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STRESZCZENIE

ZNACZENIE PROKINETYCYNY 1 W PROCESACH ZWIAZANYCH
Z FUNKCJA CIALKA ZOETEGO PODCZAS WCZESNEJ CIAZY I CYKLU
RUJOWEGO U SWINI DOMOWEJ (Sus scrofa domestica L.)

mgr Monika Magdalena Baryla

Praca doktorska wykonana pod kierunkiem prof. dr hab. Agnieszki Wactawik
oraz dr. Piotra Kaczynskiego w Zespole Mechanizméw Dziatania Hormonow Instytutu
Rozrodu Zwierzat i Badan Zywnosci Polskiej Akademii Nauk w Olsztynie.

Ciatko zo6tte (CL) jest tymczasowym gruczolem endokrynnym
powstajacym po owulacji w miejscu pecherzyka jajnikowego. Syntetyzuje
1 wydziela progesteron, ktory jest niezbedny dla prawidlowego przebiegu
wczesnej ciazy, tj. dla implantacji zarodka w macicy oraz rozwoju tozyska.
Zaburzenia ~w  funkcjonowaniu  CL, zaréwno  podczas  cyklu
rujowego/ptciowego, jak i podczas cigzy, niosg ze soba duze ryzyko obnizonej
ptodnosci oraz sa jedng z przyczyn wysokiej $miertelno$ci zarodkow podczas
wczesnej cigzy u wielu gatunkow ssakow, w tym rowniez u §wini. Ciatko zotte
u $wini, podobnie jak u krowy i kobiety, w przeciggu kilkunastu dni przechodzi
etapy formowania si¢ (wczesna faza lutealna), petnej funkcjonalno$ci (faza
lutealna) oraz regresji (pdzna faza lutealna), co czyni go wyjatkowo
energochlonng jednostka i wymaga od organizmu uruchomienia mechanizméow
pozwalajacych zachowad jego stabilno$¢ podczas cigzy. Mechanizmy te
regulowane sa m. in. przez hormony, czynniki wzrostu i cytokiny. Jednak
procesy zaangazowane Ww podtrzymanie dzialalnos$ci ciatka zottego 1 ich
hierarchia nie zostalty dotad w pelni poznane. Wsrod czasteczek potencjalnie
zaangazowanych w regulacje czynnos$ci CL znajduje si¢ peptyd — prokinetycyna
1 (PROK1), ktorego obecnos¢ stwierdzono w tkance ciatka zoéltego u kobiety
oraz krowy. Dotychczas PROKI1 nie byta badana w ciatku zéttym $wini,
brakowato tez danych dotyczacych roli tego czynnika podczas cigzy w tym
gruczole u innych gatunkéw zwierzat. W zwiazku z tym, celem badan bylo
okreslenie roli PROK1 w regulacji funkcji CL §wini domowej podczas cyklu

rujowego oraz wczesnej ciazy.

W ramach niniejszej pracy okre§lono profil ekspresji genu i bialka
PROKI1 oraz jej receptorow w CL podczas wczesnej cigzy i cyklu rujowego.
Wykazano, Zze poziom ekspresji genu i biatka PROK1 oraz genu jej receptora 1
(PROKRI) wrzrastat w ciatku zottym w okresie, w ktorym dochodzi do
zahamowania regresji CL i podtrzymania jego funkcji podczas wczesnej ciazy.

Ekspresja genu receptora 2 prokinetycyny (PROKR?2) zwigkszala si¢ w pozne;j
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fazie lutealnej. Analiza immunohistochemiczna wykazata obecnos¢ biatek
PROKI1 1 jej receptorow w komorkach steroidogennych oraz w komorkach
srodbtonka naczyn krwionos$nych (endotelialnych). W kolejnym etapie badan
sprawdzono czy ekspresja genoéw i biatek PROKI 1 jej receptoréw moze by¢
regulowana przez czynniki pochodzenia zarodkowego. U $§wini gtownym
sygnatem zarodkowym jest estradiol-17p (E2). W badaniach przeprowadzonych
w ramach prezentowanej pracy doktorskiej wykorzystano model in vitro,
w ktorym hodowano tkanki CL oraz model in vivo, w ktorym nasladowano
wydzielanie sygnaléw przez zarodki. W warunkach in vitro oraz in vivo
wykazano, ze ekspresja genu i/lub biatka PROK1 1 jej receptora PROKR1 byta
stymulowana poprzez E2 oraz przez prostaglandyn¢ E2 (PGE2), wydzielang
przez zarodki oraz endometrium podczas wczesnej cigzy. Nastgpnie zbadano czy
prostaglandyna F2a (PGF2a), ktéra inicjuje proces luteolizy, moze regulowaé
ekspresje¢ PROK1 1 jej receptorow w CL. Uzyskane wyniki pozwolily
stwierdzi¢, ze PGF2a zwigkszyla ekspresje¢ genu PROKI w 12. dniu cyklu
rujowego. Nastepnie zbadano wptyw PROKI1 na procesy zwigzane z funkcja
CL. Wykorzystujac model in vitro, wykazano, ze PROK1 reguluje syntezg
1 wydzielanie progesteronu przez CL. Ponadto, stymuluje ona proces tworzenia
si¢ naczyn krwiono$nych w CL oraz zwigksza zywotno$¢ oraz redukuje

apoptoze komorek lutealnych.

Uzyskane wyniki pozwalaja stwierdzi¢, ze PROKI1 jest istotnym
regulatorem funkcji ciatka zoltego. Jej produkcja wzrasta w CL w trakcie
procesu matczynego rozpoznania cigzy, podczas ktérego dochodzi do
zahamowania luteolizy, a ekspresja PROK1 1 PROKRI regulowana jest przez
sygnat zarodkowy (E2) oraz PGE2. Prokinetycyna 1 jest réwniez waznym
czynnikiem zaangazowanym w kontrolowanie funkcji wydzielniczej ciatka
z0ttego poprzez wspieranie procesu steroidogenezy i tworzenia si¢ naczyn
krwiono$nych, a takze hamujac apoptoz¢ komorek lutealnych i zwigkszajac
zywotno$¢ komorek w CL. Procesy te sg kluczowe dla rozwoju cigzy u §wini
domowej. Wyniki przeprowadzonych badan poglebiaja wiedzg z zakresu
biologii rozrodu 1 w przysztosci moga przyczynic si¢ do opracowania nowych
technik ograniczajacych $miertelnosci zarodkdw w newralgicznym okresie
cigzy, jakim jest matczyne rozpoznanie cigzy, zagniezdzenie zarodkoéw oraz

rozwoj tozyska.



ABSTRACT

ROLE OF PROKINETICIN 1 IN PROCESSES RELATED TO FUNCTION OF
PORCINE (Sus scrofa domestica L.) CORPUS LUTEUM DURING EARLY
PREGNANCY AND THE ESTROUS CYCLE.

MSc Monika Magdalena Baryla

The doctoral thesis was written under the supervision of prof. dr hab. Agnieszka
Wactawik and dr. Piotr Kaczynski in the Group of Hormonal Action Mechanisms of
Institute of Animal Reproduction and Food Research of Polish Academy of Sciences in
Olsztyn.

The corpus luteum (CL) is a transient endocrine gland in the ovary that
forms after ovulation from the ovarian follicle. It synthesizes progesterone that
is necessary during pregnancy establishment, i.e. for embryo implantation and
early embryo development. Impaired corpus luteum function during estrus cycle
and pregnancy may be related to reduced fertility and high embryonic mortality
rates observed during early pregnancy in many mammalian species, including
the pig. The corpus luteum in the pig, likewise in human and bovine, undergoes
the following phases: formation (early luteal), secretory phase (mid-luteal), and
regression (late luteal) during several days, making the CL an exceptionally
energy-consuming unit and requiring the activation of specific mechanisms to
maintain its stability during pregnancy. These intensive changes involve
physiological processes controlled by many different factors including
hormones, growth factors, and cytokines. However, the full sequence and
hierarchy of molecular events occurring in functioning CL is still unknown.
Among molecules potentially involved in the regulation of the luteal activity is
prokineticin 1 (PROK1) - the peptide which was shown to be present in the
woman and bovine corpus luteum. Until now, PROK1 has not been studied in
the porcine CL and there was no data about the expression and the role of
PROKI1 during early pregnancy in this gland in any species. The present study
aimed to determine the role of PROKI in the porcine corpus luteum function

during the estrous cycle and early pregnancy.

The expression profiles of PROK1 and its receptors (PROKR1 and
PROKR?2) were established in the CL during early pregnancy and the estrous
cycle. It was found that the expression levels of the PROK1 gene and protein,
along with the gene for its receptor PROKRI, increased at the period when the
luteal regression is inhibited during early pregnancy. The gene expression of the
prokineticin receptor 2 (PROKR?2) was elevated during the luteal regression
(luteolysis). Immunolocalization of the PROK1 and its receptors proteins in the

CL indicated their presence in steroidogenic cells as well as in blood vessels.
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It was also determined whether the signal secreted by conceptus which in pigs is
estradiol-17fB (E2), is capable of regulating the expression of PROK1 and its
receptors. An in vivo model was used to imitate the secretion of signals by
embryos and an in vitro model in which luteal tissues were incubated with the
hormones. Indeed, E2 alone and together with prostaglandin E2 (PGE2)
significantly increased the expression of gene and/or protein PROKI1 and
PROKRI in the porcine CL in vitro and in vivo. Prostaglandin E2 (PGE2) is
abundantly secreted at the embryo-maternal interface during pregnancy
establishment. Once it was established that the expression of PROK1 and its
receptor PROKRI1 is stimulated by conceptus signal in pregnancy, it was
determined whether their expression during the estrous cycle may be affected by
prostaglandin F2a (PGF2a) which is a factor initiating the regression of the CL.
Obtained results indicated that PGF2a increased the expression of the PROK1
gene in luteal tissue collected form gilts on the Day 12 of the estrous cycle.
Furthermore, it was determined whether PROK1 may be involved in processes
crucial to the CL function. By using in vitro models it was shown that PROK1
stimulated steroidogenesis and secretion of progesterone by the CL. Moreover,
PROKI1 promoted processes of blood vessel formation in the CL, as well as

increased luteal cell viability, and attenuated apoptotic changes in luteal cells.

Presented findings are the first describing the novel role of PROK1 as
a significant regulator of CL function. Its production increases in the CL during
the process of maternal recognition of pregnancy when the luteolysis is
inhibited, and moreover PROK1 and PROKRI1 expression is regulated by the
embryonic signal and PGE2. Prokineticin 1 is also an important factor involved
in controlling the secretory function of the CL by promoting steroidogenesis,
blood vessel formation, and luteal cell viability and inhibiting apoptosis of luteal
cells. Therefore, PROKI1 effects on the CL are beneficial for pregnancy
establishment and development in the pig. The present results extended the
knowledge in the field of biology of reproduction and could be important for the
effective improvement of breeding techniques to reduce the embryonic mortality
rate during such critical processes as maternal recognition of pregnancy, embryo

implantation, and placenta development.
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1. WSTEP

Ciatko zo6tte (Corpus Iluteum, CL) jest tymczasowym gruczotem
dokrewnym funkcjonujagcym w jajniku po owulacji i produkujacym progesteron
(P4), hormon niezbgdny dla rozwoju, a takze podtrzymania cigzy u ssakow
(NISWENDER 1 WSP. 2000). Progesteron jest hormonem steroidowym, ktorego
synteza odbywa si¢ przez dwustopniowg konwersje cholesterolu
w mitochondriach komorek lutealnych. Proces ten zalezny jest od biatka
transportujgcego cholesterol, bedacy substratem tej reakcji, do wnetrza
przestrzeni mi¢dzybtonowej mitochondriéw — STAR (ang. steroidogenic acute
regulatory protein). Cholesterol, w reakcji katalizowanej przez enzym
desmolazg cholesterolowa (CYPI1Al), zostaje przekonwertowany do
pregnenolonu, ktory nastepnie pod wptywem kolejnego enzymu, dehydrogenazy
3B-hydroksysteroidowej (HSD3B), ulega przemianie do progesteronu. U $wini
CL stanowi zrédto P4 przez niemal caty okres cigzy, podczas gdy u wielu
gatunkow role te przejmuje w pozniejszym okresie tozysko (ZIECIK 1 WSP. 2018).
Gdy po owulacji nie dochodzi do zaptodnienia, ciatko zoltte ulega regresji
(luteolizie) po okoto 14-16 dniach od wystapienia objawow rui. Wyr6znia si¢
dwa etapy luteolizy: luteolize funkcjonalna, podczas ktorej dochodzi do utraty
funkcji steroidogennych, czyli spadku syntezy P4, oraz luteolize strukturalng,
ktora charakteryzuje si¢ zmianami morfologicznymi zachodzacymi w tkance
lutealnej, takimi jak gromadzenie kropli lipidowych, zanikanie naczyn
krwiono$nych, czy apoptoza komorek lutealnych (WILTBANK I Wsp. 2012).
Wiele czynnikéw dziatajacych autokrynnie i parakrynnie bierze udziat
w regulacji procesu luteolizy. Jednym z najwazniejszych czynnikdéw
luteolitycznych jest prostaglandyna F2a (PGF2a), produkowana przez macicg
1 CL (MOELJONO 1 WSP. 1977; STOUFFER 1 WSP. 2013; WACLAWIK 1 WSP. 2017;
BARISHA 1 WSP. 2024). Natomiast w przypadku zaptodnienia, funkcjonowanie
CL jest podtrzymywane przez sygnaly pochodzace od rozwijajacych sie
zarodkow. U $swini gtownym sygnatem zarodkowym jest estradiol-17p (E2),
ktorego wydzielanie przez zarodki wzrasta w okresie tzw. matczynego
rozpoznania cigzy (11.-12. dzien cigzy) oraz w okresie implantacji zarodka
1 rozwoju tozyska (15.-25. dzien cigzy) (BAZER 1 WSP. 1982; WACLAWIK I WSP.

2017; SULLIVAN 1 WSP. 2024). Kolejnym waznym hormonem odpowiadajacym



za utrzymanie funkcjonowania CL jest prostaglandyna E2 (PGE2; CONLEY
& FORD 1989; KACZYNSKI 1 WSP. 2021; GINTHER 2024; SULLIVAN I WSP. 2024),
ktorej profil syntezy i sekrecji przez endometrium i1 zarodki pokrywa si¢
z profilem sekrecji E2 (WACLAWIK 1 WSP. 2006; WACLAWIK 1 ZIECIK 2007).
Pomimo waznej roli ciatka zottego w okresie wczesnej cigzy, mechanizmy
regulujace jego czynno$¢ nie zostaly w pelni wyjasnione i stanowig wazny
aspekt badan zwigzanych z rozrodem ludzi oraz zwierzat. U §wini w okresie
wczesne] cigzy obserwuje si¢ zjawisko wysokiej $miertelnosci zarodkow,
ktérego etiologia nie zostata dotychczas zupetnie poznana (WACLAWIK I WSP.
2017). Wsréd potencjalnych czynnikow odpowiedzialnych za przerwanie
wczesnej cigzy, obserwowane takze u innych gatunkdéw zwierzat, wymienia si¢
m. in. dysfunkcyjne cialko z6tte (POPE & FIRST 1985; CAMPANILE I WSP. 2007;

DOMINGUES 1 WSP. 2022; LOPEZ-GATIUS & GARCIA-ISPIERTO 2022).

Wyrdznia si¢ trzy okresy funkcjonowania ciatka zoltego: faza
formowania, faza lutealna oraz faza regresji. W trakcie tych przemian w obrebie
CL zachodzg takie procesy, jak przebudowa tkanek, apoptoza (programowana
Smier¢ komorki) czy angiogeneza (proces tworzenia nowych naczyn
krwiono$nych) (REYNOLDS & REDMER 1999; ELMORE 2007). Angiogeneza jest
precyzyjnie regulowana w kazdej z faz istnienia ciatka zottego przez czynniki
angiogenne takie jak: czynnik wzrostu $rodblonka naczyn krwiono$nych
typu A (VEGFA) dziatajacy poprzez swoje receptory (receptor 1 - FLTI,
receptor 2 - KDR), angiopoetyny (ANGPT1, ANGPT2) czy angiogenina (ANG).
W proces angiogenezy zaangazowane s3 takze tlenek azotu, endotelina oraz
czynnik wzrostu fibroblastow 2 (FGF2) (UcuziaN 1 wsp. 2011). Kolejnym
czynnikiem zaangazowanym w kontrol¢ procesu angiogenezy, ale stosunkowo
mniej poznanym, jest prokinetycyna 1 (PROKI1), okreslana rowniez jako
czynnik wzrostu §rédblonka zalezny od gruczotéw dokrewnych (ang. Endocrine
Gland-derived Vascular Endothelial Growth Factor; EG-VEGF). PROKI jest
peptydem o plejotropowym oddziatywaniu, znanym gléwnie jako mitogen
komorek srodbtonka drobnych naczyn krwionosnych zlokalizowanych przy
gruczotach dokrewnych oraz regulator kurczliwosci migsniowki gladkiej jelit
(LECOUTER 1WsSP. 2001, 2004; Li 1 wsp. 2001). Prokinetycyna 1 nalezy do
rodziny biatek AVIT (krétkich peptydow o diugosci 80-90 aminokwasow,



zawierajacych sekwencje AVIT). Dziala ona za posrednictwem dwodch
receptorow btonowych sprzgzonych z biatkiem G: PROKR1 i PROKR2 (LIN
1 WSP. 2002). Powinowactwo PROKI1 jest silniejsze do receptora PROKRI1
(CHEN 1 wWspP. 2005). Prokinetycyna 1 po zwigzaniu z receptorami aktywuje
kaskade reakcji fosforylacji kinaz aktywowanych mitogenami (ang. mitogen-

activated protein kinases; MAPK) (BROUILLET 1 WSP. 2010; ALFAIDY 2016).

Wsrod danych literaturowych na temat roli PROK1 w zenskim uktadzie
rozrodczym znajduja si¢ informacje o wzroscie ekspresji PROKI
w endometrium kobiet w okresie okotoimplantacyjnym (NGAN 1 WSP. 2006).
Ekspresja PROK 1 oraz jej receptora PROKR 1 zachodzi réwniez w endometrium
1 trofoblastach u $wini, gdzie w okresie wczesnej cigzy sygnalizacja PROK1-
PROKRI1 jest mediatorem proceséw kluczowych dla ustanowienia cigzy:
angiogenezy, proliferacji komorek trofoblastu oraz ich adhezji do endometrium
macicy (GORYSZEWSKA I WSP. 2020; 2021; GORYSZEWSKA-SZCZUREK I WSP.
2021). Prokinetycyna 1 ulega stosunkowo wysokiej ekspresji w pecherzykach
jajnikowych oraz CL u ludzi, krow oraz szczuréw (FERRARA 1 WSP. 2003;
KISLIOUK 1 WsP. 2003; 2005; 2007; MASUDA 1 WSP. 2002). Ekspresja PROK1
zachodzi zarowno w zrebie tkanki jajnika, jak rowniez w pecherzykach
jajnikowych, a takze CL 1 jest zalezna od fazy cyklu rujowego/menstruacyjnego
(LECOUTER 1 WSP. 2002; FERRARA T WSP. 2003; FRASER 1 WSP. 2005; KISLIOUK
1 WSP. 2007). Mimo, iz wykazano, ze ekspresja genu PROKI w jajnikach jest
dynamiczna (FRASER 1 WSP. 2005; KISLIOUK 1 WSP. 2007), to rola jaka odgrywa
PROK1 w tym organie nie byta dotad w pelni opisana. Wedlug dostepne;j
literatury nalezy przypuszczaé, ze PROKI1 wspiera proces angiogenezy,
jednakze profile ekspresji u bydla wskazuja, ze najwyzszy poziom ekspresji
PROKI1 ma miejsce w pozniej fazie lutealnej w czasie luteolizy, gdy dochodzi
do zahamowania procesu angiogenezy (KISLIOUK I WSP. 2007). Ponadto
w literaturze przewazaty informacje o ekspresji genow PROK] 1 jej receptorow
w jajniku, natomiast poziom ekspresji biatek tych czynnikdéw nie zostatl dotad
zbadany w przebiegu cyklu rujowego/plciowego lub wczesnej cigzy.
W literaturze brakowalo dotychczas informacji na temat roli PROKI1 1 jej
receptorow w ciatku zottym u $§wini 1 innych ssakow (w tym cztowieka),

w czasie jego przedtuzonej funkcji zwigzanej z wezesng cigzg.
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HIPOTEZA

Dostepne fragmentaryczne dane literaturowe staly si¢ podstawg hipotezy

badawczej niniejszej rozprawy doktorskiej zaktadajacej, ze prokinetycyna 1

bierze udzial w regulacji funkcjonowania cialka zoltego Swini domowej (Sus

scrofa domestica L.) w okresie wczesnej ciazy oraz podczas cyklu rujowego.

CEL

Celem pracy doktorskiej byto okreslenie roli PROK1 w regulacji funkcji ciatka

zottego w srodkowej 1 pdznej fazie lutealnej cyklu rujowego oraz wczesnej cigzy

u $wini domowe;j.

ZADANIA BADAWCZE

Aby zrealizowac¢ cel badawczy zaplanowano nastepujace zadania badawcze:

1.

Okreslenie profili ekspresji mRNA 1 biatek prokinetycyny 1 oraz jej
receptorow w ciatku zottym w czasie cyklu rujowego i we wczesnej
cigzy (Publikacja 1, BARYLA 1WSP. 2023);
Okreslenie lokalizacji ekspresji biatek prokinetycyny 1 oraz jej
receptorow w ciatku zottym (Publikacja 1, BARYLA 1WSP. 2023);
Zbadanie wplywu sygnatéw zarodkowych (E2, PGE2) oraz czynnika
luteolitycznego (PGF2a) na ekspresj¢ mRNA 1 biatek prokinetycyny 1
1jej receptoréw w ciatku zottym in vitro 1 in vivo (Publikacja 2, BARYLA
1 WSP. 2024);
Okreslenie wplywu prokinetycyny 1 na ekspresj¢ genow czynnikoéw
zaangazowanych w szlak steroidogenzy oraz na uwalnianie progesteronu
przez ciatko zotte (Publikacja 1, BARYLA 1WSP. 2023);
Zbadanie wplywu prokinetycyny 1 na zywotnos$¢ tkanki ciatka zoéltego
oraz apoptoz¢ komorek lutealnych (Publikacja 1, BARYLA 1WSP. 2023);
Zbadanie wplywu prokinetycyny 1 na proces angiogenezy w ciatku
z0ttym poprzez:

e okreslenie wptywu PROKI na formowanie  struktur

kapilaropodobnych  przez  komorki  $rdédbtonka  naczyn

krwiono$nych CL (Publikacja 1, BARYLA 1WSP. 2023);
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e okreSlenie wptywu PROKI na proliferacic  komorek
endotelialnych wyizolowanych z cialka zottego (Publikacja 2,
BARYLA 1WSP. 2024);

e okreslenie wptywu PROKI na ekspresje gendow zwigzanych
z procesem angiogenezy: ANG, ANGPT2, FGF2, FLTI, KDR
a takze na uwalnianie VEGFA przez tkanke ciatka zottego Swini

(Publikacja 1, BARYLA 1WSP. 2023).
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2. MATERIAL I METODY

Opisane doswiadczenia przeprowadzono zgodnie z Ustawg o ochronie
zwierzat wykorzystywanych do celow naukowych lub edukacyjnych z dnia
15 stycznia 2015 r. oraz Dyrektywa Parlamentu Europejskiego i Rady Unii
Europejskiej 2010/63/UE w sprawie ochrony zwierzat wykorzystywanych do
celow naukowych z dnia 22 wrzesnia 2010 r. Czg$¢ materialu wykorzystanego
w zadaniu 3. pochodzita z materiatu badawczego zebranego podczas realizacji
poprzedniego projektu zespotu (nr N N311 319135). Materiat zgromadzony
1 zabezpieczony zostal na podstawie otrzymanej zgody Lokalnej Komisji
Etycznej Uniwersytetu Warminsko-Mazurskiego w  Olsztynie, Polska

(nr zgody:17/2008).

2.1. Zwierzeta doswiadczalne

Tkanki wykorzystane w do$wiadczeniach pobierane byty od dojrzatych
ptciowo loszek przeznaczonych do uboju w celu przetwérstwa migsnego
(mieszance ras Pietrain i Duroc) w wieku okoto 6-7 miesi¢cy, o zblizonej masie
(100-115 kg) 1 podilozu genetycznym. Poczatek drugiej rui uznano za dzien
0 cyklu rujowego. Loszki po drugiej naturalnej rui podzielono na dwie grupy —
zwierze¢ta bedace w trakcie cyklu rujowego oraz cigzarne. Loszki z grupy
cigzarnej poddano dwukrotnej inseminacji po 12. 1 24. godzinach od wykrycia
objawow drugiej rui. Kolejny dzien uznawano za pierwszy dzien cigzy. Ciatka
zotte pobierano w9., 12. i 14. dniu cyklu rujowego lub cigzy. Ciaze
potwierdzono na postawie obecnosci i oceny morfologicznej zarodkéw
(ANDERSON 1978). Dodatkowo okreslono stezenie progesteronu w o0soczu

(Publikacja 1, BARYLA T WSP. 2023).

