strong antioxidant properties, numerous studies have been conducted to determine
whether vitamin E supplementation can protect against cancer. The first clinical trial
conducted on a large group of male tobacco smokers surprisingly showed that mortality
was 2% higher in the group of those taking a daily dose of alpha-tocopherol compared to the
group of those not supplemented with alpha-tocopherol [29]. The lack of protective effects
of vitamin E supplementation in cancer and cardiovascular disease was also confirmed
in another clinical trial conducted on a group of healthy women [30]. The change in the
expression level of the TTPA gene we observed under the influence of vitamin D indicated
a possible interaction between simultaneous dietary supplementation with vitamin D and
E, and we recommend further studies in this area.

Altogether, our findings, along with those of other researchers, have suggested that
increasing the intake of cholecalciferol in the daily diet may exhibit anti-cancer and anti-
fibrotic effects (Figure 2). It is assumed that respiratory infections can cause chronic fibrotic
reactions even up to several months after infection [31]. Therefore, our results appear to be
important both for breeders of animals at risk of lung disease and from a human health point
of view. It is important to highlight that our mRNA sequencing analysis was conducted
on a limited number of samples exclusively from males. Nevertheless, the robustness of
these findings was validated across a more extensive cohort encompassing both males and
females through RRBS and qPCR testing. Nonetheless, further investigations are warranted
to comprehensively explore the correlation between vitamin D and the development of
pulmonary fibrosis and cancer formation.
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Figure 2. Putative molecular mechanism of the effect of increasing vitamin D intake on lung cancer
and pulmonary fibrosis risks. The red and blue dots illustrate the change in gene methylation, the
red arrows show decreases in gene expression, the black arrows illustrate the potential inhibition of
processes, and the green arrows show the likely final effects of the changes that occurred.

4. Materials and Methods
4.1. Animal, Diets, and 25(OH)D Blood Serum Concentration Measurements

All the procedures conducted on live animals had the approval of the local Ethical
Committee for Experiments with Animals in Cracow (Resolution No. 427/2020 dated 22
July 2020). The animals were kept under the same conditions, in individual pens, at the
Research Station of the State Research Institute of Animal Production in Grodziec Slaski.
In the experiment, animals from two groups were utilized. Animals in the first group
(group 1) received a standard dose, while those in the second group (group 2) received
increased doses of cholecalciferol (Figure 3). Both groups contained 10 individuals, with
5 males and 5 females in each group. The animals received the same feed, though it differed
in the levels of cholecalciferol. The feed covered all their current requirements (grower,
30-60 kg: metabolizable energy, 13.3 MJ and total protein, 172 g/kg; finisher, 60-110 kg:
metabolizable energy, 13.3 MJ and total protein, 156 g/kg).

Group 2
2500 Group 1

Finisher feed
1500

3000
Grower feed
2000

1U/kg feed

Figure 3. The content of cholecalciferol in the grower and finisher feeds used in the groups of animals.
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The feeding experiment ended when the animals reached individual weights of 110 kg
(88 days). Immediately after the animals were slaughtered, samples from the middle parts
of the upper lobes of the left lungs were collected. The samples were stored in a freezer
(—85 °C) until further analysis.

The assays of total 25(OH)D concentrations in the animal plasma samples were carried
out by the ANCHEM Laboratorium from Katowice in Poland, in line with the RIA method,
using a DIAsource 250H Vitamin D total-RIA-CT Kit (Rue de Bosquet 2, 1348 Louvain-
La-Neuve, Belgium) and Multigamma 1260 multidetector instrument (LKB Wallac, Turku,
Finland). The plasma vitamin D levels were measured using blood samples collected at
slaughter.

4.2. DNA and RNA Isolations, Library Construction, and Sequencing

The total DNA from 16 lung samples (8 females and 8 males) was isolated using a
Wizard® Genomic DNA Purification Kit (Promega, Madison, WI, USA). The concentrations
of the genetic materials (DNA) were confirmed using NanoDrop™ 2000/2000c spectropho-
tometers (Thermo Scientific™, Waltham, MA, USA). Then, high-quality DNA samples
were used to prepare the libraries. The libraries for the methyl-seq were prepared using an
Ovation® RRBS Methyl-Seq System 1-16 kit (Tecan, San Jose, CA, USA). The RRBS libraries
were sequenced in the United States by Medical Research Foundation NGS Core using
INlumina NovaSeq 6000 device (Illumina, San Diego, CA, USA) as 150 bp-paired end reads
and using PhiX control.

RNA was isolated from 10 lung samples (5 samples from group 1 and 5 samples
from group 2, only females) using a PureLink™ RNA Mini Kit (Invitrogen, Waltham, MA,
USA). The isolated genetic materials were quantitatively and qualitatively assessed using
Tapestation 2200 (Agilent, Santa Clara, CA, USA). The high-quality RNA samples were
used for the library preparation using a QuantSeq 3'mRNA-Seq Library Prep Kit FWD for
Ilumina (Lexogen, Vienna, Austria). The procedures were carried out in accordance with
the manufacturers’ recommendations. Quantitative evaluation of the prepared libraries
was performed using Qubit (Thermo Scientific™, Waltham, MA, USA), while a qualitative
evaluation was assessed using Tapestation 2200 device (Agilent, Santa Clara, CA, USA).
Sequencing of the mRNA pooled libraries (75 bp single read) was performed using a
Nextseq 5500 device (Illumina, San Diego, CA, USA). The libraries were prepared for
sequencing according to the standard normalization method from the NextSeq 500 and
NextSeq 550 Sequencing Systems-Denature and Dilute Libraries Guide protocol. We used a
2 nM starting library concentration and a 10% PhiX addition.