Zwierzeta przyporzadkowane zostaly do nastepujacych grup:

e 9. dzien cyklu rujowego (koniec fazy wczesno-lutealnej lub
poczatek fazy srodkowo-lutealnej, okres w ktérym ciatka zotte
zyskuja pelng funkcjonalnos$¢) oraz 9. dzien cigzy (faza migracji

zarodkow)
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e 12. dzien cyklu rujowego (faza $rodkowo-lutealna; faza petne;j
funkcjonalnosci cialek zottych) oraz 12. dzien cigzy (proces
matczynego rozpoznania cigzy)

e 14. dzien cyklu rujowego (faza p6zno-lutelnej; poczatek luteolizy)

oraz 14. dzien cigzy (poczatek implantacji zarodkow)

W zadaniu nr 1 wykorzystano ciatka z6ite pobrane od loszek w 9., 12.
oraz 14. dniu cyklu rujowego oraz cigzy. W zadaniu badawczym 2 i 4 oraz czgs$ci
zadania 6, wykorzystano ciatka zo6tte §wini w 12. i 14. dniu cyklu rujowego oraz
cigzy. Zadanie badawcze 3 podzielone zostato na cze$¢ in vitro oraz cz¢s¢ in
vivo. W czesci in vitro tego zadania dotyczacej analiz zwigzanych z badaniem
wplywu czynnikoéw luteotropowych wykorzystano CL zwierzat bedacych w 12.
dniu cyklu rujowego, natomiast do analiz zwigzanych z wplywem czynnika
luteolitycznego wykorzystano CL od zwierzat bedacych w 12. 1 14. dniu cyklu
rujowego, a takze 14. dniu cigzy. Do realizacji zadania badawczego 5 oraz czgsci
zadania 6 wykorzystano CL pobrane od zwierzat w 12. dniu cyklu rujowego.
W czesci in vivo zadania 3, wykorzystano CL pozyskane uprzednio (podczas
realizacji innego projektu zespolu) od zwierzat, ktorym do $wiatla macicy
podawano czynniki luteotropowe (E2 i PGE2) w celu nasladowania ich sekrecji

przez rozwijajace si¢ zarodki.

2.2. Metody badawcze

W trakcie realizacji niniejszej pracy doktorskiej wykorzystane zostaly

nastepujace metody:

e Analiza ekspresji genow (qPCR; real-time RT-PCR) - zadania nr
1,3,4,6

e Analiza ekspresji biatek Western blot - zadania nr 1, 3

e Hodowle in vitro eksplantatow ciatek zottych - zadanianr 3,4, 5, 6

e Testy immunoenzymatyczne (ELISA) - zadania nr 3, 6

e Test radioimmunoenzymatyczny (RIA) - zadanie nr 4

e Cytometria przeplywowa - zadanie nr 5

e Test zywotnosci tkanek z udzialem Alamar Blue - zadanie nr 5
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e Hodowla in vitro komorek lutealnych - zadanie nr 5 oraz komoérek
srodbtonka naczyn krwionos$nych - zadanie nr 6

e Test funkcjonalny tworzenia si¢ struktur kapilaropodobnych -
zadanie nr 6

e Test funkcjonalny - proliferacja komorek - zadanie nr 6

e Analizy statystyczne - zadania nr 1, 3—6
W dalszej czgéci przedstawiono opis wykorzystanych metod.

2.3. Schematy doswiadczen

Schematy doswiadczen ex vivo

CYKL RUJOWY

Zadanie badawcze 1

Okreslenie profilu ekspresji mRNA PROK1
oraz receptoréw PROKR1 i PROKR2
(Real Time PCR)

Okreslenie profilu ekspresji biatka PROK1
oraz receptoréw PROKR1 i PROKR2
(Western blot)

INSEMINACIA CIAZA

CYKL RUJOWY

Immunolokalizacja PROK1 oraz receptoréw
PROKR1 i PROKR2 w ciatku zéttym
(Immunohistechemia)

o

INSEMINACIA CIAZA

Rycina 1. Schemat przedstawiajacy pobieranie materiatu oraz analizy
w doswiadczeniach ex vivo na ciatkach zoltych. Czerwona strzatka wskazuje dni
cyklu rujowego lub cigzy, z ktérych pobierano proby ciatek zottych. PROK1 —
prokinetycyna 1; PROKR1 — receptor 1 prokinetycyny; PROKR2 — receptor
2 prokinetycyny.
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Schemat do$Swiadczenia in vivo

CIALKA Z04TE

n=6/grupg

- Kontrola —1% E1OH |
wPBS (Smico4h
praez 24 h)

CIALKA Z61TE
=6 na grupe o
L5

> E2 (833 ng lub 33.3 ug)
~ PGEZ (200 ug)
» E2 +PGEZ (833 ng lub 33.3 pg + 200 pg)
(5 mi co 4 h przez 24 h)

Rycina 2. Schemat przedstawiajacy procedure i

~ Kontrola - 1% EtOH
wPBS (Smicodh
przez 24 h)

> Kontrola - 1% EtOH

wPBS (Smlco4h
przez 24 h)

Zadanie badawcze 3

Okreslenie wptywu téw zarodkowych (E2,
PGE2) na ekspresjg mRNA PROK1 oraz receptoréw
PROKR1 i PROKR2 w ciatkach iéftych
(Real-time PCR)

Okreslenie wi ygnatéw zarodkowych (E2,
PGE2) na ekspresje biatka PROK1 (ELISA)
oraz receptoréw PROKR1 i PROKR2
(Western blot)

analizy prowadzone

z wykorzystaniem modelu in vivo, w ktérym nasladowano sygnaty wydzielane

przez zarodki. E2 — estradiol-17B; PGE2 — prostaglandyna E2; PROK1 —

prokinetycyna 1; PROKRI -

receptor 2 prokinetycyny.

receptor

1 prokinetycyny;

PROKR2 -
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Schematy do$wiadczen in vitro

Zadanie badawcze 3

Okreslenie wplywu sygnaléw zarodkowych

CYKL RUJOWY (E2, PGE2) na ekspresje mRNA PROK1 oraz
receptoréw PROKR1 i PROKR2 w ciatkach
i6ttych
(Real-time PCR)

EKSPLANTATY
CIAtKA
Z0LTEGO

Okresdlenie wptywu sygnatéw zarodkowych
(E2, PGE2) na ekspresje biatka PROK1
— - (ELISA)
oraz receptoréw PROKR1 i PROKR2
(Western blot)

Zadanie badawcze 5

Okreélenie wplywu PROK1 na zywotno$é
tkanki lutealnej
(Alamar blue assay)

CYKL RUJOWY Zadanie badawcze 3

Okreslenie wplywu czynnika luteolitycznego
EKSPLANTATY (PGF2a) na ekspresje mRNA PROK1 oraz
CIAEKA receptoréw PROKR1 i PROKR2 w ciatkach
ZOLTEGO #6itych
- (Real-time PCR)

Okreslenie wplywu czynnika luteolitycznego
EKSPLANTATY (PGF2a) na ekspresje biatka PROK1 (ELISA)
CIALKA oraz receptoréw PROKR1 i PROKR2
26LTEGO (Western blot)

INSEMINACIA CIA?A

CYKL RUJOWY

Zadanie badawcze 4

EKSPLANTATY
CIALKA
ZOLTEGO

Okreslenie wptywu PROK1 na czynniki
biorace udziat w syntezie P4 (Real-time PCR)
i uwalnianie progesteronu (RIA)

- Zadanie badawcze 6

I
a
r

EKSPLANTATY Ok lenie wply PROK1 na
CIALKA (Real-time PCR; ELISA)
ZOLTEGO

INSEMINACIA C|A2A

Rycina 3. Schemat pobierania materialu oraz wykonania analiz
w doswiadczeniach in vitro przeprowadzonych na tkance ciatka zottego.
Czerwong klamrg zaznaczono dni cyklu rujowego lub cigzy, w ktérych od
zwierzat pobrano tkanki ciatek zottych. E2 — estradiol-17B; PGE2 -
prostaglandyna E2; PGF2a — prostaglandyna F2a; P4 — progesteron; PROK1 —
prokinetycyna 1; PROKRI1 — receptor 1 prokinetycyny; PROKR2 -
receptor 2 prokinetycyny.
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CYKL RUJOWY

KOMOGRKI Zadame badawcze 5
LUTEALNE
r", PROK1 na apoy
komérek lutealnych
(cytometria przeptywowa)
CYKL RUJOWY
:3rcgr|;fllamf Zadame badawcze 6

CIALKA ZOLTEGOD
chreslenle wplywu PROK1 na angiogeneze
m=m == (badanie formowanie sie struktur kapilaro-
podobnych; test proliferacja)

Rycina 4. Schemat pobierania materialu oraz wykonania analiz
w do$wiadczeniach in vitro przeprowadzonych na komorkach ciatka zoéttego.
Czerwong klamrg zaznaczono dni cyklu rujowego, w ktérych pobrano ciatka

z6lte, z ktorych izolowano komorki pierwotne. PROK1 — prokinetycyna 1.

2.4. Okreslenie profili ekspresji mRNA i bialka PROK1 oraz receptorow
PROKRI1 i PROKR2 w cialku zéltym w czasie cyklu rujowego i we wczesnej
ciazy (zadanie 1)

W celu okreslenia profilu ekspresji genu i biatka PROK1 oraz PROKR1
1 PROKR2 w ciatkach zo6itych, wykorzystano dojrzate piciowo loszki
(mieszance ras Pietrain 1 Duroc) w wieku okoto 6-7 miesiecy, o zblizonej masie
1 podlozu genetycznym. Pobrane poubojowo jajniki od loszek w 9., 12. 1 14. dniu
cyklu rujowego lub ciazy i1 transportowano do laboratorium na lodzie. Materiat
przeznaczony do ilosciowych analiz ekspresji gendow oraz biatek pozyskiwano
poprzez wynicowanie CL z ostonek i przekladanie tkanek do sterylnych
probowek. Tak pobrany material zamrazano w ciektym azocie i przechowywano
w -80°C do czasu dalszych analiz. Ekspresje genow zbadano za pomoca metody
real-time PCR, natomiast ekspresj¢ biatek analizowano metodag Western blot

(Publikacja 1, BARYLA 1 WsP. 2023).
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2.5. Okreslenie lokalizacji ekspresji bialek PROKI1 oraz jej receptorow
PROKRI1 i PROKR2 w cialku zoltym (zadanie 2)

Immunolokalizacje  bialek  wykonano za  pomocg  analizy
immunohistochemicznej (Publikacja 1, BARYLA 1 wsP. 2023). Ciatka zotte
pobierano w 12. i 14. dniu cyklu rujowego lub cigzy. Tkanki CL poddano
utrwaleniu w 4% paraformaldehydzie, a nastgpnie po odwodnieniu w szeregu
alkoholi (70%, 96%, 100%) zatopiono w bloczkach parafinowych. Preparaty
krojono na skrawki o grubosci 5 pum. W celu odparafinowania skrawki
zanurzono w ksylenie. Nastgpnie w celu uwodnienia przeprowadzono przez
szereg alkoholi (100%, 96%, 70%). Celem wydobycia antygenéw badanych
biatek z blony komorkowej preparaty poddano procesowi gotowania w buforze
cytrynianowym oraz inkubowano z 3% H2O». Przygotowane w ten sposob
skrawki inkubowano z pierwszorzedowymi przeciwciatami przez dwie godziny
(materiaty uzupeniajace, Tabela 1; BARYLA 1 WSP. 2023). Nastepnie, w celu
wizualizacji kompleksu antygen-przeciwciato, preparaty inkubowano
z tetrachlorkiem 3'3-diaminobenzydyny (Sigma Aldrich). Jadra komorkowe
zostaly uwidocznione poprzez barwienie preparatow hematoksyling. Po
procedurze barwienia preparaty odwodniono w szeregu alkoholowym (70%,
96%, 100%) 1 zamknigto stosujac odczynnik do preparatow tkankowych
przeznaczonych do obrazowania mikroskopowego DPX (Sigma Aldrich).
Potwierdzenie specyficzno$ci uzytych przeciwcial wykonano poprzez
stosowanie kontroli negatywnych, w ktérych pierwszorzedowe przeciwciata
zastapiono przeciwciatami kréliczymi IgG (PROK1 1 PROKR2) lub wykonano
reakcje z peptydem blokujacym (PROKR1). Zdjecia wykonano przy pomocy
mikroskopu Olimpus Provis AX70.

2.6. Zbadanie wplywu sygnalow zarodkowych (E2, PGE2) oraz czynnika
luteolitycznego (PGF2a) na ekspresj¢ mRNA i bialek PROKI1 oraz
receptorow PROKR1 i PROKR2 w cialku zoltym in vivo i in vitro

(zadanie 3)

W celu zbadania, czy ekspresja PROK1 oraz jej receptorow PROKR1
1 PROKR2 jest regulowana przez sygnaly zarodkowe (E2 1 PGE2),

wykorzystano modele in vitro oraz in vivo. Szczegdlowy opis procedury oraz
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doswiadczenia zawarty jest w publikacji 2 (BARYLA 1 WSP. 2024).
W doswiadczeniu in vitro wykorzystano CL pobrane od zwierzat dojrzatych
ptciowo, bedacych w 12. dniu cyklu rujowego. Pelny opis doswiadczenia
znajduje si¢ w Publikacji 2 (BARYLA I WSP. 2024). Z ciatek z6itych wycigto
ultracienkie eksplantaty, ktére poddano preinkubacji z medium kontrolnym
w obecnosci lub bez antagonisty receptora estrogenowego (ICI 182,780) przez
1 godzing, a nast¢pnie, po zmianie medium hodowlanego, przez 18 godzin
w obecnosci lub bez 100 nM E2, 100 nM PGE2, lub PGE2 podawanego tacznie
z E2, a takze w obecnosci lub bez antagonisty receptora estrogenowego (ICI
182,780). Po okresie inkubacji eksplantaty CL przemywano w buforze
fosforanowym (PBS), a nastgpnie przeniesiono do ciektego azotu
1 przechowywano w -80°C do czasu analizy ekspresji genow PROK1, PROKRI
i PROKR?2 metoda real-time PCR oraz biatek PROK1 i jej receptorow. Badanie
stezenia PROK1 wykonano metoda ELISA, a ekspresj¢ biatka PROKRI
1 PROKR2 analizowano metoda Western blot.

Nastepnie badano czy PGF2a (czynnik luteolityczny) moze kontrolowaé
ekspresje  PROKI1 i/lub jej receptorow PROKRI i PROKR2 w CL.
W doswiadczeniu in vitro z udzialem PGF2a wykorzystano ciatka zotte
pobierane od dojrzalych pitciowo loszek bedacych w 12. 1 14. dniu cyklu
rujowego lub w 14. dniu cigzy. Szczegotowy opis doswiadczenia znajduje si¢
w Publikacji 2 (BARYLA 1 WSP. 2024). Z CL wyciete zostaly ultracienkie
eksplantaty, ktore inkubowano w obecnosci lub bez PGF2a (100 nM oraz 1 pM)
lub fluprostenolu (1 uM; FLP), ktdry jest stabilnym analogiem PGF2a. Po 18
godzinach inkubacji eksplantaty wyptukano w PBS i1 zamrozono w ciekltym
azocie, a nastgpnie przechowywano w -80°C do czasu dalszych analiz. Analizy
ekspresji gendéw PROKI, PROKRI i PROKR?2 przeprowadzono metoda real-
time RT PCR. Badanie stezenia PROK1 wykonano metoda ELISA, a ekspresje
biatka PROKR1 1 PROKR?2 analizowano metoda Western blot.

W doswiadczeniach in vivo wykorzystano dojrzate pitciowo loszki
(mieszance ras Pietrain i Duroc) w wieku okolo 6 miesigcy, o zblizonej masie
1 podtozu genetycznym. Loszki po drugim naturalnym cyklu rujowym poddano
zabiegowi synchronizacji rui. W 8. — 9. dniu trzeciej rui zwierzgtom wykonano

chirurgiczny zabieg, polegajacy na wprowadzeniu do obu rogdéw macicy kaniuli.
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Nastepnie zwierzgta podzielono na dwie grupy — kontrolng i badang. Infuzj¢ do
swiatta macicy wykonywano 6 razy w 4-godzinnych odstepach od 11. do 12.
dnia cyklu rujowego. Zwierzetom z grupy kontrolnej do obu rogéw podawano
roztwor soli fizjologicznej zawierajacy 1% alkoholu etylowego. Loszkom
z grupy badanej do jednego z rogéw podawano roztwor soli fizjologicznej
zawierajacej: E2 (833 ng lub 33,3 pg/na infuzje Sigma Aldrich); PGE2 (200
pg/mna infuzje; Sigma Aldrich) lub E2 tacznie z PGE2, natomiast do
przeciwlegtego rogu podawano infuzje roztworu kontrolnego (soli fizjologiczne;j
zawierajacej 1% alkoholu etylowego). Po zakonczeniu dos§wiadczenia (12. dzien
cyklu rujowego) od loszek pobrano tkanke lutealna, ktdrg zamrozono w ciektym
azocie 1 przechowywano w -80°C do czasu dalszych analiz. Ekspresj¢ genow
zbadano za pomocg metody real-time RT-PCR. Poziom ekspresji biatka PROK1
okreslono za pomoca metody ELISA, a ekspresj¢ bialek receptorow za pomoca

metody Western blot.

2.7. Okreslenie wplywu PROKI1 na ekspresje genow czynnikow
zaangazowanych w szlak steroidogenezy oraz uwalnianie progesteronu

przez cialko zo6lte (zadanie 4)

W celu okreslenia wplywu PROKI na steroidogeneze w ciatku zottym
Swini wykonano dos$wiadczenia in vitro, w ktorych wykorzystano ciatka zotte
pobrane od zwierzat w 12. i 14. dniu cyklu rujowego oraz w 12. 1 14. dniu ciazy.
Pelny opis doswiadczenia znajduje si¢ w Publikacji 1 (BARYLA T WSP. 2023).
W skrécie, z ciatek zottych wyciete zostaty ultracienkie eksplantaty CL, ktore
poddano preinkubacji z medium kontrolnym w obecnosci lub bez antagonisty
receptora PROKR1 (PC7; 10 uM). Nastgpnie eksplantaty inkubowano
w medium zawierajacym 40 nM PROK1 w obecnosci lub bez PC7 (10 uM)
przez 18 godzin. Po zakonczeniu inkubacji zebrano medium hodowlane,
a eksplantaty wyplukano w PBS i zabezpieczono w ciektym azocie. Medium
1 tkanki po inkubacji in vitro przechowywano w -80°C do czasu dalszych analiz.
Metodg real-time RT-PCR wykonano analiz¢ ekspresji genow STAR, HSD3B1
oraz CYPI14AI. W medium pohodowlanym oznaczono stezenie P4 metoda
radioimmunologiczng (RIA) za pomocg komercyjne dostepnego zestawu RIA

(DIAsource Immuno Assays) zgodnie z zaleceniami producenta.

21



2.8. Badanie wplywu PROKI1 na zywotno$¢ tkanki cialka zoltego oraz

apoptoze¢ komorek lutealnych (zadanie 5)

Aby okresli¢ wplyw PROK1 na zywotno$¢ tkanki lutealnej wykonano
doswiadczenie in vitro, w ktorym wykorzystano ultracienkie eksplantaty ciatka
zottego. Pelny opis doswiadczenia zamieszczono w Publikacji 1 (BARYLA 1 WSP.
2023). W skrocie, po 14. godzinach inkubacji eksplantatow w medium
kontrolnym oraz w medium z PROK1 (40 nM) w obecnosci lub bez PC7 do
medium podano Alamar Blue ikontynuowano inkubacje przez nastgpne
4 godziny. Po  inkubacji medium  zostalo  poddane  analizie
spektrofotometrycznej. Stopien zywotnosci tkanki oceniano na podstawie
wynikéw absorbancji przy dlugosci fali 570 nm zgodnie z zaleceniami

producenta.

Wptyw PROKI1 na apoptoze komorek steroidogennych ciatka zottego
badano w warunkach in vitro. Pelny opis do$wiadczenia zamieszczono
w Publikacji 1 (BARYLA 1 WSP. 2023). Pierwotne komorki lutealne izolowane od
zwierzat w 12. dniu cyklu rujowego hodowano w medium M199 z 10% surowica
cieleca (NCS) na ptytkach 6-dotkowych (4 x 10°/dotek) przez 24 godziny.
Nastepnie komorki inkubowano z medium kontrolnym (1% NCS) oraz medium
zawierajgcym PROK1 (40 nM) w obecnosci lub bez PC7 (1 pM)
1 kontynuowano inkubacje komoérek przez kolejne 20. godzin. Po inkubacji
komorki odklejono od podioza enzymatycznie 1 poddano analizie
cytometrycznej polegajacej na sortowaniu komoérek wedhug dlugosci fali
emitowanego sygnalu fluorescencyjnego. Podziat oparto na obecnosci lub braku
w blonie komoérkowej biatek okreslanych jako markery apoptozy oraz
fluorescencji charakterystycznej dla komorek nekrotycznych. W ten sposob
zidentyfikowane zostalty trzy populacje komorek lutealnych: zywe,

apoptotyczne oraz martwe.

2.9. Zbadanie wplywu prokinetycyny 1 na proces angiogenezy w cialku

z6ltym (zadanie 6)

W ramach zadania badawczego, ktorego celem byto okreslenie wplywu
PROKI na procesy angiogenezy zachodzace w ciatku zottym $wini, wykonano
trzy doswiadczenia in vitro. W dwoéch doswiadczeniach wykorzystano
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pierwotne komorki endotelialne izolowane z CL zwierzat w 12. dnia cyklu
rujowego metoda oparta na wirowaniach i filtrowaniu pozwalajagcym oddzieli¢
komorki srodbtonka od wiekszych komorek lutealnych obecnych w zawiesinie
otrzymanej po enzymatycznej defragmentacji tkanki (Publikacja 1, BARYLA
1 WSP. 2023). W doswiadczeniu trzecim wykorzystano ultracienkie eksplantaty
CL, ktorych izolacje i inkubacje in vitro opisano w Publikacji 1 (BARYLA I WSP.
2023).

Wplyw PROKI na formowanie struktur kapilaropodobnych przez komorki
srodbtonka naczyn krwionosnych ciatka Zottego (Publikacja 1, BARYLA I WSP.
2023)

Analiz¢ formowania si¢ struktur kapilaropodobnych wykonano zgodnie
z wczesniej opracowanym w zespole protokolem (KACZYNSKI I wsp. 2020,
GORYSZEWSKA 1 WsP. 2020). Komoérki $rodblonka naczyh (3 x 10°/ml)
zawieszono w medium MCDBI31 i poddano 20.-minutowej preinkubacji
w obecnosci lub bez PC7 (1 uM). Nastepnie dodano PROK1 (40 nM) 1 komarki
naniesiono na uprzednio przygotowana plytke typu p-slide (Ibidi) pokryta
matrigelem (Corning). Plytke umieszczono w mikroskopie do analiz
przyzyciowych (Carl Zeiss Microscopy). Obserwacje prowadzono przez
5 godzin wykonujac zdjecia w 30. minutowych odstgpach. Analize zdjec
wykonano stosujac nakladkg¢ Angiogenesis Analyzer dla programu
Image J (CARPENTIER 2012). Program wyodrebnit 1 wygenerowal dane liczbowe
dla dwudziestu parametrow opisujacych proces angiogenezy. Na podstawie

otrzymanych pomiarow przygotowana zostala analiza statystyczna.

Wplyw PROK na proliferacje komorek endotelialnych wyizolowanych z ciatka
zoltego (Publikacja 2, BARYLA1WSP. 2024)

Badanie wplywu PROKI1 na proliferacj¢ komorek endotelialnych
prowadzono na plytkach 96-dotkowych zgodnie z protokolem wczesniej
stosowanym w zespole (GORYSZEWSKA I WsP. 2020). Komérki (10%/dotek)
hodowano do uzyskania konfluencji 50-60% w medium zawierajacym 10%
NCS. Po osiggnieciu odpowiedniej konfluencji komorki inkubowano z medium
kontrolnym z 1% NCS oraz medium zawierajgcym PROKI1 (40 nM)
w obecnosci lub bez PC7 (1 pM), inhibitora kinazy MAPK (25 uM; Sigma
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Aldrich), inhibitora kinazy AKT (2.5 uM; Sigma Aldrich) oraz inhibitora kinazy
mTOR (50 nM; Sigma Aldrich). Po 24-godzinnej inkubacji dodano odczynnik
CellTiter 96® Aqueous One Solution Cell Proliferation Assay (Promega), po
uptywie 2 godzin okreslono poziom proliferacji komorek na podstawie odczytu

absorbancji przy dlugosci fali 490 nm zgodnie z instrukcja producenta.

Wpltyw PROK na ekspresje genow czynnikow angiogennych i sekrecje VEGFA

przez tkanke ciatka zottego swini (Publikacja 1, BARYLA T WSP. 2023)

W  doswiadczeniu trzecim, w ktérym wykorzystano ultracienkie
eksplantaty CL, zbadano wplyw PROKI na ekspresje genow zwigzanych
z procesem angiogenezy, w tym: ANG, ANGPT2, FGF2, FLTI, KDR oraz
okreslono wptyw PROK na sekrecje VEGFA do medium hodowlanego. Pelny
opis metody znajduje si¢ w Publikacji 1 (BARYLA 1 WSP. 2023). W skrocie,
ultracienkie eksplantaty CL hodowano tak jak opisano w podrozdziale 2.6.
Analize ekspresji genow wykonano za pomoca metody real-time RT-PCR,

natomiast zawartosci VEGFA okres$lono metoda ELISA.

2.10. Izolacja RNA oraz analiza real-time RT-PCR
Izolacja RNA i odwrotna transkrypcja

Calkowite RNA wyizolowano przy uzyciu komercyjnie dost¢pnych
zestawow. W przypadku prob ex vivo zastosowano zestaw i procedure firmy
A&A Biotechnology, natomiast do probek z do§wiadczen in vitro uzyty zostat
zestaw 1 procedura firmy Qiagen. Jakos¢ 1 ilos¢ wyizolowanego materiatu
oceniona zostala z wykorzystaniem bioanalizatora Agilent oraz NanoDrop1000.
Nastepnie otrzymane RNA poddano reakcji odwrotnej transkrypcji stosujac
reagenty firmy Life Technologies. Otrzymane cDNA postuzyto jako matryca

w reakcji real-time PCR.
Real-time PCR

Analizy real-time PCR dla wszystkich genéw  wykonano
z zastosowaniem sond TagMan (materialty uzupeiniajace, Tabela 2, BARYLA
I  Wwsp. 2023) stosujac odczynniki dostarczone przez producenta.
Przeprowadzono nastgpujacy program reakcji: wstepna denaturacja (95°C, 10

min), nastgpnie 40 cykli, na ktore sktadata si¢ denaturacja (95°C, 15 s), oraz
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wydhtuzanie produktu (60°C, 1 min). Reakcje real-time PCR wykonano
z wykorzystaniem systemu Applied Biosystems 7900HT. Poziom ekspresji
genow, wyrazony w jednostkach umownych, oszacowano w programie PCR
Miner (ZHAO & FERNALD 2005). Do wyliczenia jednostek ekspresji zastosowano

nastepujaca formule:

1

poziom ekspresji genu [AU] = ey,

gdzie: [AU] — jednostki umowne; avg eff — §rednia wydajno$¢ reakcji PCR
liczona oddzielnie dla kazdej proby; CT — numer pierwszego cyklu real-time
PCR, w ktorym wykrywana jest emisja fluorescencji z powstatego produktu

PCR.

W celu znormalizowania otrzymanych danych za pomoca programu
NormFinder (ANDERSEN I WSP. 2004) wytypowano pary najbardziej stabilnych
genoéw referencyjnych sposrdod beta aktyny (4CTB), dehydrogenazy aldehydu 3-
fosfoglicerynowego (GAPDH) i cyklofiliny (PPIA). Dla préb z do§wiadczen ex
vivo oraz in vivo byla to para ACTB i PPIA, a dla eksplantatow po hodowli in
vitro — GAPDH i PPIA. Srednie geometryczne wyliczone dla odpowiednich
warto$ci ustalonych par gendéw referencyjnych postuzyty do znormalizowania

uzyskanych danych.

2.11. Western blot

Cialka z6ite homogenizowano w buforze do homogenizacji (50 mM/L
TRIS-HCI, pH 8.0; 150 mM/L NaCl; 1 mM/L EDTA) zawierajacym koktajl
z inhibitorami proteaz. Po wirowaniu supernatant przeniesiono do nowych
probowek. W supernatancie oznaczono catkowite st¢zenie biatka metoda
Bradford (BRADFORD 1976). Nastepnie, odpowiednig ilo§¢ biatka (70 pg -
badanie ekspresji PROK1 w préobach ex vivo oraz 50 ng - badanie ekspresji
PROKRI1 1 PROKR?2), rozpuszczono w buforze SDS (50 mM Tris-HCI pH 6.8,
4% SDS, 20% glicerol, and 2% B-merkaptoetanol) i poddano denaturacji
w temperaturze 95°C przez 4 minuty. Tak przygotowane proby rozdzielono na
zelach Tris-Tricine SDS-PAGE (PROKI1) lub 10% Tris-Glicyna SDS-PAGE
(PROKR1 1 PROKR?2). Rozdzielone biatka poddano transferowi na membrany
PVDF o porowatosci 0,2 pm (PROK1) lub 0,4 pm (PROKR1 i PROKR?2).
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Membrany po transferze poddano blokowaniu w 5% roztworze odttuszczonego
mleka w zbuforowanym roztworze soli fizjologicznej (TBS) zawierajacym 0,1%
Tween 20 (TBS-T). Membrany inkubowano przez noc w temp. 4°C
z przeciwciatami pierwszorzegdowymi (materiaty uzupeiniajace, Tabela 1;
BARYLA 1 WwSP. 2023). Nastepnego dnia membrany trzykrotnie ptukano
w buforze TBS-T, po czym inkubowano je w temp. pokojowej w obecnos$ci
przeciwcial drugorzgdowych skoniugowanych z alkaliczng fosfatazg przez 90
minut. W celu detekcji biatek GAPDH membrany byly trzykrotnie przemywane
w buforze TBS-T, ponownie blokowane w 5% odtluszczonym mleku przez 1,5
godziny, a nastgpnie inkubowane przez noc w 4°C w obecnosci przeciwciat
pierwszorzedowych anty-GAPDH. Nastepnego dnia membrany po plukaniu
w TBS-T byly ponownie inkubowane z przeciwcialami drugorzedowymi.
Kontrole  negatywne  otrzymano poprzez  zastgpienie  przeciwcial
pierwszorzedowych immunoglobulinami IgG. Dodatkowo, jako kontrola
negatywna dla any-PROKRI1, wykonano wigzanie przeciwcial z peptydem
blokujagcym. Kompleksy antygen-przeciwcialo zobrazowano  stosujac
wystandaryzowang procedure dla alkalicznej fosfatazy w systemie ChemiDoc™
MP Imaging System. Intensywnos$¢ sygnatu chemiluminescencji przyjeto jako
umowng jednostke wartosci ekspresji. Normalizacji wynikéw dokonano poprzez
podzielenie warto$ci ekspresji badanych biatek przez warto$¢ ekspresji biatka

GAPDH (oddzielenie dla kazdej proby).

2.12. ELISA

Stezenie PROK1 w homogenatach tkanek uzyskanych z doswiadczenia
in vivo oraz PROK1 1 VEGFA w medium po inkubacji eksplantatow ciatka
z06ttego oznaczono za pomocg komercyjne dostepnych zestawow ELISA (R&D
Systems DY1209 oraz Thermo Fisher Scientific ES25RB) zgodnie

z zaleceniami producenta.

2.13. Analiza statystyczna

Analiza statystyczna danych zostala przeprowadzona za pomoca
oprogramowania GraphPad PRISM w wersjach 9.0.0 (Publikacja 1, BARYLA
1 WSP. 2023) oraz 10.2.2 (Publikacja 2, BARYLA 1 wsp. 2024) (GraphPad

Software, Inc.). Wyniki uzyskane w zadaniu badawczym 1 poddano
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dwuczynnikowej analizie wariancji (ANOVA) z zastosowaniem testu post hoc
Bonferroniego. Dla cze$ci in vivo oraz wynikoOw czgsci in vitro z udzialem
PGF2a w zadaniu badawczym 3 zastosowano dwuczynnikowg analiz¢ wariancji
z testem post hoc Tukey’a. Natomiast wyniki cz¢$ci in vitro zadania 3, zwigzane
z badaniem E2 i PGE2, analizowano za pomoca jednoczynnikowej analizy
wariancji z testem post hoc Tukey’a. Dwuczynnikowg analiz¢ wariancji z testem
post hoc Tukey’a zastosowano rowniez w analizie wynikow zadan badawczych
416 (analiza ekspresji genow). Jednoczynnikowa analiza wariancji z testem post
hoc Tukey’a zostata uzyta do analizy wynikoéw zadan badawczych 5 1 6 (analiza
proliferacji i formowania si¢ struktur kapilaropodobnych), z wyjatkiem analizy
zywotno$ci eksplantatow w grupie kontrolnej, gdzie poréwnanie miedzy
poczatkiem a koncem inkubacji przeprowadzono za pomoca testu t Studenta.
Wszystkie roznice uznawano za statystycznie istotne przy poziomie ufnosci 95%

(p<0,05).

27



3. WYNIKI

3.1. Okreslenie profili ekspresji mRNA i bialek PROK1 oraz jej receptorow
PROKRI1 i PROKR?2 w cialku zoltym w czasie cyklu rujowego i we wczesnej

cigzy (zadanie 1)

Ekspresja mRNA PROKI w CL wzrastala w 12. 1 14. dniu cigzy
w poréwnaniu do 9. dnia cigzy (p<0.05). Ekspresja biatkka PROK1 w CL byta
istotnie wyzsza w 14. dniu cigzy w poréwnaniu do 14. dnia cyklu rujowego
(p<0.05), atakze 9. dnia cigzy (p<0.05). Ekspresja genu PROKRI w CL
zwickszata si¢ w 12. 1 14. dniu cigzy w porownaniu do dnia 9. cigzy. Badanie
ekspresji biatka PROKRI1 nie wskazalo istotnych zmian podczas badanych dni
cyklu rujowego oraz wcezesnej cigzy. Ekspresja genu PROKR2 w CL znaczaco
wzrastala w 14. dniu cyklu w poréwnaniu do 9. i 12. dnia cyklu rujowego,
atakze w poréwnaniu do 14. dnia cigzy (p<0.001). Nie wykazano zmian
w profilu ekspresji biatka PROKR2 w analizowanych dniach cyklu i cigzy
(p>0.05) w tkance lutealnej (Rycina 1, Publikacja 1, BARYLA 1 WSP. 2023).

3.2. Okreslenie lokalizacji ekspresji bialek prokinetycyny 1 oraz jej

receptorow w cialku zéltym (zadanie 2)

Wyniki analizy immunohistochemicznej wykazaty, ze zar6wno biatko
PROKI, jak 1 biatka jej receptoréw ulegaty ekspresji w komoérkach lutealnych,
a takze w komoérkach tworzacych naczynia krwionoéne ciatka zottego. Zadne
z bialek nie ulegalo ekspresji w ostonce CL (Rycina 2, Publikacja 1, BARYLA
1 WSP. 2023).

3.3. Zbadanie wplywu sygnalow zarodkowych (E2, PGE2) oraz czynnika
luteolitycznego (PGF20) na ekspresj¢ mRNA i bialek PROKI1 i jej
receptorow PROKR1 i PROKR2 w cialku zoltym in vivo i in vitro

(zadanie 3)

Wyniki uzyskane w do$§wiadczeniu in vitro wykazaty, ze ekspresja genu
oraz biatka PROK1 i PROKR1 w CL jest stymulowana dziataniem E2 (100 nM;
p<0.05). Ponadto, stymulujacy efekt E2 byl znoszony po zastosowaniu
antagonisty receptora estrogenowego (ICI 182,780), co znaczy, ze E2 wplywa
na ekspresje PROK1-PROKRI1 dziatajac bezposrednio poprzez swoje receptory.
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Nie wykazano wplywu E2 na ekspresj¢ genu i biatka PROKR2 w CL $wini
(Rycina 1, Publikacja 2, BARYLA 1 WSP. 2024).

Wyniki analizy real-time PCR nie wykazaty wptywu PGF2a, ani FLP na
zawarto$¢ transkryptow PROKRI oraz PROKR2, natomiast pod wptywem 100
nM PGF2a wzrosta ekspresja  PROKI w eksplantatach ciatka zoltego
pochodzacych od loszek z 12. dnia cyklu rujowego. Analiza Western blot
wykazata hamujacy wpltyw obu dawek PGF2a oraz FLP na zawarto$¢ biatka
PROKRI1 w eksplantatach CL w 15. dniu cigzy (p<0.05) (Rycina 3, Publikacja
2, BARYLA 1 WSP. 2024).

W doswiadczeniu in vivo wykazano bezposredni stymulujacy lokalny
efekt estradiolu dzialajacego samodzielnie (33.3 ng /infuzje¢) oraz razem z PGE2
(833 ng E2/ infuzj¢ + 200 pg /infuzj¢) na ekspresj¢ genu PROKI w CL $wini.
Wykazano takze wplyw podawania hormonow na ekspresje biatka PROKI1
w CL. Byl to efekt niezalezny od lokalizacji ciatek zottych (tzn. niezaleznie czy
CL byto zlokalizowane na jajniku przy rogu macicy, do ktérego podawano
hormon czy w jajniku przeciwleglym do rogu macicy, do ktérego podawano
hormon). Ekspresja biatka PROKI1 byta istotnie wyzsza u zwierzat
otrzymujacych zarowno E2 (33.3 pg/infuzje), jak 1 PGE2 (200 pg/infuzje), ale
rowniez tych ktérym podawano E2 (833 ng/infuzje) z PGE2 oraz E2 (33.3
pg/infuzje) z PGE2 w porownaniu z grupg kontrolng zwierzat otrzymujacych
wylacznie placebo (p<0.05, p<0.05, p<0.05, p<0.01, odpowiednio). Wykazano
stymulujacy bezposredni lokalny efekt estradiolu (33.3 ug/infuzj¢) dziatajacego
samodzielnie oraz w polaczeniu z PGE2 na ekspresj¢ genu PROKRI (p<0.05)
w CL. Dziatanie E2 1 PGE2 (odpowiednio 33.3 ug/infuzje; 200 ug/infuzje)
skutkowato wigkszg zawartoscia (p<0.05) biatkka PROKRI1 w ciatku z6ttym
w porownaniu do jego zawarto$ci w CL na jajniku przylegajacym do rogu
macicy otrzymujgcego infuzj¢ placebo. Nie zaobserwowano réznic w ekspresji
genu 1bialkka PROKR2 pod wpltywem E2 dzialajacego samodzielnie, ani
w potaczeniu z PGE2 (Rycina 2, Publikacja 2, BARYLA 1 WSP. 2024).
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3.4. Okreslenie wplywu PROKI1 na ekspresj¢ gendéw czynnikow
zaangazowanych w szlak steroidogenezy oraz na uwalnianie progesteronu

przez cialko zolte (zadanie 4)

Wyniki analizy ekspresji genow wskazaty, ze PROK1 w eksplantatach
CL z 12. dnia cigzy istotnie zwigkszala ekspresje genéw STAR, HSD3B1 oraz
CYPI1A41 (p<0.0001; p<0.0001; p<0.05, odpowiednio). Natomiast w 12. dniu
cyklu rujowego obnizata ekspresje CYPI1A41 (p<0.05). Analiza zawartosci P4
w medium wykazata, ze PROK1 zwigkszata sekrecj¢ P4 do medium przez
eksplantaty CL z 12.1 14. dnia cigzy (p<0.05, p<0.01, odpowiednio) oraz 14.
dnia cyklu rujowego (p<0.05). We wszystkich analizach tego zadania PC7 znosit
efekt PROK1, wskazujac tym samym na zaangazowanie receptora PROKRI

w opisane regulacje (Rycina 3, Publikacja 1, BARYLA 1WSP. 2023).

3.5. Badanie wplywu PROKI1 na zywotno$¢ tkanki cialka zoltego oraz

apoptoze komorek lutealnych (zadanie 5)

Metaboliczna aktywnos$¢ eksplantatow CL nie byla istotnie zmieniona
migdzy czasem, w ktorym rozpoczeto doswiadczenie, a 18-godzinng inkubacja
(100£7.29% vs. 91.32+0.87%). Wykazano, ze podanie PROKI1 i PC7 nie
zmniejszyto zywotno$ci eksplantatow w do$§wiadczeniu w poréwnaniu do
kontroli. Prokinetycyna 1 zwigkszyla Zywotno$¢ eksplantatow CL (0<0.05)
w hodowli in vitro wzgledem kontroli po uptywie 18 godzin inkubacji, a podanie
PROKI1 wraz z PC7 zniosto stymulujacy efekt badanego czynnika (Rycina 4,
Publikacja 1, BARYLA 1 WSP. 2023).

Badanie wpltywu PROKI1 na apoptoze¢ komorek lutealnych
przeprowadzono poprzez detekcje sygnatu jodku propidyny oraz kompleksu
FITC-aneksyny V na cytometrze przeptywowym. Wyniki wykazaty, ze PROK1
obnizata ilo§¢ apoptotycznych komorek lutealnych (p<0.05). Komorki lutealne,
podobnie jak eksplantaty ciatka zoitego w hodowli in vitro, wykazywaly
rowniez istotnie wieksza zywotnos$¢ po inkubacji w obecnosci PROK1(40 nM),
niz komoérki inkubowane z medium kontrolnym (p<0.05) (Rycina 5, Publikacja

1, BARYLA 1 WSP. 2023).
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3.6. Zbadanie wplywu PROKI1 na proces angiogenezy w cialku zoltym
(zadanie 6)

W celu zbadania wplywu PROKI1 na proces angiogenezy, badano
formowanie si¢ struktur kapilaropodobnych przez pierwotne komorki
srodbtonka naczyn krwiono$nych pochodzacych z CL. Wyizolowane komorki
scharakteryzowano metoda immunofluorescencyjna, wykazujac obecnosé
markera komorek endotelialnych - czynnika von Willebrand’a (Materiaty
uzupetniajace Rycina 4, Publikacja 1, BARYLA 1 wsP. 2023). Wyniki analizy
zudzialem komorek $rodbtonka naczyn krwiono$nych, w ktorej badano
formowanie si¢ struktur kapilaropodobnych, wykazaty, ze PROK1 stymulowata
ten proces, wpltywajac korzystnie na 16 z 20 analizowanych parametrow.
W szczeg6lnosci zaobserwowano wzrost liczby weztéw, z ktorych odchodza
trzy rozgalgzienia, liczby wezldw ograniczajacych segmenty, oraz liczby
weztow tworzacych oczka. Dodatkowo, PROK1 zwigkszata liczbe segmentdéw
wchodzacych w sktad oczek, liczbe oczek, catkowitg dlugo$¢ segmentéow oraz
segmentow wchodzacych w sktad oczek, a takze catkowita powierzchnie oczek.
Zwigkszeniu ulegaty rowniez liczba segmentow i rozgatezien, catkowita dlugos¢
rozgatezien, $rednia odlegto$¢ miedzy rozgalezieniami, a takze S$rednia
odleglos¢ miedzy weztami w oczkach oraz $redni rozmiar oczek (p<0,05).
Stymulujacy efekt PROK1 na tworzenie struktur kapilaropodobnych znoszony
byt przez PC7 (Rycina 6, Publikacja 1, BARYLA 1WSP. 2023).

W kolejnym etapie okreslenia wptywu PROKI1 na proces angiogenzy,
badano proliferacje pierwotnych komorek s§rodbtonka naczyn krwionosnych
izolowanych z CL. Wykazano, ze PROKI1 stymuluje proliferacj¢ komoérek
endotelialnych (p<0.05). Prokinetycyna 1 stymulowala ten proces przez
aktywacje szlakow sygnalowych MAPK (p<0.05), AKT 1/2 (p<0.01) oraz
mTOR (p<0.01). Ponadto, stymulujacy efekt PROK1 znoszony byt przez PC7
(p<0.05) (Rycina 4, Publikacja 2, BARYLA 1 WSP. 2024).

Analiza ekspresji gené6w dowiodla, Ze PROK1 stymulowata ekspresje
genu ANG w eksplantatach CL z 12. dnia cigzy (p<0.01). Analiza pomiaru
stezenia VEGFA w medium pohodowlanym wykazata, ze pod wplywem
PROKI1 uwalnianie VEGFA wzrastalo w eksplantatach CL pobranych w 12.
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dniu cigzy (p<0.05), oraz w 14. dniu cyklu (p<0.01) i 14. dniu cigzy (p<0.05).
Stymulujacy efekt PROK1 byl znoszony po zastosowaniu PC7 (Rycina 7,
Publikacja 1, BARYLA 1WSP. 2023). Nie wykazano wpltywu PROK1 na ekspresj¢
mRNA ANGPT2, FGF2, FLTI oraz KDR (Rycina 7, Publikacja 1, BARYLA I
WsP. 2023).
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4. DYSKUSJA

Wyniki badan przedstawione w niniejszej pracy doktorskiej po raz
pierwszy opisuja role prokinetycyny 1 i jej receptorow w procesach kluczowych
dla funkcji ciatka zottego $wini podczas fazy srodkowo-lutealnej (wysoka
aktywnos¢ lutealna) i w pdznej fazie lutealnej (zmniejszona aktywnos$¢ lutealna)
cyklu rujowego, jak rowniez w odpowiadajgcych im dniach cigzy. W badaniach
zastosowano modele ex vivo, in vitro oraz in vivo, ktére umozliwity poznanie

mechanizmu dziatania PROK1 w CL $wini.

Badania przeprowadzone w niniejszej pracy doktorskiej wykazaty, ze
ekspresja mRNA PROKI w CL jest podwyzszona w fazie §rodkowo-lutealnej
cyklu rujowego, co jest zgodne z wynikami badan dotyczacych CL krowy
i1 kobiety (BARYLA 1 WSP. 2023; FERRARA 1 WSP. 2003; FRASER 1 WSP. 2005;
KISLIOUK 1 WSP. 2007). W poznej fazie lutealnej obserwowano spadek ekspresji
genu PROKI w CL $wini, podczas gdy u bydla pozostaje ona wcigz
podwyzszona w tym okresie (KISLIOUK I WSP. 2007; BARYLA 1 WSP. 2023).
Zwigkszona ekspresja PROK oraz jej receptora PROKRI w CL krowy w pozne;j
fazie lutealnej moze by¢ istotna w regulacji migracji monocytow do ciatka
zottego podczas procesu luteolizy. Roznice miedzygatunkowe w ekspresji
PROK1 w CL $wini 1 krowy moga wynika¢ z faktu, iz dzien cyklu rujowego,
w ktorym dochodzi do regresji ciatka zottego u tych zwierzat jest rozny.
Ponadto, w badaniach dotyczacych CL u krowy, autorzy podawali egzogenna
PGF2a co umozliwilo precyzyjne okreslenie poczatku luteolizy. Celem
opisanych w pracy doktorskiej badan bylo jednak poznanie fizjologicznych
poziomdéw PROK1 u §wini, bez oceny wplywu podawania egzogennie hormonu.
Z drugiej strony, opisane w pracy wyniki dotyczace ekspresji genoéw PROKI
1 podwyzszonej ekspresji jej receptora PROKR2 w okresie luteolizy (BARYLA
1 WSP. 2023) korespondujg z wynikami badan przeprowadzonych na CL krowy,
ktore wykazaty, ze czynniki stresogenne, charakterystyczne dla procesu
luteolizy, takie jak ograniczenie substancji odzywczych, hipoksja oraz wysokie
stezenie czynnika wzrostu nowotworow (TNFa), stymulowaty ekspresje
receptora PROKR2 w komorkach srédbtonka naczyn krwiono$nych CL, ale nie
miaty wpltywu na poziom ekspresji PROKI (KISLIOUK 1 WSP. 2005). Warto
nadmieni¢, ze sugeruje si¢, iz PROKI1 dzialajac poprzez PROKR2 moze
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wykazywa¢ dzialanie antyapoptotyczne na komorki $rodbtonka naczyn

krwiono$nych w CL krowy (KISLIOUK 1 wsP. 2005).

Weczesniejsze badania systemu PROKI1-PROKR w jajniku u ssakéw
dotyczyly przede wszystkim ekspresji genow. W ramach prezentowanej pracy
doktorskiej zbadany zostal takze profil ekspresji biatkka PROKI1 oraz jej
receptorow. Profile ekspresji mRNA i biatka PROK1 byty podobne. Zar6wno
poziomy mRNA, jak i biatka PROKI1 byly wyzsze w CL pochodzacym
z 14. dnia cigzy w pordwnaniu do 9. dnia cigzy. Pomimo zmian w zawartosci
mRNA receptorow PROKRI i PROKR?2 podczas srodkowej 1 poznej fazy
lutealnej oraz w 14. dniu cigzy, ekspresja biatek PROKR1 1 PROKR2 nie ulegata
istotnym zmianom w badanych okresach. Rozbiezno$ci miedzy poziomami
mRNA 1 biatek dla PROK1 oraz jej receptorow w CL $wini moga wynikaé
z faktu, ze transkrypcja i translacja nie zawsze bezposrednio korelujg ze soba.
Synteza biatka z okre$lonej liczby kopii mRNA moze by¢ wzmocniona lub
zahamowana w zalezno$ci od r6znych mechanizméw molekularnych opisanych
w literaturze (GRY I WSP. 2009; MAIER 1 WSP. 2009). Ponadto, rozbieznos$ci
migdzy ekspresja mRNA 1 biatka moga by¢ spowodowane przesuni¢ciem
czasowym pomiedzy synteza mRNA a synteza biatka. Najprawdopodobnie;j
maksymalna ekspresja mRNA PROK! w 12. dniu cigzy skutkowata najwicksza
ekspresjg biatka PROK1 nieco pdzniej, w 14. dniu cigzy. Podobnie w przypadku
zwigkszonej 1losci transkryptu PROKR2 w CL $wini w 14. dniu cyklu rujowego,
mozliwe jest, ze do zwigkszonej ekspresji biatka doszlo w pdzZniejszym dniu
cyklu rujowego. Innym wyjasnieniem rozbieznosci pomi¢dzy ekspresja genu
1 biatka PROK1 oraz jej receptorow moze by¢ fakt, ze technika Western blot jest
metoda potilosciowa. Jej doktadnos¢ 1 czutos¢ jest nizsza niz qPCR, ktora jest
metoda iloSciowa. W zwigzku z tym subtelne rdéznice pomiedzy poziomami

ekspresji mogly pozosta¢ niezaobserwowane.