4.3. gPCR Validation

Twenty samples were used for the qPCR analysis. The experiment began with RNA
isolation from the 10 remaining samples. RNA from 20 lung samples was reverse tran-
scribed. We performed qPCR on the KLHL3, TTPA, UGT1A6, and ITIH2 genes using RP529
as an endogenous control. The genes were selected based on the results of the RRBS
and mRNA sequencing, and 500 ng of RNA was reverse-transcribed to cDNA using a
High-Capacity RNA-to-cDNA™ Kit (Applied Biosystems™, Waltham, MA, USA). The real-
time PCR was performed using TagMan™ Fast Advanced Master Mix for qPCR (Applied
Biosystems™, Waltham, MA, USA) and TagMan Real-Time PCR assays on a QuantStudio
™ 7 Flex Real-Time PCR System (Applied Biosystems™, Waltham, MA, USA). The relative
quantity data were analyzed on a Thermo Fisher Cloud (Thermo Scientific™, Waltham,
MA, USA). Analysis of the results was carried out using SAS 9.4 software (SAS Institute
Inc., Cary, NC, USA).

4.4. Statistical Analysis
4.4.1. Methyl-Seq

The first step of the data analysis was the quality control of the raw sequencing reads
using FastQC v. 0.12.1 software. Low-quality reads (quality level of <20 and read length
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of <36) and fragments containing adapter sequences were filtered using FlexBar v. 3.5.0
software. Matching to the swine reference genome (Sscrofall.l) was performed using
bisulfite mapping software-BSMAP v. 2.9.0, with the default options recommended for
RRBS data specifying the enzyme cleavage site (Mspl) and mapping to the two forward
strands. The Methylation Caller software provided in the BSMAP v. 2.9.0 package was used
to determine the percentage of methylation in the individual CpG sites with the coverage
of more than 5 reads. The CpG methylation analysis included the distribution in the
swine chromosomes and the distribution in the upstream regions, 5-UTRs, 3/-UTRs, exons,
introns, and intergenic regions. Next, the files were processed using R package (version
4.3) to obtain the input data for the Methylkit software. Methylkit v. 1.26.0 software was
used to identify the differentially methylated sites (DMS) with cutoff values of at least 25%
methylation differences between the two groups and g-values of <0.05. Gene annotations
were obtained from the Sscrofall.1 Ensembl GTF annotation.

4.4.2. mRNA-Seq

The demultiplexed fastq files downloaded from the sequencing server were quality-
checked, trimmed from reads, and mapped from reads using FastQC 11.8, FLEXBAR 3.5.0,
and TopHat 2.1.1, respectively. Samtools 1.9, RSeQC, HTSeq-count 0.11.1 software, and Gtf-
Ensembl annotation 96 were used to assess the mapping statistics and read counts. Then,
to perform the differential expression analysis, the R program and DESeq 2 software suites
were used. Differentially expressed genes were regarded as genes with g-values < 0.05
(FDR, false discovery rate), Benjamini—-Hochberg (BH) adjustments, and no fold-change
thresholds. Only the genes that showed base means > 20 were used for further analyses.
The gene annotations were obtained from the Sscrofall.1 Ensembl GTF annotation.

4.4.3. Integration of the Methyl-Seq and mRNA-Seq Results

We used the RRBS and RNA-seq datasets to relate the changes in the CpG site methyla-
tion to the changes in the expression levels of the associated genes. The Venny 2.1 program
was used for this comparison.

4.4.4. Functional Analysis

An analysis of the methyl-seq results, mRNA-seq results, and the combined data
was performed. The upregulated /hypermethylated and downregulated /hypomethylated
genes were used for joint (gene set analysis (GSA)) and separate analyses.

The functional analyses were carried out using STRING software (version 12.0), with
which Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analyses were performed. In addition, the BioMart (release 110) and
Venny 2.1 programs were used during these analyses. The top 10 results from the functional
enrichment analysis were selected based on the FDR (false discovery rate) and strength
level values.

5. Conclusions

Our results showed the putative mechanism by which increasing vitamin D intake
may reduce the risk of lung cancer and pulmonary fibrosis in healthy individuals. These
actions may have been due to the effects of vitamin D on collagen production-related genes,
such as SHMT1, UGT1A6, and ITIH2. The anticancer properties of vitamin D are further
supported by changes in the expression levels of the KLHL3 and TTPA genes. Changes in
TTPA gene expression also indicated that vitamin D can affect vitamin E action. The likely
epigenetic mechanism regulating these processes is DNA methylation; however, further
experimental studies are needed to confirm our hypothesis.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms25010464 /s1.
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