Pomimo doniesien na temat ekspresji PROK1 w CL u réznych gatunkow
ssakow, badania przedstawione w niniejszej pracy sa pierwszymi, ktore dotycza
profili ekspresji genu i1 biatka PROK1 oraz jej receptorow w ciatku zottym
podczas wczesnej cigzy. Zawartos$¢ transkryptu 1 biatka PROK1 zwigkszata si¢
w CL podczas cigzy, w okresie matczynego rozpoznania cigzy przez organizm

samicy oraz implantacji zarodka (BARYLA I WsP. 2023). Sugeruje to, ze rola
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PROKI1 w cialku zolttym moze by¢ szczegdlnie istotna w mechanizmach
luteotropowych/antyluteolitycznych, zapewniajacych przedtuzona funkcje
ciatka zottego (BARYLA 1 WSP. 2023). Zwigkszong ekspresj¢ PROK1 w okresie
wczesnej cigzy zaobserwowano takze w endometrium u $wini oraz u kobiet
w czasie implantacji zarodka (EVANS 1WsP. 2008; HOFFMANN 1 WSP. 2009;

GORYSZEWSKA 1 WSP. 2020).

Sygnaty wydzielane przez rozwijajace si¢ zarodki sg kluczowe dla
wywotania fizjologicznej odpowiedzi organizmu matki, tworzac odpowiednie
srodowisko dla ustanowienia i rozwoju cigzy. W okresie tzw. matczynego
rozpoznania cigzy (miedzy 11. a 12. dniem) oraz w okresie implantacji zarodkow
1 rozwoju tozyska (miedzy 15. a 25. dniem), zarodki $wini wydzielaja
zwigkszone ilosci estrogenow, gltéwnie E2 (PERRY I wsp. 1973; BAZER
& THATCHER 1977, BAZER 1 WSP. 1982) oraz PGE2 (WACLAWIK 1 WSP. 2007).
Prostaglandyna E2 dociera do jajnikéw, gdzie podobnie jak E2 uczestniczy
w procesach zapobiegajacych regresji ciatka zottego (CHRISTENSON I WSP. 1994;
WACLAWIK 1 WSP. 2008). Poprzednie badania naszego zespotu wykazaly, ze
PGE2 wzmacnia wpltyw sygnalu zarodkowego (E2) dziatajacego
w endometrium $wini we wczesnej cigzy (KACZYNSKIT WSP. 2021). Z uwagi na
wzrost ekspresji mRNA PROK I 1 PROKRI oraz wzrost ekspresji biatka PROK 1
w CL w okresie matczynego rozpoznania cigzy (BARYLA 1 WSP. 2023), celem
dalszych badan bylo okreslenie czy E2 1 PGE2 reguluja ekspresje PROK1 oraz
PROKR1 w CL $wini. Wyniki badan przeprowadzonych w ramach niniejszej
pracy doktorskiej na modelu in vivo, w ktérym nasladowano wydzielanie
sygnatow zarodkowych (E2 i PGE2), wykazaly, ze hormony te zwigkszajg
ekspresj¢ mRNA 1 biatka PROK1 oraz PROKR1 w CL $§wini (BARYLA 1 WSP.
2024). Wyniki te sa zgodne z rezultatami naszych poprzednich badan, w ktorych
wskazali$my, ze ekspresja mRNA PROKI i PROKRI jest stymulowana przez
E2 w endometrium $wini in vivo (GORYSZEWSKA I WSP. 2021). Dalsze badania
przeprowadzone na modelu in vitro, w ktorym prowadzono hodowle tkankowe
eksplantatow ciatka zottego, wykazaty, ze E2 reguluje ekspresje PROK1 w CL
dziatajac poprzez receptory estrogenowe (BARYLA 1 WSP. 2024). W poprzednich
badaniach wykazano, ze podobna regulacja PROK1 przez sygnaty zarodkowe

zachodzi w réznych tkankach (BROUILLET I WSP. 2012; GORYSZEWSKA I WSP.

35



2021). Wyniki te koresponduja z naszymi wcze$niejszymi doniesieniami
dotyczacymi stymulujacego wptywu sygnatu zarodkowego (E2) na ekspresje
PROK1 w endometrium $§wini in vitro (GORYSZEWSKA 1 WSP. 2021). Ponadto,
wykazano, ze ludzki sygnat zarodkowy (gonadotropina kosmoéwkowa, hCG)
stymuluje ekspresj¢ PROKI1 1 jej receptorow w tozysku (BROUILLET I WSP.
2012). Regulacja ekspresji PROK1 i PROKR1 w CL przez sygnaty zarodkowe
(E2 1 PGE2) sugeruje istotng role¢ PROK1 w mechanizmach ochrony ciatka
zottego przed luteolizg, ktdre zbadano i opisano w niniejszej pracy doktorskie;j.
Prezentowane wyniki, uzyskane z wykorzystaniem modeli in vitro oraz in vivo,
wykazaty brak regulacji ekspresji genu i biatka PROKR2 w CL §wini przez E2
i1 PGE2 (BARYLA 1 wWSP. 2024). W zwigzku z tym mozna przypuszczaé, ze
receptor ten nie odgrywa istotnej roli w CL we wczesnej cigzy (BARYLA I WSP.
2023).

Znaczacy wzrost poziomu biatka PROKR2 w tkance lutealnej
zaobserwowano jednak we wczesnym etapie luteolizy (BARYLA 1 WSP. 2023), co
moze sugerowa¢ udzial czynnikow luteolitycznych w tej regulacji.
Prostaglandyna F2a jest uwazana za gléwny czynnik inicjujacy luteolizg
u ssakow (MCCRACKEN I WSP. 1999). U $wini, po zwigzaniu z receptorem
PTGFR, PGF2a inicjuje proces luteolizy funkcjonalnej po 12. dniu cyklu
rujowego (MOELJONO 1 WSP. 1977; D1AZ & WILTBANK 2005; DE RENSIS T WSP.
2012; CHANG 1 WsSP. 2018;). Wyniki badan przeprowadzonych w prezentowane;j
pracy doktorskiej na modelu in vitro ultracienkich eksplantatéw CL
inkubowanych z PGF2a lub jej stabilnym analogiem (fluprostenolem), wykazaty
stymulujacy wptyw PGF2a na ekspresje genu PROKI w eksplantatach ciatka
z0ttego pobranych od loszek w 12. 1 14. dniu cyklu rujowego (BARYLA 1 WSP.
2024). Wynik ten jest zgodny z wczesniejszymi doniesieniami, wedtug ktorych
w CL krowy, w odpowiedzi na PGF2a in vivo ekspresja genu PROK1 wzrosta,
co sugeruje, ze¢ PROK1 moze odgrywa¢ role w procesie luteolizy poprzez
zwigkszenie migracji leukocytow do ulegajacych regresji ciatek zoitych
(KIsLIOUK 1 WSP. 2007). Co ciekawe, w grupach kontrolnych zaobserwowano
znacznie wyzsze poziomy biatka PROKI1 w eksplantatach tkanki lutealnej
pobranej od loszek w 14. dniu cigzy w poréwnaniu z 14. dniem cyklu rujowego

(BARYLA 1WSP. 2024). Wynik ten jest zgodny z profilem ekspresji PROK1 w CL
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$wini omawianym wyzej, wskazujacym na podwyzszong ekspresje biatka
PROK1 w CL $wini pobranych w 14. dniu cigzy w poréwnaniu z 14. dniem
cyklu rujowego (BARYLA 1 WSP. 2023). Natomiast w przeciwienstwie do
wcezesniejszych wynikow badan uzyskanych u bydta (KISLIOUK 1 wsp. 2007),
wyniki pracy doktorskiej wykazaty, ze PGF2a nie wplywala na ekspresje mRNA
i biatka PROKR1 in vitro w tkance ciatka zottego $§wini pobranej podczas fazy
lutealnej. Stwierdzono réwniez, ze PGF2a nie regulowata ekspresji PROKR2
w CL in vitro (BARYLA 1 WSP. 2024). Wczesniejsze badania wykazaty rowniez,
ze ekspresja mRNA PROKR2 w ciatku zoltym krowy nie ulegata zmianie

w odpowiedzi na podawanie egzogennej PGF2a in vivo (KISLIOUK I WSP. 2007).

Kolejnym etapem badan niniejszej pracy doktorskiej byta
immunolokalizacja bialek PROK1 oraz jej receptorow PROKR1 i PROKR2
w CL $wini podczas cyklu rujowego oraz cigzy. Wyniki przeprowadzonych
badan wykazaty obecno$¢ badanych bialek w komoérkach steroidogennych oraz
naczyniach krwiono$nych w CL $wini w srodkowej 1 p6znej fazie lutealnej oraz
we wczesnej cigzy (BARYLA 1 WSP. 2023). Rezultaty tych badan sugeruja, ze
PROKI1 dziata w tkance lutealnej $wini w sposob autokrynny i/lub parakrynny.
Podobne wyniki dotyczace lokalizacji PROKI1 opisano dla CL u bydla oraz
u ludzi (FERRARA 1 WSP. 2003; FRASER 1 WSP. 2005; KISLIOUK 1 WSP. 2007).
Wspolna lokalizacja PROKI1 1 jej receptorow w naczyniach krwionosnych oraz
komorkach steroidogennych sugeruje istotny wptyw PROKI na kluczowe

procesy zwiazane z funkcja CL, takie jak steroidogeneza i angiogeneza.

Podwyzszony poziom ekspresji PROK1 oraz PROKR1 w ciatku z6ttym
swini podczas wczesnej cigzy oraz ich regulacja przez sygnaly zarodkowe
w okresie matczynego rozpoznania cigzy sugeruja jej wazng role w czynnos$ci
wydzielniczej CL. W zwiazku z tym, celem kolejnych badan w prezentowane;j
pracy doktorskiej bylo zbadanie czy PROKI jest zaangazowana w procesy
kluczowe dla funkcji CL, takie jak steroidogeneza, regulacja apoptozy komorek
lutealnych i1 angiogeneza. Wykorzystujac model ultracienkich eksplantatow
ciatka zottego wykazano, ze PROKI1 stymulowata ekspresj¢ czynnikow
zaangazowanych w steroidogeneze (HSD3BI, STAR 1CYPIlIAIl) oraz
zwiekszata wydzielanie P4 przez tkanke CL pobrang w 12. dniu ciazy in vitro.

Ponadto, uwalnianie P4 przez eksplantaty CL bylo zwigkszone przez PROK1
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takze w 14. dniu cigzy i 14. dniu cyklu rujowego (BARYLA 1 WSP. 2023). Moze
to wynika¢ z faktu, ze pomiar ekspresji gendéw i wydzielania P4 zostat
przeprowadzony w tym samym czasie. Do wzrostu sekrecji P4 mogto dojs¢
w tkance pobranej] w 14. dniu cigzy/cyklu rujowego w pdzniejszym czasie.
Innym mozliwym wyjasnieniem jest posrednia regulacja syntezy P4 w CL przez
PROK1 w 14. dniu cigzy/cyklu rujowego poprzez mechanizmy takie jak:
wychwyt lub magazynowanie cholesterolu lub LDL, metabolizm P4 lub
dziatanie VEGFA indukowanego przez PROKI, ktore poprzez wzrost
przepuszczalno$ci naczyn krwionosnych moze zwicksza¢é dostgpnosé
substratow do produkcji P4. Kolejng przyczyng zwigkszonego wydzielania P4
przez tkanke¢ ciatka zottego ulegajacego regresji w 14. dniu cyklu rujowego
moglo by¢ to, ze potencjalny efekt PROK1 zostal utrzymany, poniewaz tkanka
lutealna zostala oddzielona od sygnatéw luteolitycznych oddziatujacych
w warunkach in vivo. Z drugiej strony wyniki dotyczace ekspresji gendw
czynnikow zaangazowanych w steroidogeneze i sekrecje P4 przez eksplantaty
CL pobranych w 12. dniu cigzy byly zgodne. Prezentowane wyniki jako
pierwsze dokumentuja wplyw PROKI1 na ekspresje genow czynnikow
zaangazowanych w szlak syntezy P4 oraz na produkcj¢ P4 przez tkanke lutealna,
co dotychczas nie zostalo zbadane u zadnego z gatunkéw zwierzat.
Weczedniejsze badania, w ktérych wykorzystano lini¢ komoérkowa ludzkich
komorek granulozy poddanych luteinizacji (SVOG) sugerowaly, ze
steroidogeneza 1 zwickszona ekspresja genu PROKI moga by¢ ze soba
powigzane (KISLIOUK I WSP. 2003). Nie przeprowadzono jednak doswiadczen
w celu zbadania tej regulacji (KISLIOUK I WSP. 2003). Ponadto, wykazanie
stymulujacego wptywu PROK1 na ekspresje gendow STAR 1 HSD3B1 jest zgodne
z wezesniejszymi doniesieniami dotyczacymi zwigkszonych poziomoéw mRNA

dla tych genow w CL $wini w 14. dniu cigzy (PRZYGRODZKA 1 WSP. 2016).

Wyniki dalszych badah prowadzonych w ramach prezentowanej pracy
doktorskiej wykazaty, ze PROK1 hamuje apoptoz¢ komorek lutealnych $wini
izwigksza ich zywotno$¢, wspierajac tym samym funkcje sekrecyjng CL
podczas wczesnej ciazy, gdy obserwuje si¢ podwyzszone poziomy PROKI
(BARYLA 1 wsp. 2023). Nasilony proces apoptozy, bedacej rodzajem

programowanej $mierci komorki, zwigzany jest z luteolizg. Jednak apoptoza jest
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réwniez istotnym procesem w rozwijajacym si¢ ciatku zolttym, w ktorym
zachodzg dynamiczne zmiany w przebudowie tkanki. Efekt antyapoptotyczny
PROK1 zostat wykazany rowniez wczesniej, ale w badaniach z udziatem innego
typu komorek, tj. w komorkach srodbtonka naczyn krwiono$nych w CL u bydta

(KISLIOUK 1 WSP. 2005).

Prokinetyna 1 jest znana jako czynnik stymulujacy angiogeneze
w roznych tkankach (LECOUTER I wsP. 2001; 2003; PODLOVNI I WSP. 2006;
BROUILLET 1 WSP. 2010; GORYSZEWSKA 1 WSP. 2020; 2021). Intensywnos¢
proceséw angiogenezy w CL jest wigksza niz w jakimkolwiek innym organie,
a jej dynamika jest poréwnywalna do tej, obserwowanej w szybko rosngcych
guzach nowotworowych. Komorki lutealne zuzywaja od dwoch do szesciu razy
wiecej tlenu na jednostke masy niz watroba, nerki, czy nawet serce (NISWENDER
1WSP. 2000). Z tego powodu powstajace naczynia krwiono$ne formuja si¢ blisko
bton komoérkowych komodrek lutealnych (60%) lub w  przestrzeni
srodmigzszowej (29%) ciatka zoltego. W prezentowanej pracy doktorskiej
wykazano, ze PROKI dzialajac przez PROKR1 zwigksza formowanie si¢
struktur kapilaropodobnych przez komorki endotelialne wyizolowane z ciatka
z0ttego, co §wiadczy o tym, Ze jest ona istotnym czynnikiem regulujagcym proces
angiogenezy w CL $wini (BARYLA 1 WSP. 2023). Otrzymane wyniki dotyczace
stymulacji  procesu angiogenezy przez PROKI wCL s3 zgodne
z wczesniejszymi  doniesieniami,  potwierdzajagcymi  udziat  PROKI1
w angiogenezie (LECOUTER 1 WsP. 2001; GORYSZEWSKA 1 WspP. 2020;
GORYSZEWSKA-SZCZUREK 1 WSP. 2021). Wczesniejsze badania wykazaty, ze
w gruczotach dokrewnych PROKI1 reguluje tworzenie mikronaczyn poprzez
zwigkszenie przezywalno$ci, migracji 1 fenestracji komorek endotelialnych
(BROUILLET I WSP. 2010). Ponadto, badania in vivo potwierdzily proangiogenna
role PROKI1, poniewaz jej podawanie do jajnikéw szczuréw zwigkszyto
intensywnos$¢ angiogenezy (LECOUTER 1 WSP. 2001). Wyniki kolejnych badan
przeprowadzonych w ramach prezentowanej pracy doktorskiej wykazaly, ze
PROKI, dziatajac poprzez swdj receptor (PROKR1), zwigksza proliferacje
komorek endotelialnych izolowanych z CL od loszek w 12. dniu cyklu rujowego
(BARYLA 1 wsp. 2024). Otrzymane wyniki sa zgodne z wcze$niejszymi

doniesieniami, ktore charakteryzujg PROK1 jako mitogen komorek srodbtonka
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naczyn krwionosnych w réznych tkankach (LECOUTER I WSP. 2003; PODLOVNI
1 wsP. 2006; LEE 1 wsP. 2009; BROUILLET 1 WSP. 2010; GORYSZEWSKA I WSP.
2020; 2021). Zastosowanie specyficznych inhibitorow wewnatrzkomorkowych
szlakow sygnalowych pozwolitlo wykaza¢, ze sygnalizacja PROK1-PROKR
zwigksza proliferacje komorek endotelialnych w CL poprzez aktywacje szlakow
MAPK, kinaz AKT oraz mTOR (BARYLA 1 WSP. 2024). Wyniki te sg zgodne
z naszymi wczesniejszymi badaniami, ktére wykazaty, ze PROKI1 indukuje
proliferacje komorek endotelialnych w endometrium $wini poprzez fosforylacje
kinaz MAPK, PI3K i AKT oraz wptywa na szlak mTOR (GORYSZEWSKA I WSP.
2020).

Wyniki badan niniejszej pracy doktorskiej sugeruja rowniez, ze PROK1
reguluje angiogeneze¢ posrednio, zwickszajac ekspresje genu ANG oraz sekrecje
VEGFA w tkance lutealnej §wini. Co ciekawe, uzyskane wyniki wykazaly, ze
PROKI1 zwigkszata sekrecje VEGFA w cialku zottym $wini podczas cyklu
rujowego na poczatku luteolizy (14. dzien cyklu), prawdopodobnie zwigkszajac
w ten sposob przepuszczalno$¢ naczyn krwionos$nych i utatwiajac migracje
komorek uktadu immunologicznego w czasie luteolizy do CL (KISLIOUK I WSP.
2007). Natomiast, w przypadku $win ci¢zarnych, PROK1 stymulowata sekrecje
VEGFA przez tkanke lutealng w 12. 1 14. dniu. Moze to sugerowac rdzne role
PROKI1 w zalezno$ci od stanu fizjologicznego. Podczas cyklu rujowego PROK 1
moze bra¢ udzial w procesach kontrolujacych luteolize, podczas gdy w cigzy
PROK1 moze wspiera¢ mechanizmy odpowiedzialne za proces angiogenezy
w funkcjonujagcym CL. Ponadto, uzyskane wyniki sa zgodne z wcze$niejszymi
doniesieniami wskazujacymi, ze PROK1 zwigksza ekspresj¢ mRNA VEGFA
w komorkach steroidogennych CL u bydfa (KISLIOUK 1 wsp. 2005). Podobna
zalezno$¢ migdzy PROKI1 a sekrecja VEGFA zostala réwniez wykazana

w endometrium in vitro u §wini (GORYSZEWSKA 1 WSP. 2020).

Podsumowujac, wyniki badan przeprowadzonych w ramach niniejszej
pracy doktorskiej charakteryzuja role PROK1 w ciatku z6ttym §wini podczas
srodkowej 1 poznej fazy lutealnej cyklu rujowego oraz we wczesnej cigzy
(Ryc. 8, BARYLA 1 WSP. 2023, Ryc. 5, BARYEA 1 WSP. 2024). Uzyskane wyniki
sugeruja, ze podczas ochrony CL przed luteoliza, w dniach 12.-14. ciazy,
dochodzi do wzrostu ilosci mRNA lub/i biatka PROK1 oraz PROKR1 pod
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wptywem sygnatow zarodkowych (E2 i PGE2). Prezentowane wyniki wskazuja,
ze PROK1, ktorej poziom w CL wzrasta w srodkowej fazie lutealnej cyklu
rujowego oraz wczesnej cigzy, dziatajac za posrednictwem swojego receptora
(PROKR1), zwigksza zywotno$¢ komorek lutealnych, hamuje ich apoptoze,
stymuluje proces steroidogenezy poprzez zwigkszenie ekspresji genow
zaangazowanych w syntezg progesteronu (STAR, HSD3B1 i CYPI1IAI) oraz
podnosi synteze progesteronu w CL (Ryc. 8, BARYEA 1WSP. 2023). Sygnalizacja
PROK1-PROKR1 stymuluje réwniez proces angiogenezy w sposob
bezposredni, poprzez wzrost proliferacji oraz tworzenia si¢ struktur kapilarnych
przez komorki §rodbtonka naczyn krwiono$nych w ciatku zottym. Wykazano,
ze PROKI moze stymulowa¢ angiogenez¢ poprzez aktywacje szlakow
wewnatrzkomorkowych zwigzanych z MAPK, AKT, i mTOR. Ponadto, PROK1
moze réwniez wplywaé na proces angiogenezy w sposob posredni, poprzez
zwigkszanie sekrecji VEGFA i ekspresji mRNA angiogeniny w tkance lutealne;.
Ponadto, wykazanie, ze czynnik luteolityczny (PGF2a) zwigksza ekspresje genu
PROK1 w CL, sugeruje jej potencjalng rol¢ w procesie luteolizy. Powyzsze
wyniki wskazuja, ze PROKI1 jest istotnym regulatorem funkcji CL $wini
w srodkowej fazie lutealnej cyklu rujowego oraz we wczesnej cigzy. Realizacja
przeprowadzonych w ramach niniejszej pracy doktorskiej badan w znaczny
sposob przyczynia si¢ do wzbogacenia wiedzy na temat czynnikow
odpowiedzialnych za funkcjonowanie ciatka zoltego, ktérego czynnos¢

sekrecyjna jest krytyczna dla rozwoju wczesnej cigzy u ssakow.

41



S. PODSUMOWANIE I WNIOSKI

Najwazniejszymi osiggnieciami niniejszej pracy doktorskiej bylo wykazanie, ze:

10.

11.

. Ekspresja genu i biatka prokinetycyny 1 oraz genu jej receptora

PROKRI1 w ciatku z6itym §wini wzrasta w okresie zahamowania regresji
ciatka zottego podczas wezesnej cigzy.

W  okresie luteolizy nastgpuje wzrost ekspresji genu PROKR?2
w porownaniu z ekspresja tego genu w fazie srodkowo-lutealnej oraz
14. dniem cigzy.

Biatka PROK1 oraz receptoréw PROKR1 i PROKR?2 ulegaja ekspresji
w komorkach steroidogennych oraz naczyniach krwiono$nych ciatka
zottego.

Estradiol-178 (glowny sygnat zarodkowy) oraz jego jednoczesne
dzialanie z prostaglandyng E2 stymuluje ekspresje PROKI1 oraz jej
receptora PROKR1 w ciatku zottym in vitro oraz in vivo.

Ekspresja genu 1 biatka PROKR2 nie jest regulowana przez E2 w ciatku
z6ttym $wini. Nie ulega tez zmianom ekspresji w okresie wczesnej cigzy.
Prostaglandyna F2a (czynnik luteolityczny) zwigksza ekspresje genu
PROK1 w 12.1 14. dniu cyklu rujowego w ciatku zottym $wini.
Prokinetycyna 1 stymuluje synteze progesteronu, m. in. poprzez wpltyw
na ekspresj¢ gendow czynnikdw uczestniczacych w  procesie
steroidogenezy: STAR, HSD3B1 oraz CYPI114I w 12. dniu cigzy.
Prokinetycyna 1 hamuje proces apoptozy komorek lutealnych oraz
zwigksza zywotno$¢ komorek lutealnych i tkanki ciatka zottego $wini.
Prokinetycyna 1 wykazuje bezposredni stymulujacy wptyw na proces
angiogenezy w ciatku zottym Swini przez zwigkszenie proliferacji oraz
stymulacj¢ formowania si¢ struktur kapilaropodobnych przez komorki
srodbtonka naczyn krwiono$nych.

Prokinetycyna 1 zwigksza proces proliferacji komorek endotelialnych
ciatka zottego przez aktywacje szlakow sygnatlowych MAPK, AKT 1/2
oraz mTOR

Prokinetycyna 1 stymuluje réwniez proces angiogenezy, w sposOb
posredni, przez zwigkszenie ekspresji genu angiogeniny 1 oraz

uwalnianie VEGFA przez ciatko zotte.
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WNIOSKI:

1. Regulacja ekspresji PROK1 i PROKR1 w cialku z6ttym przez sygnaty
zarodkowe (E2 1 PGE2) sugeruje istotng role PROK1 w mechanizmach

ochrony ciatka zo6ttego przed luteolizag we wczesnej cigzy u $wini.

2. Uzyskane wyniki wskazuja, ze prokinetycyna 1 syntezowana
1 wydzielana w cialku zottym $Swini w zwigkszonej ilosci w srodkowe;j
fazie lutealnej cyklu rujowego oraz podczas wczesnej cigzy, jest
istotnym  czynnikiem zaangazowanym W  procesy zwigzane
z funkcjonowaniem ciatka zottego, takie jak synteza progesteronu,
angiogeneza, apoptoza komorek lutealnych, stymulacja Zywotnosci

komorek lutealnych i tkanki lutealne;.
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Prokineticin 1 is a novel factor
regulating porcine corpus luteum
function

Monika Baryla?, Ewelina Goryszewska-Szczurek?, Piotr Kaczynski!, Gianfranco BalboniZ &
Agnieszka Waclawik™

Prokineticin 1 (PROK1) is a pleiotropic factor secreted by endocrine glands; however, its role has not
been studied in the corpus luteum (CL) during pregnancy in any species. The present study aimed

to investigate the contribution of PROK1 in regulating processes related to porcine CL function

and regression: steroidogenesis, luteal cell apoptosis and viability, and angiogenesis. The luteal
expression of PROK1 was greater on Days 12 and 14 of pregnancy compared to Day 9. PROK1 protein
expression during pregnancy increased gradually and peaked on Day 14, when it was also significantly
higher than that on Day 14 of the estrous cycle. Prokineticin receptor 1 (PROKR1) mRNA abundance
increased on Days 12 and 14 of pregnancy, whereas PROKR2 elevated on Day 14 of the estrous cycle.
PROK1, acting via PROKR1, stimulated the expression of genes involved in progesterone synthesis,
as well as progesterone secretion by luteal tissue. PROK1-PROKR1 signaling reduced apoptosis and
increased the viability of luteal cells. PROK1 acting through PROKR1 stimulated angiogenesis by
increasing capillary-like structure formation by luteal endothelial cells and elevating angiogenin gene
expression and VEGFA secretion by luteal tissue. Our results indicate that PROK1 regulates processes
vital for maintaining luteal function during early pregnancy and the mid-luteal phase.

The corpus luteum (CL) is an important endocrine gland for pregnancy establishment in mammals’, and its
main function is production of progesterone (P4), a hormone necessary for the development and maintenance
of pregnancy. Progesterone synthesis is controlled by steroidogenic acute regulatory protein (STAR); side-chain
cleavage cytochrome P450 (CYP11A1); and hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid delta-
isomerase 1 (HSD3B1).

The proper function of the CL is very important in pigs because it is a major source of progesterone during
the entire pregnancy®. The lack of fertilization results in CL regression on days 14-16 post ovulation. During
pregnancy, CL function is maintained by luteoprotective and luteotrophic factors such as estradiol-17p and pros-
taglandin E2°. Previous reports have indicated a high rate of embryo mortality in pigs during early pregnancy;
however, the etiology of this phenomenon is not yet fully understood*. CL dysfunction has been suggested as
one of the reasons for increased embryonic mortality in pigs®.

Several processes are involved in CL formation, luteal lifespan, and CL regression, including tissue remod-
eling, apoptosis, and angiogenesis associated with endothelial cells®’. Angiogenesis in luteal tissue is tightly
regulated during different phases of the CL lifespan. The main angiogenic factor in the CL is vascular endothelial
growth factor A (VEGFA)®. However, prokineticin 1 (PROK1), known as endocrine gland-derived vascular
endothelial growth factor (EG-VEGF), may also stimulate angiogenesis®''. It is worth highlighting that PROK1
does not share sequence similarity with VEGFA'. Prokineticin 1 in mammals exerts pleiotropic, tissue-depend-
ent effects, but the most recognized are the mitogenic effects on the endothelial cells of microvessels proximal
to endocrine glands and on smooth muscle contractivity in intestines®'>!4. This short-amino acid chain protein
belongs to the AVIT family and acts by binding to one of two receptors: prokineticin receptor 1 (PROKR1) and 2
(PROKR2)"*. However, PROK1 has a higher affinity for PROKRI1 than for PROKR2'. Both receptors act through
the recruitment of different G-proteins (Gi, Gq and/or Gs) and can induce the signaling pathway of protein kinase
C, mitogen-activated protein kinase, phosphoinositide 3 kinase or protein kinase B'”. Nonetheless, PROK1 acting
through one of its receptors can have different effects; for example, PROK1-PROKR1 signaling affects the growth
of fetal endothelial cells, while PROK1-PROKR?2 signaling induces endothelial cell permeability's.

!institute of Animal Reproduction and Food Research, Polish Academy of Sciences, Tuwima 10, 10-748 Olsztyn,
Poland. 2Department of Life and Environmental Sciences, University of Cagliari, Cittadella Universitaria,
09042 Monserrato, Cagliari, Italy. “email: a.waclawik@pan.olsztyn.pl
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The role of PROK]1 in female reproductive function has been studied'?-**. The expression of PROKI mRNA
in the human endometrium increases during the peri-implantation period*. Our recent studies indicate that
PROKI and PROKRI1 gene and protein expression in the endometrium and PROKI gene expression in the
trophoblast are upregulated during implantation and early placentation in pigs*>*. PROK], acting through
PROKRYI, is an embryonic signal mediator in the endometrium that participates in early pregnancy establishment
by promoting angiogenesis, trophoblast cell proliferation, and adhesion and regulating the expression of genes
involved in embryo-maternal interactions*>?*. Moreover, PROK1 and its receptors (PROKRs) are expressed in
ovarian follicles and corpora lutea in humans, cows, and rats'®?**-2%, Although PROK1 expression in the CL
during the estrous cycle is dynamic'®*”?, the main role of PROK1 in the CL is still not fully understood. PROK1
effector cells in the corpus luteum are luteal endothelial cells and luteinized cells®*. Based on the aforementioned
studies, it may be supposed that PROK1 stimulates angiogenesis in the CL. However, the expression of PROKI is
strongest in the bovine and human CL during the late luteal stage or corpus luteum regression when angiogenesis
declines?”?. Until now, only the expression profiles of the PROK1 gene, not the protein, have been evaluated in
the corpus luteum during the estrous/menstrual cycles in cattle and humans. Moreover, there is a lack of data
concerning the expression and role of PROK1 in the CL during early pregnancy in any species. PROKI expres-
sion profiles and function in the porcine CL have not been studied until now.

We hypothesized that PROKI regulates processes involved in controlling the luteal lifespan in pregnancy
and the estrous cycle in pigs. Our objectives for the present study were (1) to evaluate PROKI and its receptors’
(PROKRI1 and PROKR?2) gene and protein expression profiles in porcine corpora lutea collected during the luteal
phase of the estrous cycle and corresponding days of pregnancy; (2) to determine the localization of PROK1 and
its receptors’ protein expression in the porcine corpus luteum; and (3) to study the effects of PROK1 in the corpus
luteum on major functions such as progesterone synthesis, luteal cell apoptosis and viability, and angiogenesis.

Results

The expression of PROK1 in the porcine corpus luteum is upregulated on Day 14 of pregnancy
(Experiment 1). The expression profiles of PROK1 and its receptors in porcine corpora lutea were com-
pared during the mid-luteal phase with the highest luteal activity (Days 9 and 12 of the estrous cycle), the begin-
ning of luteolysis on Day 14 of the estrous cycle and the corresponding days of pregnancy (Day 9 and when CL
function is rescued from regression on Days 12 and 14 of pregnancy; Fig. 1). We found a significant effect of the
estrous cycle/pregnancy day on the expression of the PROK1 gene and protein and on the PROKRI and PROKR2
genes (p<0.01; Fig. 1A-E). A reproductive status effect (cyclic/pregnant) was found on PROK1 protein expres-
sion (p<0.0001; Fig. 1B). An interaction between the effect of reproductive status and the effect of the estrous
cycle/pregnancy day was detected for the gene expression of PROKR2 (p <0.01; Fig. 1E).

PROKI mRNA expression was higher on Day 12 of the estrous cycle and pregnancy than on Days 9 and 14 of
the estrous cycle (p <0.001). PROK1 gene expression was greater on Days 12 and 14 of pregnancy than on Day 9 of
pregnancy (p<0.0001 and p <0.05, respectively; Fig. 1A). PROKI protein expression during pregnancy increased
gradually and reached the highest level on Day 14 (vs. Day 9; p <0.05, and vs. Day 14; p <0.0001, Fig. 1B). Fur-
thermore, PROK1 protein expression was significantly higher on Day 14 of pregnancy than on Day 14 of the
estrous cycle (p <0.05; Fig. 1B). The expression of the PROKRI gene was higher on Days 12 and 14 of pregnancy
than on Day 9 of pregnancy (p < 0.05; Fig. 1C), whereas PROKR2 gene expression was upregulated on Day 14 of
the estrous cycle compared with Days 9 and 12 of the estrous cycle (p <0.001 and p <0.0001, respectively) and
Day 14 of pregnancy (p <0.01; Fig. 1E). No significant differences in PROKRI and PROKR2 protein expression
were found between Days 9 and 14 of the estrous cycle or pregnancy (Fig. 1D and F). The concentration of P4 in
plasma from jugular vein blood was elevated on Day 14 of pregnancy compared to Day 14 of the estrous cycle
(Supplementary Fig. 1).

The PROK1, PROKR1, and PROKR2 proteins are expressed in steroidogenic cells and blood
vessels of the porcine corpus luteum (Experiment 2).  The protein expression of PROK1 (Fig. 2A-D),
PROKRI (Fig. 2E-H), and PROKR2 (Fig. 2I-L) in the CL during the estrous cycle and pregnancy (Days 12 and
14) was detected mainly in steroidogenic cells (SC) and luteal blood vessels (bv). No staining or weak staining for
PROK]1, PROKR1, and PROKR2 was observed in the theca-derived luteal capsule (C) of the porcine CL (Fig. 2).
The specificity of the antibodies used in immunohistochemical analyses was confirmed using negative controls
(PROK1 and PROKR2—normal rabbit IgG; PROKR1—blocking peptide). Microphotographs of the negative
controls are presented in the lower-left parts of Panels A, E, and I in Fig. 2.

PROK1 increases the expression of genes involved in progesterone synthesis and enhances
progesterone production by porcine luteal explants in vitro (Experiment 3). The effects of
PROKI1 on the luteal expression of genes responsible for progesterone synthesis and on the P4 synthesis by CL
explants were studied using a precision-cut luteal slice in vitro model. An effect of day of the estrous cycle/preg-
nancy and an interaction between the effects of treatment and the effect of day of the estrous cycle/pregnancy
were detected for the gene expression of STAR (p<0.05; Fig. 3A), HSD3BI (p<0.01; Fig. 3B), and CYPIIAl
(p<0.01; Fig. 3C) and for secretion of progesterone (p <0.05; Fig. 3D). Moreover, an effect of treatment on pro-
gesterone secretion was found (p <0.0001; Fig. 3D).

Prokineticin 1 elevated the expression of the STAR and HSD3BI genes in luteal explants collected on Day 12 of
pregnancy (p <0.0001; Fig. 3A, and B). Interestingly, we found stimulating effects of PROK1 on luteal CYPI1A1
expression in CL explants collected on Day 12 of pregnancy (p <0.05; Fig. 3C) compared to the control, whereas
in CL explants collected on Day 12 of the estrous cycle, PROK1 reduced the expression of CYP11AI (p <0.05;
Fig. 3C). The results of the radioimmunoassay indicated that PROK1 elevated the concentration of progesterone
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Figure 1. The expression profiles of prokineticin 1 (PROK1; A and B), prokineticin receptor 1 (PROKR1; C and
D) and 2 (PROKR2; E and F) mRNA (A, C, and E) and protein (B, D, and F) in the porcine corpora lutea on
Days 9, 12, and 14 of pregnancy and the estrous cycle. Representative samples of Western blots are shown in the
upper panels (B, D, F). Uncropped images of full length Western blot membranes are shown in Supplementary
Fig. 2. Data are presented as means + SEM. Bars with different letters differ significantly (p <0.05) within the
estrous cycle (lowercase letters) and pregnancy (capital letters). Asterisks indicate statistical differences between
reproductive statuses (pregnant vs. cyclic) on corresponding day of the estrous cycle and pregnancy (*p <0.05;
45 <0.001).

in medium from luteal explants collected on Day 12 of pregnancy (p <0.05), Day 14 of the estrous cycle (p <0.05),
and Day 14 of pregnancy (p <0.01; Fig. 3D). The stimulating effects of PROK1 were abolished by a PROKR1
antagonist (PC7). The P4 concentration (mean + SEM) in the control medium was 1717 ng/mL + 121 on Day 12
of the estrous cycle, 1347 ng/mL + 182 on Day 12 of pregnancy, 1314 ng/mL +219 on Day 14 of the estrous cycle,
and 1621 ng/mL +213 on Day 14 of pregnancy.

To determine the effects of the incubation time and treatment on the viability of the luteal slices, an Alamar
Blue assay was performed. The metabolic activity of CL explants was not significantly different between 0 and
18 h of incubation (100 +7.29% vs. 91.32+0.87%). In addition, none of the treatments used decreased the tissue
explant viability after 18 h of incubation compared to the control (Fig. 4). The antagonist for PROKR1 alone or in
combination with PROK1 did not have any effect on tissue explant viability. However, PROK1 slightly increased
the viability of CL explants compared to the control (p <0.05; Fig. 4).

PROK1 reduces luteal cell apoptosis and increases the viability of luteal cells (Experiment
4). Isolated primary luteal cells were characterized (Supplementary Fig. 3). We confirmed the presence of the
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Figure 2. Immunolocalization of prokineticin 1 (PROK1; A-D), prokineticin receptor 1 (PROKR1; E-H),

and 2 (PROKR2; I-L) in the porcine corpora lutea on Day 12 (A, B, E, F, I, and J) and 14 (C, D, G, H, K, and

L) of the estrous cycle (A, C, E, G, I, and K) and pregnancy (B, D, F, H, J, and L). Positive signals of all studied
proteins were detected in luteal steroidogenic cells (SC), and endothelial cells that forms blood vessels (“bv” with
arrow). A week signal or no signal is shown in theca derived luteal capsule (C). All sections were counterstained
with hematoxylin. The negative control is presented in the down-left corners of A, I (Normal rabbit IgG), and E
panels (antibodies with the blocking peptide). Scale bar represents 50 pm.

luteal cell marker HSD3B1 (Supplementary Fig. 3A, and C). The specificity of the antibodies used in immuno-
fluorescence analyses was confirmed using the negative control (Supplementary Fig. 3D).

FITC-Annexin V and propidium iodide staining were used to determine the effect of PROK1 on porcine luteal
cell apoptosis and viability. PROK1 significantly reduced the percentage of apoptosis compared with the control
(p<0.05, Fig. 5B). Moreover, PROK1 significantly increased cell viability compared with the control (p <0.05,
Fig. 5C). These stimulating effects of PROK1 on apoptosis and the viability of luteal cells were diminished using a
PROKRI antagonist (PC7). No effect of PROK]1 treatment on the number of necrotic cells was detected (Fig. 5A).

PROK1 stimulates angiogenesis in the porcine corpus luteum in vitro (Experiment 5). PROK1
promotes capillary-like network formation by luteal endothelial cells. We characterized isolated primary luteal
endothelial cells (Supplementary Fig. 4) and confirmed the presence of the endothelial cell marker von Wille-
brand factor (vWF) in the isolated cells (Supplementary Fig. 4A, D, E, and H). The specificity of the antibodies
used in immunofluorescence analyses was confirmed using a negative control—normal rabbit IgG (Supplemen-
tary Fig. 41).

The capillary-like structure formation assay for porcine primary luteal endothelial cells isolated from the
corpus luteum collected from gilts on Day 12 of the estrous cycle revealed that PROKI increased the numbers
of nodes, junctions, master junctions, master segments, meshes, pieces, segments, and isolated segments as well
as the total master segment length, total mesh area, total length, total branching, segment length, branching
interval, mesh index, and mean mesh size (p <0.05; Fig. 6A-F, and Supplementary Fig. 5B-E, G-I, and L-N). The
significant effects of PROK1 on the analyzed parameters describing angiogenesis were abolished by a PROKR1
antagonist (PC7).

PROKI1 upregulates ANG gene expression and VEGFA secretion in luteal tissue. We used precision-cut luteal
slices in the in vitro model to examine whether PROK1 may affect the expression of genes associated with angio-
genesis and VEGFA secretion. We found effects of the treatment only on ANG gene expression (p <0.05; Fig. 7A)
and VEGFA secretion (p <0.0001; Fig. 7B). PROKI increased the abundance of ANG mRNA in luteal explants
collected on Day 12 of pregnancy (p <0.01; Fig. 7A). These stimulating effects of PROK1 were abolished using
PC7. No effects of PROK1 treatment were detected on the gene expression of ANGPT2, FGF2, FLT1 and KDR in
luteal explants (Supplementary Fig. 6A-D).

PROKI1 elevated the secretion of VEGFA into the culture medium of luteal explants collected on Day 12
of pregnancy (p <0.05) and on Day 14 of the estrous cycle and pregnancy (p<0.01 and p <0.05, respectively;
Fig. 7B). The stimulating effects of PROKI1 were inhibited by PC7. The VEGFA concentration (mean + SEM)
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in the control medium was 9.54 pg/mL +2.45 on Day 12 of the estrous cycle, 9.49 pg/mL+3.14 on Day 12 of
pregnancy, 6.31 pg/mL+2.13 on Day 14 of the estrous cycle, and 5.93 pg/mL £ 2 on Day 14 of pregnancy.

Discussion

Our study is the first report on the role of PROKI and its receptors in the porcine corpus luteum during the
mid-luteal (high luteal activity) and late-luteal (decreased luteal activity) phases of the estrous cycle and the cor-
responding days of pregnancy, including the period of luteal rescue from regression in response to embryonic
estradiol (Days 12 and 14 of pregnancy). We combined our ex vivo approach with an in vitro model of ultrathin
luteal tissue explants (180 pum), which is more physiological than using one particular population of cells iso-
lated from the CL. We used pigs as models for studying the mechanisms underlying CL physiology because,
among others, in the pig as a multiparous species, several CL are usually formed in each ovary, providing an
excellent source of material for multiple analyses in tissue studies. Moreover, the cellular mechanisms involved
in the regulation of reproductive processes can be common among species with different types of placentation
despite of species-specific differences in the establishment of pregnancy®*-*2. Hence, the presented results may
be applicable to the CL of other species.

Our results revealed that luteal expression of PROKI mRNA is elevated in the mid-luteal phase of the estrous
cycle, which aligns with the findings of previous studies on the bovine and human corpora lutea'**?. However,
in the late luteal phase, the gene expression of PROKI was decreased in the porcine CL, whereas in cattle, it
is still elevated?. It has been suggested that the increased expression of the PROKI and PROKRI genes in the
bovine CL at the late luteal phase may be related to the involvement of these genes in recruiting monocytes to
the regressing CL?. Therefore, these interspecies discrepancies may be the difference in the stage of regression
between these two species. The exact stage of regression is difficult to assess without administration of exogenous
prostaglandin F2a and collection of timed luteal samples. However, we did not perform such an analysis because
we decided to show the expression of PROK1 and its receptors under physiological conditions (the estrous cycle
and early pregnancy). Nonetheless, our results are consistent with those of earlier studies showing that stress
conditions such as cell starvation, hypoxia and high levels of tumor necrosis factor, which also occur during
luteolysis, result in markedly elevated levels of PROKR2 mRNA and do not affect the expression of PROK1 in
bovine endothelial cells of CL origin®. Interestingly, PROK1 acting through PROKR2 may exert antiapoptotic
effects on endothelial cells in the bovine CL*.

Until now, only gene expression for the PROK1-PROKR system has been reported for the CL in other spe-
cies. In our study we demonstrated the protein expression of PROK1 and its receptors. The profiles of PROK1
mRNA and protein expression were relatively parallel, with somewhat of a shift in protein expression. Both
the mRNA and protein levels were, however, greater on Day 14 of pregnancy than on Day 9 of pregnancy. The
expression of PROKRI and PROKR2 mRNA was regulated during the estrous cycle and pregnancy, but PROKR1
and PROKR?2 protein expression did not change significantly in the studied periods. The discrepancies between
the mRNA and protein abundances for PROK1 and its receptors in the porcine CL may have resulted from the
fact that transcription and translation do not always have a linear relationship®®. Protein synthesis from a certain
copy number of mRNA molecules may be either enhanced or repressed depending on different mechanisms,
as described elsewhere®*. Moreover, discrepancies between mRNA and protein expression can be caused by the
time shift between mRNA and protein synthesis. Most likely, the maximum PROKI mRNA expression on Day
12 resulted in a peak PROK1 protein expression slightly later on Day 14 of pregnancy. However, because of the
luteolytic events occurring in the porcine CL shortly after Day 12 of the estrous cycle, the increase in PROK1
mRNA could not be observed on Day 14 of the estrous cycle. Regarding PROKR?2, it is also possible that the
increase in PROKR2 mRNA abundance observed on Day 14 of the estrous cycle could have resulted in elevated
protein expression later than on Day 14 of the estrous cycle. Another explanation for this discrepancy may be
the fact that Western blotting is less accurate than qPCR, and subtle changes may have been hidden.

Although there are numerous reports on PROK1 in the CL in other species, our study is the first concerning
PROKI1 and its receptor gene and/or protein expression profiles in the CL during early pregnancy in any species.
The abundance of the PROKI1 transcript and protein was elevated in the luteal tissue during pregnancy at the
maternal recognition of pregnancy and implantation period. This finding suggests that the role of PROK1 in
the corpus luteum may be especially significant during pregnancy in luteoprotective/antiluteolytic mechanisms,
ensuring prolonged CL function. Our results correspond with reports of increased PROK1 expression in the
pregnant endometrium at the time of embryo implantation in pigs?? and women?*-.

We demonstrated that PROK1 prevented porcine luteal cells from undergoing apoptosis; therefore, PROK1
supports the function of the corpus luteum during early pregnancy, when elevated levels of PROK1 are observed.
Apoptosis, a type of programmed cell death’, has been primarily associated with luteal regression®”. However,
apoptosis is also an important process for developing CL, in which dynamic changes in tissue remodeling occur’.
Moreover, the significant role of the apoptotic process in controlling the immune response (i.e., the deletion of
immune cells recognizing self-antigens and cytotoxic killing) has been described®®. Accordingly, the antiapop-
totic effect of PROK1 has been demonstrated in different cell types—endothelial cells of CL origin in cattle®.

The expression of PROK1 and its receptors PROKRI and PROKR2 was localized in porcine steroidogenic
cells and blood vessels in the porcine CL during the mid- and late luteal phases and early pregnancy. This finding
suggests that PROK1 acts in an autocrine and/or paracrine manner in porcine luteal tissue. Similar results for
PROK1 localization have been described for bovine*” and human corpora lutea'*?. Colocalization of PROK1
and PROKRs in blood vessels and steroidogenic cells implies the significant effect of PROK1 on crucial processes
related to corpus luteum function: steroidogenesis and angiogenesis.

We found that prokineticin 1 stimulated the secretion of P4 by CL explants collected on Day 12 of preg-
nancy and on Day 14 of pregnancy and the estrous cycle. On the other hand, the expression of genes involved
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Figure 3. The effect of prokineticin 1 (PROK1) on expression of genes involved in progesterone (P4) synthesis
and on P4 production by the porcine luteal explants in vitro on Day 12 and 14 of estrous cycle or pregnancy: (A)
steroidogenic acute regulatory protein (STAR), (B) hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid
delta-isomerase 1 (HSD3BI), (C) cytochrome P450 family 11 subfamily A member 1 (CYPI11A1) genes and (D)
P4 secretion. Precision-cut luteal slices were incubated with the control (vehicle) or PROK1 (40 nM) for 18 h

in the presence/absence of prokineticin receptor 1 (PROKR1) antagonist (PC7; 10 uM). Data are presented as
means + SEM. Different lowercase letters (a, b) indicate statistical significant differences between treatments
within groups on Days 12 (D12) and 14 (D14) of the estrous cycle or pregnancy (p <0.05).

in steroidogenesis (HSD3B1, STAR, and CYP11A1) was found to be upregulated by PROK1 only on Day 12 of
pregnancy. This could have been caused by measurement of the gene expression and P4 secretion at the same
time-point. The increase in P4 might have occurred later in the tissue collected on these specific days. Another
explanation is that PROK1 regulates the synthesis of P4 in the CL on Day 14 of pregnancy/or the estrous cycle via
mechanisms other than direct regulation, such as cholesterol or LDL uptake or storage, progesterone metabolism
or action of PROK1-induced VEGFA. Another possible explanation for the increased P4 secretion by the luteal
tissue collected from the regressing CL on Day 14 of the estrous cycle is that the potential effect of PROK1 was
maintained when the tissue was separated from the luteolytic signals present in vivo. The lack of suppression
of P4 secretion by luteal tissue collected on Day 14 of the estrous cycle may indicate a limitation of this in vitro
model; hence, our conclusions on the role PROKI in porcine CL during luteolysis should be interpreted with
caution. However, the results on gene expression and P4 secretion were consistent for luteal tissue collected on
Day 12 of pregnancy. Our results show the effects of PROK1 on the expression of genes involved in P4 synthesis
and on P4 production by luteal tissue, which thus far have not been studied in any species. A previous study
using the luteinized human granulosa cell line SVOG implied that steroidogenesis and the increased transcript
abundance of the PROK1 gene could be positively correlated; however, no direct experiments have been per-
formed to demonstrate this relationship?. Our findings are consistent with the increased abundances of STAR
and HSD3BI mRNA in the porcine CL on Day 14 of pregnancy™.

The present results indicated that PROK1 increased capillary-like structure formation by luteal endothelial
cells, which stimulated angiogenesis in the porcine CL. Interestingly, angiogenesis in the CL is more intensive
than in any other organ and similar to that in a rapidly growing tumor'. Newly formed blood vessels are adjacent
to the membranes of luteal cells (60%) or close to the interstitial space (29%) because luteal cells consume two to
six times more oxygen per unit weight than the liver, the kidneys, or even the heart'. During the mid-luteal phase
and early pregnancy, when PROK1 expression in the porcine CL is high, angiogenesis is an intensive process
that ensures luteal tissue with nutrients and substrates for P4 synthesis. Our findings agree with previous reports
indicating PROK1 as a mitogen for endothelial cells'*******4! Tn endocrine glands, it has been shown that PROK1
regulates microvessel formation by supporting endothelial cell survival, migration, and fenestration'®. Moreover,
an in vivo study confirmed the angiogenic role of PROK1 because administering PROK1 into rat ovaries inten-
sified angiogenesis®. Our findings also suggest that PROK1 regulates angiogenesis indirectly by increasing the
luteal gene expression of the angiogenic factor ANG and the secretion of VEGFA by porcine luteal tissue. In the
porcine CL, the abundance of VEGFA mRNA and protein is elevated during the mid-luteal phase of the estrous
cycle and drops at the onset of luteolysis®. Similarly, in bovine CL, the levels of VEGFA mRNA tend to decrease
during the late luteal phase and in the regressing CL?’. However, the results of the present study showed that
the protein abundance of PROK1 in the porcine CL was not changed in the analyzed days of the estrous cycle,
whereas in the bovine CL, the mRNA levels of PROK1 increase at the onset of luteolysis”’. Intriguingly, our results
showed that in cyclic pigs, PROK1 increased VEGFA secretion by porcine luteal tissue at the onset of luteolysis,
but in pregnant pigs, PROK1 stimulated VEGFA secretion by luteal tissue at both the time corresponding to the
luteal phase (Day 12) and the time corresponding to the onset of luteolysis (Day 14). This, in turn, may suggest
different roles for PROK1 depending on the physiological state. PROK1 may contribute to processes controlling
luteolytic events in the regressing CL, whereas during pregnancy, PROK1 may support mechanisms regulating
angiogenic processes in the functioning CL. Moreover, our results are consistent with previous reports indicat-
ing that PROK1 increases VEGFA mRNA expression in bovine luteal steroidogenic cells?®. In addition, a similar
relationship between PROK1 and VEGFA secretion has been reported for endometrial explants in pigs?.

In conclusion, our study thoroughly elucidates the role of PROK1 in the porcine corpus luteum during the
mid- and late luteal phase of the estrous cycle and early pregnancy. Our results indicate that PROK1, which
is abundantly expressed in the porcine corpus luteum at the mid-luteal phase of the estrous cycle and early
pregnancy, participates in processes related to CL function, such as progesterone synthesis, luteal cell apoptosis
and viability, and angiogenesis (Fig. 8). Our results suggest that during the rescue of the corpus luteum from
luteolysis on Days 12-14 of pregnancy, an increase in the abundance of the PROKI1 protein, acting via PROKR1,
increases the viability of luteal cells, reduces luteal cell apoptosis, promotes steroidogenesis by increasing the
expression of genes involved in P4 synthesis (STAR, HSD3B1, and CYP11A1), and elevates P4 synthesis by luteal
tissue. PROK1-PROKRI signaling also stimulates capillary-like structure formation by luteal endothelial cells
and promotes angiogenesis by increasing VEGFA secretion and angiogenin mRNA expression in luteal tissue.
Therefore, we concluded that PROK1 is an important regulator of porcine CL function during the mid-luteal
phase of the estrous cycle and early pregnancy.
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Figure 4. The viability of luteal explants after in vitro treatment analyzed by Alamar Blue assay. Precision-

cut luteal slices were incubated with control (vehicle) or PROK1 (40 mM) for 18 h in the presence/absence of
prokineticin receptor 1 (PROKRI1) antagonist (PC7; 10 pM). Data are presented as means of the fold change
versus control (100%) + SEM. Different lowercase letters (a, b) indicate statistical significant differences between
treatments.
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Figure 5. The effect of prokineticin 1 (PROK1) on apoptosis and viability of the porcine luteal cells collected
on Day 12 of the estrous cycle. Three cell phenotypes were distinguished: live (annexin V-negative/PI-negative),
apoptotic (sum of early apoptotic—annexin V-positive/PI-negative and late apoptotic—annexin V-positive/
PI-positive), and necrotic cells (annexin V-negative/PI-positive). (A) Representative scatter plots of PI (y-axis)
vs. annexin V (x-axis) with percentages of individual cell phenotypes are shown in panels on the right of the
graphs; (B) apoptotic cells, and (C) live cells. Isolated cells were treated with the control (vehicle) or PROK1

(40 nM) in the presence or absence of prokineticin receptor 1 (PROKR1) antagonist (PC7; 1 uM). The assay was
performed by using fluorescence-activated single-cell sorting based on phenotypes detected by flow cytometry.
Data are presented as means + SEM. Different lowercase letters (a, b) indicate statistically significant differences
between groups (p <0.05).
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Figure 6. The prokineticin 1 (PROK1) induces capillary-like structure formation by porcine primary luteal
endothelial cells isolated on Day 12 of the estrous cycle. The effects of PROK1 (40 nM) on selected parameters
describing angiogenesis, such as: (A) the number of nodes, (B) number of junctions, (C) number of master
junctions, (D) number of master segments, (E) number of meshes, and (F) total segment length were evaluated
in the presence or absence of the prokineticin receptor 1 (PROKR1) antagonist (PC7, 1 uM). Representative
photographs of the capillary-like structure formation assay for porcine primary luteal endothelial cells are
shown in panels above graphs. Data are presented as means + SEM of the fold change versus control, different
lowercase letters (a, b) indicate statistically significant differences (p <0.05). The scale bar at the lower-right part
of all photographs represents 25 um.

Materials and methods

The ovaries used in our research were collected from animals bound for commercial slaughter and meat produc-
tion. The use of animals was in accordance with the Act of 15 January 2015 for the Protection of Animals Used
for Scientific or Educational Purposes, Directive 2010/63/EU of the European Parliament and the Council of
22 September 2010 on the protection of animals used for scientific purposes and conducted in accordance with
the national guidelines for agricultural animal care, and the ARRIVE guidelines. Experiments were not carried
out on human tissue or cells samples.

Experiment 1. The expression profiles of PROK1 and its receptors (PROKR1 and PROKR2) in
the porcine corpus luteum during early pregnancy and the estrous cycle.  Gilts of similar age and
genetic background from one commercial herd were observed for the onset of estrus. After two natural estruses,
the animals were randomly divided into two groups: pregnant and cyclic. Gilts assigned to the pregnant group
were artificially inseminated at 12 and 24 h after the onset of estrus (Day 0). Animals were slaughtered in a local
slaughterhouse on Day 9, 12, or 14 of pregnancy or the estrous cycle (n=4-12 per group; no animals were pooled
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Figure 7. The effect of prokineticin 1 (PROK1) on (A) mRNA expression of angiogenin (ANG) and (B) on
vascular endothelial growth factor A (VEGFA) secretion. Precision-cut luteal slices were incubated with control
(vehicle) or PROK1 (40 mM) for 18 h in the presence/absence of prokineticin receptor 1 (PROKR1) antagonist
(PC7; 10 uM). Data are presented as means + SEM. Different lowercase letters (a, b) indicate statistical significant
differences between treatments within groups on Days 12 (D12) and 14 (D14) of the estrous cycle or pregnancy.

for replicates; each biological replicate represents a different animal). Reproductive status (cyclic/pregnant) was
assessed based on the presence and morphology of conceptuses and the concentration of progesterone in plasma
from jugular vein blood (Supplementary Fig. 1). The estrous cycle stage was confirmed by estrus observation and
assessment of the ovarian morphology. Gilts that were fertilized but nonpregnant were excluded from the experi-
ments. Luteal tissue samples were collected from CL separated from ovaries and snap-frozen in liquid nitrogen.
The luteal expression of PROK1, PROKRI1, and PROKR?2 genes and proteins was determined by using Western
blotting and quantitative PCR (qPCR; real-time RT—PCR), as described in the “Gene expression analyses” and
“Protein expression analyses” sections in the Supplementary Information.

Experiment 2. Immunolocalization of PROK1, PROKR1, and PROKR2 proteins in the porcine
corpus luteum. Prokineticin 1 and its receptors (PROKRI and PROKR2) were immunolocalized in the
porcine corpora lutea on Days 12 and 14 of the estrous cycle and pregnancy (n=3 per group; each biological
replicate represents a different animal) as described previously?? with some modifications. A full description of
the procedure is provided in the Supplementary Information.

Experiment 3. The effects of PROK1 on the synthesis of progesterone by porcine luteal
explants in vitro. The effects of PROK1 on the expression of genes involved in steroidogenesis as well as on
progesterone synthesis by luteal tissue explants were studied using an in vitro model of precision-cut luteal slices
as described previously*, with some modifications. Briefly, the ovaries were collected from gilts on Days 12 and
14 of the estrous cycle or pregnancy (n=4-7 per group; no animals were pooled for replicates; each biological
replicate represents a different animal), placed in medium M199 (cat. no. 2525; Merck, Darmstadt, Germany)
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Figure 8. Proposed mechanism of prokineticin 1 (PROK1) for regulating the porcine corpus luteum function
during the mid-luteal phase of the estrous cycle (Day 12 of the estrous cycle) and early pregnancy (the maternal
recognition of pregnancy and the rescue of CL from regression, Days 12 and 14 of pregnancy). A greater
abundance of PROK1, acting through the related receptor (PROKR1), increases the viability of luteal cells

and reduces luteal cell apoptosis, as well as promotes steroidogenesis by increasing the expression of genes
involved in progesterone (P4) synthesis: steroidogenic acute regulatory protein (STAR), hydroxy-delta-5-steroid
dehydrogenase, 3 beta- and steroid delta-isomerase 1 (HSD3B1), and cytochrome P450 family 11 subfamily A
member 1 (CYP11AI), and elevating P4 secretion. PROK1-PROKRI signaling also promotes angiogenesis by
stimulating the capillary-like structure formation by luteal endothelial cells and increasing vascular endothelial
growth factor A (VEGFA) secretion and angiogenin (ANG) mRNA expression in luteal tissue. PROKR2 mRNA
and protein are expressed in the porcine CL and also may have a putative role in effects of PROK1 on CL. A
scheme of ovary was prepared based on a cartoon adapted and modified from*:.

supplemented with antibiotics (penicillin, streptomycin; P0781, Sigma-Aldrich, Saint Louis, USA) and 0.1%
(wt/vol) bovine serum albumin (BSA; ICN Biomedicals, Costa Mesa, USA) and transported to the laboratory on
ice. Then, a corpus luteum was separated from the rest of the ovary and cut out using a tissue coring tool. Luteal
tissue was transferred onto a Krumdick Tissue Slicer (K&F Research, Birmingham, AL, USA). Tissue explants
of similar dimensions and weight (~ 180 um thick, 8 mm diameter, 4-5 mg wet weight) were cut and collected
in a Petri dish filled with medium M199. The luteal explants were then transferred to 6-well plates (one luteal
slice and 4 mL of medium per well). For one hour, the explants were preincubated in medium with or without
a PROKRI antagonist (2-(5-(4-fluorobenzyl)-1-(4-methoxybenzyl)-1,4,5,6-tetrahydro-4,6-dioxo-1,3,5-triazin-
2-ylamino)-ethyl)-guanidine; PC7, 10 uM). Then, the medium was changed, and the explants were incubated
for 18 h in a humidified atmosphere containing 95% air and 5% CO, at 37 °C with gentle shaking with either
vehicle (control, 0.01% ethanol) or PROK1 (40 nM; cat. no. 100-44, PeproTech, Rocky Hill, NJ, USA) in the
presence or absence of a PROKR1 antagonist (PC7, 10 uM). The IC50 for PROKR1 is 36 nM, whereas that for
PROKR?2 is 4400 nM*. The amino acid sequence similarity of PROKR1 between pigs and mice (the species
for which the antagonist was tested for the first time) was 83.46%. The antagonist was kindly donated by Dr.
Gianfranco Balboni from the University of Cagliari in Cagliari, Italy. The doses of PROK1 and PC7 were chosen
based on previous studies?**>*. Following incubation, the luteal explants and culture media were snap-frozen
in liquid nitrogen and transferred to -80 °C for future analyses. The expression of genes involved in P4 synthesis
(CYP11A1, HSD3B1, and STAR) in the luteal explants was investigated by qPCR, as described in the section
“Gene expression analyses” provided in the Supplementary Information. The concentration of P4 secreted by
precision-cut luteal slices was determined in collected culture medium by radioimmunoassay (RIA) as described
in the Supplementary Information. The viability of luteal explants before and after incubation and in response
to the different treatments was analyzed by Alamar Blue assay as described in the Supplementary Information.
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Experiment 4. The effect of PROK1 on the apoptosis and viability of luteal cells. Isolation and
culture of porcine luteal cells. To investigate the effects of PROK1 on the apoptosis/viability of luteal cells, we
isolated steroidogenic cells from porcine CL. Ovaries were collected from gilts on Day 12 of the estrous cycle
(n=11; no animals were pooled for replicates; each biological replicate represented a different animal). Luteal
tissue was dissected from the surrounding ovarian tissue and mechanically fragmented using a scalpel. Sub-
sequently, the tissue was enzymatically digested in 0.07% (w/v) collagenase (cat. no. C0130; Sigma-Aldrich)
solution in M199 medium supplemented with 1% BSA for 70 min at 37 °C. The total cell suspension contained
luteal and endothelial cells. The post-digested cell suspension was then filtered through gauze. Luteal cells were
separated from the obtained supernatant through a series of centrifugations (45x g, 29 x g, and 16 xg each for
10 min). The homogeneity of the isolated cells was confirmed by immunodetection of the luteal cell marker
HSD3BI. Detailed information on luteal cell characteristics is provided in the Supplementary Information.

Apoptosis assay—Fluorescence-activated single cell sorting (FACS) against propidium iodide and FITC-annexin
V by flow cytometry. Luteal cells were seeded into 6-well plates at a concentration of 4 x 10° in M199 medium
with 10% newborn calf serum (NCS; Sigma-Aldrich, Saint Louis, USA). After 24 h, the cells were treated with
vehicle or 40 nM PROKI in the presence or absence of 1 pM PC7 for 20 h. After incubation, the cells were
detached enzymatically using Accutase solution (cat. no. A6964, Merck), and apoptosis was assessed using the
flow cytometer FACS Aria II (BD Bioscience, Franklin Lakes, NJ, USA) and a FITC Annexin V/Dead Cell Apop-
tosis Kit (cat. no. V13242, Invitrogen, Paisley, UK) according to the manufacturers’ instructions. The cell popula-
tions were classified into three groups: live cells, apoptotic cells, and dead cells. The experiment was repeated 11
times (number of animals=11).

Experiment 5. The effect of PROK1 on luteal angiogenesis in vitro.  To determine whether PROK1
participates in angiogenesis in the porcine corpus luteum, an in vitro model of a capillary-like structure forma-
tion assay and a model of precision-cut luteal slices were used.

Isolation and culture of porcine endothelial cells from the corpora lutea. Endothelial cells were isolated during
the luteal cell isolation procedure (described in Experiment 4). For isolation of endothelial cells, the supernatant
obtained during the first three centrifugations was collected and kept on ice. The collected supernatant was fil-
tered (filter with a pore diameter of 15 um) and centrifuged at 300 x g for 10 min. Subsequently, the cell precipi-
tate was suspended in culture medium MCDB 131 (cat. no. M8537, Sigma-Aldrich, Saint Louis, USA), including
10% NCS and 50 pg/mL endothelial cell growth supplement (cat. no. E2759, Merck, Darmstadt, Germany), and
cells were seeded onto a sterile plate. The cells were cultured in a humidified atmosphere containing 5% CO, at
37 °C. The homogeneity of the isolated cells was confirmed by examining the cell cultures for the presence of
the endothelial cell marker vWE. Detailed information on the endothelial cell characteristics is provided in the
Supplementary Information.

Capillary-like structure formation assay. A capillary-like structure formation assay was performed as described
previously?>**. Briefly, isolated endothelial cells from the corpora lutea (3x 10 cells/mL) were suspended in
MCDB-131 medium with or without PC7 (1 uM) and preincubated for 20 min in a humidified atmosphere
containing 5% CO, at 37 °C. Subsequently, the cells were treated with PROK1 (40 nM) or vehicle (the control).
The cells were then plated onto p-Slide angiogenesis plates (cat. no. 81506; Ibidi GmbH, Gréfelfing, Germany)
covered with growth factor-reduced Matrigel (cat. no. 354230; Corning, NY, USA) and incubated for 5 h at
37 °C in a humidified atmosphere containing 95% air and 5% CO, in a Zeiss Axio Observer System (Carl Zeiss
Microscopy). Single wells were photographed at 30-min intervals. The photographs were analyzed using Image]
software with an angiogenesis plug-in*. This software is able to measure and quantify morphological structures
formed by endothelial cells. The parameters describing the formation of the capillary-like networks were defined
as described earlier””. Pixels with at least three neighbors were defined as nodes. Junctions were referred to as
nodes or fused nodes. Elements limited by two junctions/nodes were defined as the segments. The branches
consisted of elements delimited by a junction and one extremity, whereas the pieces of three, limited by two
junctions (but not exclusively associated with one branch), were considered master segments. At least three
linked master segments were defined as master junctions. Areas limited by the segments or master segments
were considered meshes. The experiment was repeated 10 times (number of animals=10) in duplicate (each
treatment was duplicated).

The effect of PROK1 on the expression of genes associated with angiogenesis and VEGFA secretion in porcine luteal
explants in vitro. We used precision-cut luteal slices described in Experiment 3 to evaluate whether PROK1 may
be involved in angiogenic changes in the porcine CL (n=4-7 per group; no animals were pooled for replicates;
each biological replicate represented a different animal). The expression of genes associated with angiogenesis,
including angiogenin (ANG), angiopoietin 2 (ANGPT2), fibroblast growth factor 2 (FGF2), fms-related receptor
tyrosine kinase 1 (FLT1), and kinase insert domain receptor (KDR), and the secretion of VEGFA in response to
PROKI1 treatment were evaluated. The level of VEGFA in the culture medium was determined by enzyme-linked
immunosorbent assay (ELISA; Supplementary Information), whereas the gene expression was determined by
qPCR, as described in the section “Gene expression analyses” provided in Supplementary Information.

Statistical analyses. The results obtained in Experiment 1 were assessed using two-way ANOVA, followed
by Bonferroni multiple comparison post-test. The results from Experiment 3, studying the effect of PROK1 on
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the expression of angiogenic genes and VEGFA secretion (Experiment 5) and assessment of P4 concentration in
jugular vein blood plasma collected from cyclic and pregnant gilts were evaluated by two-way ANOVA, followed
by Tukey’s post-test. The results obtained from the apoptosis assay (Experiment 4), capillary-like structure for-
mation assay (Experiment 5) and luteal explants viability after treatment were assessed using one-way ANOVA,
followed by Tukey’s multiple comparisons post-test. The results from luteal explants viability before and after
incubation were analyzed using T-tests. Differences were considered statistically significant at a 95% confidence
level (p <0.05). All statistical analyses were conducted using GraphPad PRISM v. 9.0.0 software (GraphPad Soft-
ware Inc., San Diego, CA, USA).

Ethics approval. Ovaries used in our research were collected from animals bound for commercial slaughter
and meat production. The use of animals was in accordance with the Act of 15th of January 2015 on the Pro-
tection of Animals Used for Scientific or Educational Purposes, Directive 2010/63/EU of the European Parlia-
ment and the Council of 22nd of September 2010 on the protection of animals used for scientific purposes and
conducted in accordance with the national guidelines for agricultural animal care, and the ARRIVE guidelines.
Experiments were not carried out on human tissue/cells samples.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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Supplementary Methods:
Immunohistochemistry procedure

Prokineticin 1 and its receptors (PROKR1 and PROKR2) were immunolocalized in the porcine
corpora lutea on Days 12 and 14 of the estrous cycle and pregnancy as described previously'
with some modifications. Briefly, corpora lutea dissected from the ovaries were fixed in 4%
paraformaldehyde (PFA) and embedded in paraffin. Paraffin-embedded tissue was cut into 5
um sections on a microtome. Tissue sections were placed onto glass slides and dewaxed with
Neo Clear® xylene substitute (cat. no. 109843; Merck, Darmstadt, Germany) and rehydrated
in decreasing ethanol gradient (100, 70, and 50%). Tissue antigens were retrieved by heating
sections in 10 nM solution of citrate buffer (pH=6) for 15 minutes. Then, tissue sections were
incubated in 3% hydrogen peroxidase in methanol for 30 minutes. Afterwards, sections were
treated with SEA BLOCK Blocking Buffer (cat. no. 37527; Thermo Fisher Scientific, Waltham,
MA, USA) to block unspecific reactions with antibodies. Sections were incubated overnight at
4° C with primary anti-PROKI, anti-PROKR1 and anti PROKR2 antibodies (Supplementary
Table 1). Afterwards, secondary horseradish peroxidase-conjugated goat anti-rabbit IgG
antibodies (1:200; Supplementary Table 1) were applied to the sections for 45 minutes at room
temperature. Sections were then incubated for 30 minutes with a mixture of reagents A and B
(cat. no. PK-6102; Vector Laboratories Inc., Burlingame, CA, USA) in TRIS-buffered saline
to activate conjugated peroxidase. Immune complexes were visualized using 3.,3’-
diaminobenzidine tetra-hydrochloride hydrate (cat. no. D5637, Sigma—Aldrich, Saint Luis,
USA). Subsequently, sections were slightly counterstained with hematoxylin and dehydrated
with a rising gradient of alcohols (70, 96, and 100%). Sections were incubated with xylene
substrate (twice for 10 and 15 minutes) and mounted using DPX (cat. no. 44581, Fluka, Buchs,
Switzerland). Negative controls were performed with normal rabbit IgG (I-1000-5; Vector
Laboratories) diluted at the same protein concentration as the primary antibodies, omitting the
primary antibodies (PROK1 and PROKR?2), and by using blocking peptide (PROKR1, cat. no.
LS-E29168, LSBio, Seattle, WA, USA). Tissue sections were observed under a light
microscope (Olympus Provis AX70, Tokyo, Japan) and photographed.

Characteristics of luteal cells

Luteal cells homogeneity was confirmed by immunodetection of HSD3B1 in the isolated cells.
The cells were seeded on Cell Imaging Coverglasses (cat. no. 003074206; Eppendorf,
Hamburg, Germany) at a density of 5 x 104. The attached cells were washed with PBS before
fixing in 2% PFA for 15 min. The cells were then washed with PBS and blocked with newborn
donkey serum (cat. no. 017-000-121, Jackson ImmunoResearch, Cambridgeshire, UK) for 1
hour at room temperature. Subsequently, the buffer was removed, and cells were incubated
overnight with primary anti-HSD3B1 antibodies at 4°C (Supplementary Table 1). Afterwards,
the cells were washed with PBS and incubated with secondary antibodies for 1 hour at room
temperature (Supplementary Table 1). Negative controls were performed by omitting the
primary antibodies. Cell nuclei were counterstained with DAPI (cat. no. ab104135; Abcam,
Cambridge, UK). Slides were mounted with anti-fade fluorescence mounting medium (cat. no.
ab104135, Abcam, Cambridge, UK). Fluorescent images of stained cells were captured using
an Olympus microscope (Olympus BX-40) equipped with filters set for CY3.



Characteristics of endothelial cells

The homogeneity of isolated cells was confirmed by examining cell culture for the presence of
the endothelial cell marker, von Willebrand factor (vWF). Isolated cells after the first passage
were cultured for 3 days on Cell Imaging Coverglasses at a seeding density of 1.5 x 10°
cells/mL. The culture medium was removed, and cells were washed with PBS. Then, cells were
fixed in 2% PFA for 15 minutes at room temperature. Subsequently, cells were washed and
blocked with SEA BLOCK Blocking Buffer for 1 hour at room temperature. The cells were
washed and then incubated overnight with primary anti-vWF antibodies at 4°C (Supplementary
Table 1). The next day, cells were incubated with secondary anti-rabbit antibodies
(Supplementary Table 1) for 1 hour at room temperature. Negative controls were performed by
replacing the primary antibodies with normal rabbit IgG diluted to the antibody concentrations
(Supplementary Table 1). Actin filaments were stained with CytoPainter Phalloidin-iFluor 488
Reagent (cat. no. ab176753, Abcam, Cambridge, UK). Additionally, to visualize cell nuclei,
counterstaining with DAPI was performed. Slides were mounted with anti-fade fluorescence
mounting medium. Fluorescent images of stained cells were captured using an Olympus
microscope (Olympus BX-40) equipped with filters set for CY3 and iFluor488.

Gene expression analyses

The expression of PROKI1, PROKR1, and PROKR? genes in porcine CL on Days 9, 12, and 14
of pregnancy and the estrous cycle, as well as the expression of CYP11A41, HSD3B1, STAR,
ANG, ANGPT2, FLTI, and KDR genes in porcine luteal explants in response to PROKI
treatment, was determined by qPCR, as described previously'. Briefly, total RNA was isolated
from collected samples using commercially available kits (ex vivo samples—A&A
Biotechnology, Gdansk, Poland; in vitro samples—Qiagen, Hilden, Germany) according to the
manufacturer’s protocols. The quality and quantity of isolated RNA were assessed using
Agilent Bioanalyzer (Agilent Technologies, Santa Clara, USA) and NanoDrop1000 (Thermo
Fisher Scientific, Waltham, USA). Total RNA was then reverse-transcribed using a high-
capacity cDNA reverse transcription kit (Life Technologies, Carlsbad, USA). Synthesized
cDNA was used as a template in real-time PCR. The expression of the studied genes was
analyzed using TagMan Master Mix with TagMan probes (Life Technologies, Supplementary
Table 2) according to the manufacturer’s protocol. The PCR programs for all genes were as
follows: initial denaturation (95°C, 10 min) followed by 40 cycles of denaturation (95°C, 15
sec), annealing, and elongation (60°C, 1 min). All real-time PCR reactions were performed with
Applied Biosystems 7900HT Real-Time PCR system (Life Technologies). Gene expression
was estimated using real-time PCR Miner software’. The following formula was used to
calculate gene expression from values generated by PCR Miner software: 1/(1+Average
Efficiency)"CT. The stability of reference genes actin beta (4C7B), cyclophilin A (PPIA), and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was assessed separately by
NormFinder® for ex vivo and in vitro experiments. The results of gene expression in luteal tissue
from Days 9, 12, and 14 of pregnancy and the estrous cycle were normalized against the
geometric mean of ACTB and PPIA, whereas the gene expression in luteal explants collected
after in vitro experiments was normalized against the geometric mean of GAPDH and PPIA.
The geometric mean was calculated for each sample separately using the expression values of
selected reference genes.



Protein expression analyses

Protein expression of PROK 1, PROKR1, and PROKR?2 in porcine corpora lutea on Days 9, 12,
and 14 of pregnancy and the estrous cycle was evaluated by Western blotting analyses, as
described previously' with some modifications. The luteal tissue samples were homogenized
in a homogenization buffer (50 mM/L TRIS-HCI, pH 8.0; 150 mM/L NaCl; 1 mM/L EDTA)
containing a protease inhibitor cocktail (Sigma—Aldrich). Total protein extracts (70 ug for
PROKI; 50 ug for PROKR1 and PROKR?2) were dissolved in SDS-gel loading buffer (50 mM
Tris-HCI1 pH 6.8, 4% SDS, 20% glycerol, and 2% p-mercaptoethanol), heated at 95°C for 4
min. Protein samples were separated on Tris-Tricine SDS-PAGE (PROKI1)!' or 10% Tris-
Glycine SDS-PAGE gels (PROKR1 and PROKR?2). Separated proteins were electroblotted
onto a 0.2 um (PROK1) or 0.4 um (PROKR1, PROKR?2) polyvinylidene difluoride membrane
(PVDF). Then, the membranes were blocked in 5% nonfat dry milk in Tris-buffered saline
(TBS) containing 0.1% Tween 20 (TBS-T). Subsequently, the PVDF containing samples to
determine the expression of PROK1 were divided into two parts (the upper part was subjected
to detection of GAPDH expression, while the lower part was subjected to detection of PROK 1
expression). Afterwards, the membranes were incubated overnight at 4°C with appropriate
primary antibodies (Supplementary Table 1). Next, the incubated membranes were washed
three times with fresh TBS-T and incubated with secondary anti-rabbit alkaline phosphatase-
conjugated antibodies (Supplementary Table 1) for 90 min at room temperature. To determine
GAPDH expression (PROKR1 and PROKR?2), membranes were washed three times with fresh
TBS-T, re-blocked in 5% nonfat dry milk in TBS-T, and then incubated again with primary
antibodies (the blots were not stripped). Negative controls were obtained by replacing the
primary antibodies with normal rabbit IgG (IgG; sc-2027, Santa Cruz Biotechnology, Inc.,
Heidelberg, Germany) used at the same concentration as the primary antibodies. For PROKR1
additional negative control was performed with the primary antibody pre-absorbed with a
blocking peptide (LS-E29168, LS Bio). Immune complexes were visualized using a standard
alkaline phosphatase visualization procedure and documented in ChemiDoc™ MP Imaging
System (Bio-Rad, Hercules, CA, USA). Normalization of the results was performed by dividing
the expression of the tested protein by the expression of GAPDH (for each sample separately).

Alamar Blue Viability assay

The effect of the time of incubation and treatment with PROK1 (40 nM), PC7 (10 uM) and
PROKI1+PC7 on the viability of the luteal explants was assessed by the Alamar Blue assay (cat.
no. DAL 1025, Invitrogen, Waltham, MA, USA). Metabolically active living cells change the
color of Alamar Blue from blue to pink, while dead or inactive cells do not change the original
blue color. The measurement was performed according to the manufacturer’s protocol. The
ovaries were collected from gilts on Day 12 of the estrous cycle (n = 4). The luteal explants
were prepared as described in the Experiment 3. To determine the initial viability (control TO),
CL slice were pre-incubated for 1 h, then the medium was changed and incubated for 4 h with
Alamar Blue. Whereas, to determine the viability after treatment, the CL explants were
incubated with control (vehicle, control T18) or PROKI1 (40 nM) for 14 h in the
presence/absence of prokineticin receptor 1 (PROKR1) antagonist (PC7; 10 uM). After 14 h,
Alamar Blue was added to the culture medium and incubated for a further 4 h (total incubation
time was 18 h). After 4 h incubation with Alamr Blue, 300 pL of reaction mixtures were
transferred to 96-well plates (100 puL per well). Absorbance measurement was performed using
Epoch Microplate Spectrophotometer (Agilent BioTek, Santa Clara, CA, USA) at 570 and 600
nm. Medium (M199) with 10% Alamar Blue, without any CL explant, was used as blank for
the absorbance measurements. The percentage of viability was calculated using the free
software alamarBlue Colorimetric Calculator (https://www.bio-rad-
antibodies.com/colorimetric-calculator-fluorometric-alamarblue.html).



Radioimmunoassay (RIA) for P4

The concentration of P4 secreted by precision-cut luteal slices to culture media and P4
concentration in plasma from blood collected post-mortem from the jugular vein were assessed
using a commercially available RIA kit (cat. no. KIP1458, DIAsource Immuno Assays SA,
Louvain-la-Neuve, Belgium) according to the manufacturer’s protocol. The assay sensitivity
was 0.19 pg/mL, and the intra-assay coefficient of variation (CV%) was 4.6% for calculations
of P4 concentration in culture media and 4.03% for calculations in blood plasma.

Enzyme-linked Immunosorbent Assay (ELISA) of VEGFA

The level of VEGFA secreted to culture media by precision-cut luteal slices was determined by
a commercially available ELISA assay (cat. no. ES25RB; Thermo Fisher Scientific, Waltham,
USA). The measurement was performed according to the manufacturer’s protocol with some
modifications. The standard curve was extended by adding standards 10 and 5 pg/mL, and the
calculated sensitivity was 5 pg/mL.



Supplementary Tables:

Supplementary Table 1. List of antibodies used in Western blot (WB),
immunohistochemistry (IHC) and immunofluorescence experiments.

Protein . Manufacturer, catalog no., .SpeCIes raised Dilution
Name of antibody in monoclonal
target or name of source Used
or polyclonal
Phoenix Pharmaceuticals, G- . .
PROK | Anti-PROK 1 antibody | 023-59 (Western blot)/ H-023- I}ab}’”’ Chis (;’IV{}?/
59 (Immunohistochemistry) polyciona ) (IHC)
PROKRI Anti-PROKR-1 LSBio LifeSpan Bioscience, Rabbit, 1:200 (WB)/
antibodies LS-A6684 polyclonal 1:150 (IHC)
Prokineticin receptor 2 . Rabbit, 1:200 (WB)/
PROKR2 (extracellular) antibody Invitrogen, PAS-77688 polyclonal 1:50 (IHC)
GAPDH Anti-GAPDH antibody Abcam, ab9485 Rabbit, 1:2000
polyclonal
. . Anti-Rabbit IgG (whole
ifl}ﬁ”abb“ molecule)—Alkaline Sigma-Aldrich, A3687 1G°ft’ . | 1220000
Phosphatase antibody polyciona
Anti-rabbit Ant.l_Rabblt IsG Vector Laboratories Inc, Goat,
Biotinylated Antibody (HI+L), AB-1000 polyclonal 1:200
Biotinylated
VWF anti- von Wilebrand Dako, A-0082 Rabbit, 1:100
factor polyclonal
HSD3B1 Anti-HSD3B1 Abcam, ab55268 Mouse, 1:100
monoclonal
Anti-mouse CY™ 3 AffiniPure Jackson ImmunoResearch, Donkey, 1:2000
CY3 Donkey Anti-Mouse 715-165-150 polyclonal
IgG (H+L)
Anti-rabbit CY3-conjugated Jackson ImmunoResearch, Donkey, 1:2000
CY3 donkey anti-rabbit IgG 711165152 polyclonal




Supplementary Table 2. Assays used in real-time RT-PCR analyses.

Primer
Gene sequence/TagMan GenBank accession no.
Assay ID

ACTB Ss03376081_ul AK237086.1
GAPDH Ss03373286_ul NM 001206359.1
PPIA Ss03394782 g1 NM 214353.1
PROK1 Ss04246562 ml1 NM 001172586.1
PROKRI ARGZGD3 NC 0104454
PROKR2 ARWCXJZ NC 010459.5
HSD3B1 Ss03391752 ml NM 001004049.2
CYPIIAl Ss03384849 ul NM 214427.1
STAR Ss03381250 ul NM 213755.2
FGF2 Ss03375809 ul AJ577089.1
FLTI Ss03375679 ul AJ245445.1
KDR Ss03376639 ul XM 013997943.2
ANG Ss03380513 ul NM 001044573.2
ANGPT?2 Ss03392365 m1 NM 213808.1
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Supplementary Figure 1. Progesterone (P4) concentration in plasma from jugular vein blood
collected post mortem from gilts on either Day 9, 12 or 14 of the estrous cycle or pregnancy.
Data are presented as mean £ SEM. Lowercase letters (a) indicate no statistical significant
differences between days of the estrous cycle, and capital letters (A) indicate no statistical
significant differences between days of pregnancy. Statistical significance (p<0.05) of
reproductive status has been marked with an asterisk (*).
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Supplementary Figure 2. Uncropped images of full length Western blot membranes presented
in the Figure 1 for expression of prokineticin 1 (PROKI1) (A); prokineticin receptor 1
(PROKR1) (B) and prokineticin receptor 2 (PROKR?2) (C). Negative controls were obtained
by: a replacement of the primary antibodies with normal rabbit immunoglobulin G used at the
concentration corresponding to the protein concentrations of antibodies (D) and using the
primary antibody for PROKRI1 pre-absorbed with a blocking peptide (E). The membranes were
cut prior to hybridization with the antibodies to reduce the consumption of the antibodies.
Colorimetric method of Western blot detection in which membranes are photographed on the
black background was used. M - Protein Molecular Weight Marker; CL — corpus luteum tissue;
END — endometrium tissue.

Supplementary Figure 3
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Supplementary Figure 3. Immunolocalization of (A) hydroxy-delta-5-steroid dehydrogenase,
3 beta- and steroid delta-isomerase 1 (HSD3B1) factor in the porcine luteal cells. Cell nuclei
were stained with (B and E; blue) DAPI dye. Specificity of immunoreaction was determined
by using (D) negative control — omitting the primary antibody. Photos merge (DAPI/marker)
are shown in the last column (C, and F). Scale bars: 50 pm.



Supplementary Figure 4
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Supplementary Figure 4. Immunolocalization of von Willebrand (vWF) factor (A and E) in
the porcine luteal endothelial cells. Cell nuclei were stained with DAPI dye (blue; B, F, and J)
while the cytoplasm were stained with phalloidin (green; C, G, and K). Specificity of
immunoreaction was determined by using (I) negative controls — normal rabbit IgG. Photos
merge (DAPI/phalloidin/marker) are shown in the last column (D, H, and L). Scale bars: 50
pm.
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Supplementary Figure 5. Prokineticin 1 effect on capillary-like structure formation by the
porcine primary luteal endothelial cells isolated on Days 12 of the estrous cycle. The effects of
PROKI1 on the parameters describing angiogenesis (excluding the results presented in Fig. 6),
such as (A) the number of extremities, (B) total master segment length, (C) total meshes area,
(D) number of pieces, (E) number of segments, (F) number of branches, (G) number of isolated
segments, (H) total length, (I) total branching length, (J) total branch length, (K) total isolated
branch length, (L) branching interval; (M) mesh index, and (N) mean mesh size were evaluated
in the presence or absence of a PROK receptor 1 antagonist (PC7). Data are presented as the
mean = SEM of the fold change versus control. Different letters (a - b) indicate statistically
significant differences (p<0.05).
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Supplementary Figure 6. The effect of prokineticin 1 (PROKI1) on expression of genes
associated with angiogenesis in the porcine luteal explants in vitro on Day 12 and 14 of estrous
cycle or pregnancy: (A) angiopoietin 2 (ANGPT2), (B) fibroblast growth factor 2 (FGF2), (C)
fms related receptor tyrosine kinase 1 (/L71), and (D) kinase insert domain receptor (KDR).
Precision-cut luteal slices were incubated with control (vehicle) or PROK1 (40 nM) for 18 h in
the presence/absence of prokineticin receptor 1 (PROKR1) antagonist (PC7; 10 uM). Data are
presented as means £ SEM. The same lowercase letters (a) indicate no statistically significant
differences between treatments within groups on Days 12 (D12) and 14 (D14) of the estrous

cycle or pregnancy.
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ARTICLE INFO ABSTRACT

Keywords: Prokineticin 1 (PROK1) is an important factor in pregnancy establishment in pigs, acting at the embryo-maternal
Pmki"‘f’ticm 1 interface and the corpus luteum (CL). Estradiol-17 (E2) is the primary pregnancy recognition signal in pigs, and
Estradiol its effects are augmented by luteotropic prostaglandin E2 (PGE2). On the contrary, prostaglandin F2a (PGF2a)
Prostaglandins

exerts mainly a luteolytic effect. The present study aimed to elucidate whether E2, PGE2, and PGF2a regulate the
expression of PROK1 and its receptors in the porcine CL and to determine the PROK1 effect on luteal endothelial
cells and pathways that may be involved in this regulation. The effects of E2, PGE2, and PGF2«a on the ex-
pressions of PROK1 and its receptors in the CL were studied using an in vitro model of ultrathin luteal tissue
explants model. Additionally, the effects of E2 and PGE2 on the PROK1 system were determined using an in vivo
approach, in which the hormones were administered into the uterine lumen to imitate their secretion by em-
bryos. Endothelial cell proliferation was measured using the colorimetric method. E2 acting via estrogen re-
ceptors simulated the mRNA and protein expressions of PROK1 and PROKR1 in CL explants in vitro (p < 0.05).
The simultaneous action of E2 with PGE2 enhanced the expression of luteal PROKI mRNA in vitro (p < 0.05).
Estradiol-17p acting alone significantly increased PROKI mRNA levels in vivo, whereas E2 simultaneously
administered with PGE2 significantly elevated the PROKI1 mRNA expression and PROKR1 mRNA and protein
contents in CLs adjacent to uterine horns receiving hormonal infusion compared with CLs adjacent to placebo-
treated uterine horns (p < 0.01). The PROK1 protein expression was significantly higher in the CLs of pigs treated
with E2, PGE2, and E2 together with PGE2 than in the control group. PGF2a increased the PROK1 mRNA content
in CLs on days 12 and 14 of the estrous cycle (p < 0.05). The expression of PROKR2 at the mRNA and protein
levels remained unchanged in response to in vitro and in vivo treatments. PROK1 stimulated the proliferation of
luteal endothelial cells by activating the MAPK, AKT, and mTOR pathways (p < 0.05). In summary, the luteal
expressions of PROK1 and PROKR1 in early pregnancy are regulated by E2 and PGE2. PROK1 stimulates luteal
angiogenesis by activating the MAPK, AKT, and mTOR pathways. The regulation of luteal PROK1 expression by
PGF2a indicates PROK1’s putative role during luteolysis. We conclude that PROK1-PROKRI1 signaling supports
luteal function during CL rescue in pregnancy in pigs.

Angiogenesis
Corpus luteum
Pregnancy

1. Introduction

The corpus luteum (CL) is critical in gestation maintenance in
pregnant mammals. In pigs, the CL is the major progesterone source
throughout pregnancy [1]. The lifespan of the CL is determined by the
presence of conceptuses that release specific signals triggering a physi-
ological response in the maternal organism, resulting in the CL’s pro-
longed function. Estradiol-17p (E2) is the primary embryonic signal in
pigs secreted by conceptuses on days 11-13 post-coitum and, later, on
days 15-25 [2,3]. Prostaglandin E2 (PGE2) is another factor that
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supports CL function in pigs and is abundantly secreted by the endo-
metrium and conceptuses during pregnancy establishment [4-10]. In
addition, our results revealed that the secretion profile of embryonic and
endometrial PGE2 is similar to that of E2 of conceptus origin [5]. A lack
of embryos initiates processes leading to the regression of the CL. Pul-
satile endometrial secretion of prostaglandin F2a (PGF2a) in pigs in-
duces functional luteolysis after day 12 of the estrous cycle, when the CL
becomes sensitive to its action [1,11-13]. The main effect of PGF2x on
CLs is decreasing progesterone synthesis by the luteal tissue [14,15].
Prokineticin 1 (PROK1) was demonstrated to be important for
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ovarian function and gaining successful oocyte competence [16,17], and
its expression was shown in CLs [18,19]. Recently, PROK1 was indicated
as a pivotal factor in luteal function during early pregnancy in pigs [20].
We demonstrated that the expression of prokineticin 1 and its receptors
(PROKR1 and PROKR2) undergoes dynamic changes during the estrous
cycle and early pregnancy in the porcine CL [20]. However, the regu-
latory mechanisms controlling the luteal expression of PROK1 and its
receptors in pigs remain unknown. We hypothesized that luteopro-
tective factors secreted by embryos and luteolytic factors regulate the
expression of the PROK1-PROKR system in the CL in the estrous cycle
and early pregnancy. In this study, we aimed to elucidate the effects of
luteotropic (E2 and PGE2) and luteolytic (PGF2a) factors on the mRNA
and protein abundance of PROK1 and its receptors in the porcine CL
using two experimental models: luteal tissue cultures in vitro, and an in
vivo model in which E2 was administered alone or in combination with
PGE2 directly into the uterine lumen to imitate the secretion of these
hormones by conceptuses. In our recent study, we demonstrated that
PROK1, acting through PROKR1, contributed to luteal angiogenesis by
stimulating luteal endothelial cells to form capillary-like structures in
vitro and by increasing the expression of the angiogenin mRNA and
vascular endothelial growth factor (VEGFA) secretion by the CL tissue
[20]. Additionally, this study aimed to elucidate the effect of PROK1 on
luteal endothelial cells and determine the signaling pathways involved
in angiogenesis in the porcine CL.

2. Methods

Procedures involving the use of animals and collecting ovary samples
were performed in accordance with the EU Directive 2010/63/EU for
animal experiments, the ARRIVE guidelines and the national guidelines
for animal care, and were approved by the Animal Ethics Committee of
University of Warmia and Mazury, Olsztyn, Poland, permission No. 17/
2008.

Gilts of a similar age (approximately 6-6.5 months), weight
(100-115 kg), and genetic background originating from the same
commercial herd were included in this study. The signs of estrus were
checked for every animal. After one natural estrous cycle, the gilts were
randomly selected into two groups: pregnant and cyclic. Animals
assigned to the pregnant group, underwent insemination at 12 and 24 h
after the estrus (day 0). Gilts were slaughtered in a local abattoir on day
12 and 14 of the estrous cycle and on day 14 of pregnancy (n = 6-11 per
group). The day of pregnancy was validated based on the presence and
morphology of embryos. The day of the estrous cycle/pregnancy was
confirmed by the estrus observation and the evaluation of the ovary
morphology, as well as progesterone concentration in plasma of jugular
vein blood as described in our previous study [20]. Inseminated gilts
that were not pregnant were excluded from the experiments.

2.1. Experiment 1: the effects of E2, PGE2, and PGF2a on mRNA and
protein expressions of prokineticin 1, PROKR1, and PROKR?2 in the CL in
vitro

In this experiment, we examined the effects of luteotropic (E2 and
PGE2) and luteolytic (PGF2a) hormones on the luteal expressions of
PROK1 and its receptors (PROKR1 and PROKR2). The effects of E2 and
PGE2 were studied in vitro using luteal tissue explants collected from
gilts on day 12 of the estrous cycle. The effects of PGF2a and its stable
analog (fluprostenol; FLP) were evaluated in vitro using luteal tissue
explants collected on days 12 and 14 of the estrous cycle and day 14 of
pregnancy. Corpora lutea were dissected from the ovaries with a tissue-
coring tool and transferred onto a Krumdick Tissue Slicer (K&F
Research, Birmingham, AL, USA). Luteal explants of a similar size
(~180 pm thick; 8 mm diameter) and weight (4-5 mg wet weight) were
minced and placed in a Petri dish containing M199 medium (Sigma-
Aldrich, St. Louis, MO, USA). The explants were cultured in 6-well plates
(a luteal tissue slice per well in 4 mL of the medium) and underwent
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preincubation for 1 h in the M199 medium without phenol red and with
or without an estrogen receptor antagonist (ICI 182780; Sigma-Aldrich).
After preincubation, the explants were incubated under gentle shaking
with the treatments for 18 h in a humidified atmosphere with 95 % air
and 5 % CO2 at 37 °C. The following treatments were applied: the
control (vehicle: 0.01 % ethanol); E2 (100 nM) with or without ICI
182780 (1 pM), PGE2 (100 nM), E2 (100 nM) + PGE2 (100 nM), PGF2a
(100 nM and 1 pM; Sigma-Aldrich), and FLP (1 uM; Sigma-Aldrich). The
hormone doses were selected based on physiological levels in Refs. [11,
21] and their ability to induce a physiological response in vitro [22].
After incubation, the luteal explant samples and media were frozen
using liquid nitrogen and stored at —80 °C for future experiments. The
expression levels of PROK1, PROKR1, and PROKR2 mRNA in the luteal
explants were assessed using qPCR, as described in the “Gene expression
analyses” section. The PROK1 protein level was determined using ELISA,
and protein expressions of the receptors were studied using Western
blot, as described in the “Protein expression analyses” section.

2.2. Experiment 2: the effect of E2 and PGE2 on mRNA and protein
expression of prokineticin 1, PROKR1, and PROKR2 in the CL in vivo

To study the effect of E2 and PGE2 separately or simultaneously
administered on the levels of PROK1, PROKR1, and PROKR2 gene and
protein expressions in the porcine CL, we used an in vivo model
described previously [23,24]. Briefly, peri-pubertal Pietrain x Duroc
crossbred gilts, of similar genetic background, age (approx. 6.5 months),
and weight (approx.110 kg), after two natural estrous cycles, were
subjected to estrus synchronization according to previously established
procedure [8]. On days 8 of the third estrous cycle, gilts underwent
surgical procedures, during which cannulas were introduced into both
uterine horns. Cannulas inserted into uterine lumen were perforated
along their length, in order to imitate hormone secretion by embryos.
The cannulas were inserted into the uterine lumen at a middle part of
uterine horn and were exteriorized through a flank incision on the back
of animal. Mixing between the uterine horns was prevented because of
anatomical positioning, the catheter length, and the volume of hormonal
infusions. Gilts assigned to the control group (n = 6), received infusions
of placebo (5 mL of 1 % v/v ethanol saline) into uterine lumen of both
horns. In the experimental groups (n = 6 per each group), every animal
was treated with hormonal infusions of E2 (833 ng or 33.3 pg per
infusion; Sigma-Aldrich), PGE2 (200 pg per infusion; Sigma-Aldrich), or
E2 together with PGE2 into a randomly chosen horn (the hormone doses
were determined based on previous reports [8,23,25]). Into the
contralateral horn, the gilts received placebo infusions. Treatments were
infused every 4 h for a 24 h, beginning on day 11 after the estrus. On day
12 after onset of the estrus, the gilts were slaughtered at a local
slaughterhouse, and tissue samples were collected. Luteal tissues were
frozen in liquid nitrogen and stored at —80 °C. Abundance of PROKI,
PROKR1 and PROKR2 mRNA in the collected CL tissue samples was
examined using qPCR (subchapter — “Gene expression analyses™).
PROK1 protein expression was measured by ELISA assay, while the
expression of PROKR1 and PROKR2 proteins were evaluated by Western
blot analyses, as detailed in the subchapter “Protein expression
analyses".

2.3. Experiment 3: the effect of PROK1 on luteal endothelial cell
proliferation

2.3.1. Isolation and in vitro culture of porcine endothelial cells from the CL

Isolation and culture of porcine endothelial cells of luteal origin were
performed as described earlier [20]. The protocol allowed to obtain
separated populations of steroidogenic and endothelial cells from the CL
in pigs. Briefly, ovaries were gathered from gilts (n = 11) on day 12 of
the estrous cycle. All corpora lutea were collected and pooled from each
gilt to obtain endothelial cells. N refers to the gilt not the single CL. Each
biological replicate represented an individual gilt. The CL tissue was
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Table 1
Assays used in real-time RT-PCR.
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Gene GenBank accession no. TaqMan Assay ID
PROK1 NM_001172586.1 S504246562_m1
PROKR1 NC_010445.4 ARGZGD3
PROKR2 NC_010459.5 ARWCXJZ

ACTB AK237086.1 Ss03376081_ul
GAPDH NM_001206359.1 Ss03373286_ul
PPIA NM_214353.1 Ss03394782_g1

carefully separated from the surrounding ovary tissue and minced with a
lancet. Afterwards, the tissue underwent enzymatic digestion in a so-
lution of 0.07 % (w/v) collagenase (Sigma-Aldrich) in M199 medium
with 1 % BSA for 70 min at 37 °C. Cell suspension obtained after tissue
digestion consisted both endothelial and luteal cells. This post-digestion
cell suspension was passed through a gauze, and the cells were separated
by a series of centrifugations. The supernatant collected after the initial
three centrifugations was stored on ice. Collected supernatant fractions
containing endothelial cells were separated using a 15 pm-diameter pore
filter and centrifuged at 300xg for 10 min. Afterwards, the pellet was
resuspended in MCDB 131 medium (Sigma-Aldrich), supplemented
with 10 % Newborn Calf Serum (Sigma-Aldrich) and 50 pg/mL of
endothelial cell growth supplement (Merck, Darmstadt, Germany). The
cells were then plated and cultured at 37 °C in a humidified atmosphere
containing 5 % CO.. Procedure’s effectiveness was validated by assess-
ing the presence of von Willebrand Factor (the endothelial cell marker)
in the cultured cells. The characteristics of the isolated endothelial cells
was performed as presented previously [20].

2.3.2. Endothelial cell proliferation assay

Proliferation assay experiments were performed as described
recently [26,27]. Briefly, PLE (primary luteal endothelial) cells were
isolated from CLs of gilts (n = 11) on day 12 of the estrous cycle. Then,
PLE cells were seeded (2.5 x 10° cells/mL in 96-well). After attachment,
at 50-60 % confluency, the cells were treated for 24 h with the control (a
vehicle, 0.01 % ethanol) or 40 nM PROK1 in the presence/absence of a
PROKR1 antagonist (1 pM; PC7 [28]), MAPK inhibitor (25 pM; PD
098059; Sigma Aldrich), phosphoinositide 3-kinase (PI3K) inhibitor (25
pM; LY 294002; Sigma Aldrich), AKT1/2 kinase inhibitor (2.5 pM;
Sigma Aldrich), mammalian target of rapamycin (mTOR) kinase inhib-
itor (50 nM; rapamycin; Sigma Aldrich). The dose of PC7 was selected
based on previous results [20]. The antagonist was kindly provided by
Prof. Gianfranco Balboni (the University of Cagliari, Italy). After 24
h-incubation, proliferation was measured using the CellTiter 96
Aqueous One Solution Proliferation Assay (Promega, Madison, WI) ac-
cording to the producer instructions. Experiments were performed
eleven times in triplicate. The fold difference was calculated by dividing
the absorbance obtained by PROK1-treated cells by the absorbance ob-
tained by the control-treated cells.

2.4. Gene expression analyses

2.4.1. Real-time RT-PCR

The expressions of PROK1, PROKR1, and PROKR2 mRNA in the
porcine luteal tissue, from in vivo and in vitro experiments was evaluated
using quantitative PCR (real-time RT-PCR; qPCR), accordingly to pre-
viously established methods [20]. Briefly, total RNA was isolated from
collected samples using the RNeasy Mini kit (Qiagen, Hilden, Germany),
following the producer instructions. The RNA quality and quantity were
analyzed using Agilent Bioanalyzer (Agilent Technologies, Santa Clara,
USA) and NanoDropl1000 (Thermo Fisher Scientific, Waltham, USA).
cDNA was generated from RNA by reverse transcription kit (Life Tech-
nologies, Carlsbad, USA) and used as a template for qPCR. The expres-
sions of target genes were determined using TagMan Master Mix with
TagMan probes (Life Technologies, Table 1), following the
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Table 2
List of antibodies used in Western blot analyses.
Protein Antibody name Manufacturer, Monoclonal or Dilution
catalog no. polyclonal,
species raised
in

PROKR1 Anti-PROKR-1 LSBio LifeSpan Polyclonal, 1:200

antibody Bioscience, rabbit,
LS-A6684

PROKR2 Prokineticin Invitrogen, Polyclonal, 1:200
receptor 2 PA5-77688 rabbit,
(extracellular)
antibody

GAPDH Anti-GAPDH Abcam, ab9485 Polyclonal, 1:2000
antibody rabbit,

anti- Anti-Rabbit IgG Sigma-Aldrich, Polyclonal, 1:20

rabbit (whole molecule)- A3687 goat 000
AP Alkaline

Phosphatase
antibody

manufacturer’s protocol. The qPCR programs for all the target genes
were set as following: denaturation (95 °C, 10 min) followed by 40 cy-
cles of denaturation (95 °C, 15 s), annealing, and elongation (60 °C, 1
min). The reactions were performed using the Applied Biosystems
7900HT Real-Time PCR system (Life Technologies). Expression levels of
mRNA were assessed using Miner software2 [29]. The following formula
was used to calculate mRNA expression from values generated by PCR
Miner software: 1/(1 + Average Efficiency)"CT. Stability of house-
keeping genes (ACTB, PPIA, GAPDH, HPRT1, and RPL13A) was sepa-
rately determined using NormFinder3 [30] for both in vivo and in vitro
experiments. mRNA expression results were normalized against the
geometric mean of ACTB and PPIA (in vivo experiments), and against the
geometric mean of ACTB and GAPDH (in vitro experiments). The geo-
metric mean was calculated for each sample individually using the
expression values of the selected reference genes.

2.5. Protein expression analyses

2.5.1. Western blot

The protein expressions of PROKR1 and PROKR2 in the porcine CLs
were evaluated by Western blot analyses, as described previously [20].
The luteal tissue and explant samples were homogenized in a buffer (50
mM/L TRIS-HCl, pH 8.0; 1 mM/L EDTA; 150 mM/L NaCl), including
protease inhibitor mixture (Sigma-Aldrich). SDS-gel loading buffer (50
mM Tris-HCl pH 6.8, 4 % SDS, 20 % glycerol, and 2 % p-mercaptoe-
thanol), was used to dissolve protein extracts (50 pg). Protein samples
were denatured by heating at 95 °C for 4 min and separated on 10 %
Tris-Glycine SDS-PAGE gels. The proteins were then transferred onto
0.4 pm polyvinylidene difluoride membrane. The membranes with
transferred proteins were blocked in 5 % nonfat dry milk in Tris-buffered
saline (TBS) with 0.1 % Tween 20 (TBS-T), followed by overnight in-
cubation with the primary antibodies (Table 2) at 4 °C. Antibodies were
used and validated in our previous papers [20,24,27]. Following incu-
bation, blots were washed with TBS-T, and incubated with secondary
anti-rabbit alkaline phosphatase-conjugated antibodies (Table 2) for 90
min at room temperature. To assess GAPDH expression, membranes
were washed again in TBT-T, re-blocked, and incubated with primary
antibodies against GAPDH (Table 2). Normal rabbit IgG (sc-2027, Santa
Cruz Biotechnology, Inc., Heidelberg, Germany) at concentrations
equivalent to the antibody protein content was used as negative controls
for primary antibodies [20]. An additional negative control for PROKR1
was performed with the antibody pre-absorbed with a blocking peptide
(LS Bio, Seattle, WA, USA) [20]. Visualization of immune complexes was
performed by using standard alkaline phosphatase method and docu-
mented in ChemiDoc™ MP Imaging System (Bio-Rad, Hercules, CA,
USA). The results were normalized by dividing the expression of the
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Fig. 1. The effects of estradiol-17f (E2) and prostaglandin E2 (PGE2) on the expressions of prokineticin 1 (PROK1; A and B), and its receptors (PROKR1 - C, D and
PROKR2 - E, F) mRNA and proteins in the porcine corpus luteum in vitro. Ultrathin luteal slices of corpus luteum were incubated with the vehicle (control, 0.01 %
ethanol) or E2 (100 nM) in presence or absence of estrogen receptor antagonist — ICI 182780 (ICI) or PGE2 (100 nM) for 18 h. PROK1 protein concentration in luteal
slice homogenates was determined by ELISA (B). Representative samples of Western blots for PROKR1 and PROKR2 are shown in the upper panels (D and F). Data are
presented as means + SEM, n = 6-11 per group. Data were analyzed using one-way ANOVA, followed by Tukey’s post-test. Different lowercase letters indicate

statistically significant differences (p < 0.05).

target proteins by GAPDH expression (individually for each sample).

2.5.2. ELISA for PROK1

Luteal tissue slices (from the experiment 1) and luteal tissues (from
the experiment 2) were homogenized using a homogenizer (Polytron®
Generator PT-DA 03/2 EC-050) in phosphate buffered saline (PBS; 240
pL) supplemented with protein inhibitor cocktail. Samples were ho-
mogenized twice (in 2 min intervals). Subsequently, the homogenates
were centrifuged for 10 min at 800xg. Supernatant was gathered. Pro-
tein concentration in lysates was examined using Bradford method. The
samples were kept at —80 °C until further analysis.

A commercially available ELISA kit (R&D Systems, Minneapolis, MN,
USA) was applied to assess concentration of PROK1 protein in lysates
from CL slices and tissues. The analysis was performed accordingly to

the producer’s protocols. In brief, the plates were coated with capture
antibodies at a concentration of 2 pg/mL by introducing 100 pl of the
suspension into the well. On the next day, after washing the adjacent
wells, non-specific binding sites were blocked by using Reagent Diluent
(containing 0.1 % bovine serum albumin). Samples and standards were
applied to the wells prepared according to the manufacturer’s in-
structions and incubated at room temperature for 2 h. The plate was
then washed and Detection Antibodies (200 ng/mL; 100 pL/well) were
added and the plate was incubated for 2 h at room temperature. After
rinsing the plate, streptavidin-HRP was introduced into the wells and
incubated on the plate for 20 min at room temperature. Following in-
cubation, the plate was rinsed again and substrate solution was added in
a volume of 100 pL/well and incubated for 20 min. After stopping the
reaction, measurements were made with a spectrophotometer at
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Fig. 2. Effects of estradiol-17f (E2; 833 ng or 33.3 pg per infusion), prostaglandin E2 (PGE2; 200 pg per infusion), and E2, together with PGE2, administered in vivo
on the luteal expressions of prokineticin 1 (PROK1) and its receptors PROKR1 and PROKR2 mRNA (A, C and E, respectively) and proteins (B, D and F, respectively).
Hormones were infused by cannulas into the uterine horns every 4 h from day 11 until 12 after the onset of estrus. PROK1 protein concentration in luteal tissue
homogenates was determined by ELISA (B). Representative photographs of Western blots for PROKR1 and PROKR2 are shown in the upper panels (D and F,
respectively). Data are represented as means + SEM, n = 6 per group. Data were analyzed using two-way ANOVA, followed by Tukey’s post-test. Asterisks represent
significant differences in the expression between the corpora lutea on ovary adjacent to placebo-treated uterine horn and corpora lutea on ovary adjacent to the
hormone-treated uterine horn in the same gilt (*, p < 0.05; **, p < 0.01). Lack of different lowercase letters (a) indicate no statistically significant differences for the
expression in corpora lutea on ovaries adjacent to the uterine horns receiving the vehicle-only infusions between the control and the hormone-treated gilts (p > 0.05).
Different capital letters (A, B) indicate statistically significant differences between the control and the hormone-treated gilts (p < 0.05) for the expression in corpora
lutea on ovaries adjacent to the horns receiving hormonal infusions, or in case of PROK1 protein expression, in corpora lutea from both sides of uterus belonging to
the control or experimental animal group).

wavelength of 450 nm and 570 nm. The calculated sensitivity of the 2.6. Statistical analyses
method reached 7.8 pg/mL. For in vitro experiment with PGF2a intra-

series variability was 3.4 %. For in vitro experiment with E2 and The results of the experiment 1 (the effect of E2 and PGE2 on pro-
PGEZ2, and for in vivo experiment intra-series variabilities were 2.6 % and kineticin 1 system in vitro) and 3 were determined using one-way
2.96 %, respectively. ANOVA, followed by Tukey multiple comparisons post-test. The re-

sults of the experiment 2, and the results obtained from the experiment 1
with luteal slices treated with PGF2a/FLP were assessed by two-way
ANOVA, followed by Tukey’s post-test. Differences were considered
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Fig. 3. The effects of prostaglandin F2a (100 nM and 1 pM PGF2a) and fluprostenol (FLP) (1 pM) on mRNA and protein expressions of prokineticin 1 (PROK1; A, B)
and its receptors (PROKR1 - C, D and PROKR2 - E, F) in the porcine luteal explants in vitro on day 12 and 14 of the estrous cycle or pregnancy. Precision-cut luteal
slices were incubated with the control (vehicle) or PGF2a/FLP for 18 h. Data are presented as means = SEM, n = 6-8 per group. Data were analyzed using two-way
ANOVA, followed by Tukey’s post-test. Different lowercase letters (a, b) indicate statistical significant differences between treatments within groups on days 12 (D12)
and 14 (D14) of the estrous cycle or pregnancy (p < 0.05). Asterisks represent significant differences between the control groups (vehicle-treated explants) collected

from gilts on different days of the estrous cycle or pregnancy (p < 0.05).

statistically significant at a 95 % confidence level (p < 0.05). All sta-
tistical analyses were performed using GraphPad PRISM v. 10.2.2 soft-
ware (GraphPad Software Inc., San Diego, CA, USA).

3. Results

3.1. Estradiol-17p upregulates the expressions of prokineticin 1 and
PROKRI1 in CL tissue slices in vitro (experiment 1)

Effects of the treatments on the expressions of the PROK1 mRNA (p
< 0.0001) and protein (p = 0.0029) and on the expression of the
PROKR1 mRNA (p = 0.0016) and protein (p < 0.0009) were detected.
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Estradiol-17p acting alone or simultaneously with PGE2 significantly
increased the abundance of PROK1 mRNA in luteal tissue slices in vitro
(p < 0.001 and p < 0.05, respectively; Fig. 1A). Stimulating effect of E2
was abolished by using an estrogen receptor antagonist (ICI 18278). The
PROK1 protein expression in luteal tissue slices was elevated by E2 (p <
0.05). This effect was reduced by using ICI 18278 (Fig. 1B). Estradiol-
17p acting alone via its receptor significantly upregulated the expression
of the PROKR1 mRNA and protein in luteal tissue in vitro (p < 0.01, and
p < 0.05, respectively; Fig. 1C and D). E2 and PGE2 acting alone or
simultaneously did not affect the luteal expression of the PROKR2
mRNA and protein in vitro (p > 0.05; Fig. 1E and F).
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3.2. Embryonic signal (estradiol-17p) and PGE2 regulate the expressions
of prokineticin 1 and PROKR1 in the CL in vivo (experiment 2)

In this study, we aimed to investigate whether intrauterine infusions
of E2 and PGE2 transported to the ovaries via the local circulation [8]
affect the expressions of PROK1 and its receptors PROKR1 and PROKR2
in the CL. Therefore, the mRNA and protein abundance of PROK1,
PROKR1, and PROKR2 were examined in the CLs collected from ovaries
adjacent to the hormone-treated and placebo-treated uterine horns from
the experimental groups and in the luteal tissues of CLs collected from
ovaries in the control group (with placebo infusions into both uterine
horns). We studied the effects of the treatments (the control group vs.
hormone-treated groups) and the site of hormone administration (CLs in
ovaries adjacent to hormone-treated uterine horns vs. CLs in ovaries
adjacent to placebo-treated uterine horns) on the PROK1, PROKR1, and
PROKR2 mRNA and protein expressions in porcine CLs in vivo.

We detected an interaction between the effect of the treatments and
the effect of the site of hormonal infusions on the PROK1 mRNA levels
(p = 0.017) and PROKR1 protein content (p = 0.0433) in CLs collected
from gilts after the in vivo experiment. The main effect of the treatments
(p = 0.005) on the PROK1 protein abundance in CLs and the main effect
of the site of hormone administration (p = 0.025) were found for the
PROKR1 mRNA content in CLs.

Estradiol-17p acting alone (33.3 pg/infusion) or simultaneously with
PGE2 (833 ng/infusion of E2 with PGE2) significantly increased the
content of the PROK1 transcript in CLs adjacent to the uterine horns
receiving hormonal infusion compared with CLs adjacent to the placebo-
treated uterine horns (p < 0.05; Fig. 2A). The PROK1 protein expression
was significantly higher in the CLs collected from pigs treated with E2
(33.3 pg/infusion), PGE2 alone, E2 (833 ng/infusion) with PGE2, and E2
(33.3 pg/infusion) with PGE2 than in the control group, which received
placebo infusions into both uterine horns (Fig. 2B). The expression of
PROKR1 mRNA was increased in CLs adjacent to uterine horns receiving
infusions of E2 (33.3 pg/infusion) compared with CLs adjacent to uter-
ine horns receiving placebo infusions (p < 0.05; Fig. 2C). Moreover, E2
(33 pg/infusion) in combination with PGE2 stimulated PROKR1 mRNA
and protein abundance in CLs collected from ovaries adjacent to the
hormone-treated horns compared with CLs adjacent to the placebo-
treated horns (Fig. 2C and D). There were no significant main effects
of the treatments or the site of hormone administration for both PROKR2
mRNA and protein expressions (p > 0.05; Fig. 2E and F).

3.3. The effect of PGF2a on luteal expressions of PROK1, PROKR1, and
PROKR?2 in vitro (experiment 1)

The effects of PGF2a and its analog (fluprostenol) on the luteal ex-
pressions of PROK1, PROKR1, and PROKR2 were studied in vitro in
luteal slices on days 12 and 14 of the estrous cycle and day 14 of
pregnancy. Effects of the day of the estrous cycle/pregnancy (p < 0.05)
and the treatments (p < 0.01) on the mRNA expression of PROK1 were
detected (Fig. 3A). The day of the estrous cycle/pregnancy affected the
PROK1 protein expression (p < 0.0001; Fig. 3B); PROKR1 mRNA
expression (p < 0.001; Fig. 3C); and PROKR2 protein expression (p <
0.0001; Fig. 3F). Moreover, an interaction was observed between the
effect of the treatments and the effect of the day of the estrous cycle/
pregnancy (p < 0.05) on the PROKRI1 protein expression (Fig. 3D).

Prostaglandin F2a (100 nM) increased the content of PROK1 tran-
scripts in luteal tissue slices isolated from gilts on days 12 and 14 of the
estrous cycle compared with the control (p < 0.05; Fig. 3A). Moreover,
PGF2a (100 nM and 1 pM) and fluprostenol (1 uM) significantly reduced
the expression of the PROKR1 protein in luteal slices collected on day 14
of pregnancy (p < 0.05; Fig. 3D).

The expression of PROKI mRNA in CL tissue explants was signifi-
cantly elevated in the control group collected on day 12 of the estrus
cycle compared with the control group on day 14 of the estrous cycle and
day 14 of pregnancy (p < 0.05; Fig. 3A). Furthermore, the PROKRI
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Fig. 4. The effects of PROK1 on proliferation of luteal endothelial cells isolated
on days 12 of the estrous cycle. Endothelial cells were incubated for 24 h with
the control (vehicle; 0.01 % ethanol) or prokineticin 1 (PROK1; 40 nM) in the
presence/absence of a PROKR1 antagonist (PC7; 1 pM) and inhibitors of MAPK
(PD 098059; 25 pM), protein kinase B (AKT; 2.5 pM) and mTOR (rapamycin,
RAP; 50 nM). Data are presented as the mean + SEM of the fold change versus
control, n = 11. Data were analyzed using one-way ANOVA, followed by Tukey-
s post-test. Different letters (a—c) indicate statistically significant differences (p
< 0.05).

mRNA content in the control group on day 12 of the estrous cycle was
higher than in the control group on day 14 of the estrous cycle and day
14 of pregnancy (p < 0.001; Fig. 3C). The expressions of PROK1 and the
PROKR1 protein in the control group on day 14 of pregnancy were
increased compared with days 12 and 14 of the estrous cycle in the
control group (p < 0.0001; Fig. 3B and D). Moreover, the PROKR2
protein content was higher on day 14 of the estrous cycle and day 14 of
pregnancy with day 12 of the estrous cycle in the control group (p <
0.0001; Fig. 3F). There were no significant main effects of the treatments
or the day of the estrous cycle/pregnancy for the PROKR2 mRNA
abundance (p > 0.05; Fig. 3E).

3.4. PROK1 promotes luteal endothelial cell proliferation (experiment 3)

One-way ANOVA analysis revealed an effect of the treatment on
endothelial cell proliferation (p < 0.0001). PROK1 significantly stimu-
lated proliferation compared with the control (p < 0.05). Stimulating
effect of PROK1 was reduced by using a PROKR1 antagonist (PC7; p <
0.05) compared with the PROK1-treated cells. Similarly, using inhibitors
of MAPK kinases (PD 89059; p < 0.05), an AKT 1/2 kinase inhibitor (p
< 0.01), and an mTOR pathway inhibitor (rapamycin; p < 0.01) abol-
ished stimulating effect of PROK1 on luteal endothelial cell proliferation
(Fig. 4).

4. Discussion

This study demonstrated the mechanism regulating the expressions
of PROK1 and its receptors in the porcine CL. Furthermore, we identified
the signaling pathways activated by PROK1 during angiogenic processes
in the porcine CL.

Signals secreted by developing embryos are essential for triggering
the physiological response in maternal organisms, creating an appro-
priate environment for pregnancy establishment and development. E2 is
regarded as the major embryonic signal [2] preventing CL from luteol-
ysis in pigs [31,32]. Prostaglandin E2, released by conceptuses and the
endometrium, reaches the ovaries and prevents the regression of the CL
[21,33]. Our recent findings revealed that PGE2 augments the embry-
onic effect of E2 acting in the porcine endometrium in early pregnancy
[7]. We previously established the expression profiles of PROK1 and its
receptors in the porcine CL during the estrous cycle and early pregnancy
[20]. We found a significant increase in PROKI1, PROKR1 mRNA ex-
pressions, and PROK1 protein expression in the CLs during the time
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Fig. 5. Proposed mechanism of regulation of expression of prokineticin 1 (PROK1) and its receptors (PROKR1 and PROKR2) and their actions in the porcine corpus
luteum (CL). Estradiol-17f (E2), acting alone or with prostaglandin E2 (PGE2), increases PROK1 and PROKR1 expressions in the porcine CL during pregnancy
establishment. The luteolytic factor PGF2a upregulates PROK1 mRNA expression, indicating that PROK1 could also have a putative role during luteolysis. PROK1
may stimulate angiogenesis in the CL by activating MAPK, AKT, and mTOR intracellular pathways.

corresponding to increased secretion of embryonic E2 (the onset of
maternal recognition of pregnancy) [20]. Based on these results, we
hypothesized that E2 and PGE2 regulate the expressions of PROK1 and
PROKR1 in the porcine CL. Our results from the in vivo model, in which
we mimicked the secretion of embryonic signals (E2 and PGE2),
revealed that they increase the mRNA and protein expressions of PROK1
and PROKR1 in porcine CLs. These findings correspond with our recent
study indicating that PROK1 and PROKR1 mRNA expressions are stim-
ulated by E2 in the porcine endometrium in vivo [24]. In addition, using
the in vitro model of luteal tissue cultures, our present results show that
E2 regulates the expression of PROK1 via estrogen receptors. Previous
studies have shown that similar regulation of PROK1 by embryonic
signals occurs in different tissues. The stimulating effects of E2 on
PROK1 expression in the porcine endometrium in vitro have been re-
ported by our group [27]. The human embryonic signal hCG was also
demonstrated to stimulate the expressions of PROK1 and its receptors in
the human placenta [34]. The upregulation of PROK1 and PROKR1
expressions in the CL by embryonic signals is in agreement with the
significant role of PROK1 in luteoprotective/antiluteolytic mechanisms
in porcine CL rescue comprising the stimulation of angiogenesis, ste-
roidogenesis, luteal cell viability, and an antiapoptotic effect on luteal
and endothelial cells [18,20].

Our results reveal that PROKR2 mRNA and protein expression are
not regulated in the porcine CL by E2 and PGE2 in vitro and in vivo. In our
previous study, no changes in PROKR2 expression during early preg-
nancy in the porcine CL were reported; therefore, we assume this re-
ceptor does not have a major role in the CL during early pregnancy [20].
It would be interesting to study whether in response to the E2 and PGE2
treatment, the localization of protein expressions of PROK1 receptors,
especially PROKR2 is changed in the luteal tissue. However, based on
our recent immunohistochemistry results indicating no difference in
PROK1, PROKR1 and PROKR2 localization between the pregnant and
cyclic CL [20], we assumed that it is questionable that E2 and PGE2
treatments could substantially change these protein localization in the
porcine CL. Nevertheless, we could not confirm this assumption due to
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lack of enough luteal tissue explants after in vitro experiments to perform
additional analyses. Meanwhile, we detected a significant increase in
luteal PROKR2 mRNA levels during the initial stages of luteolysis [20],
suggesting the involvement of luteolytic factors in this regulation.
Prostaglandin F2a is a factor that initiates luteolysis in the mammalian
reproductive tract. In pigs, after binding to the luteal PTGFR receptor,
PGF2a triggers functional luteolysis after day 12 of the estrous cycle
[11-13,15]. We demonstrated stimulating effect of PGF2a on the PROK1
gene expression in the slices isolated from the CLs of gilts collected on
days 12 and 14 of the estrous cycle using the in vitro model of ultrathin
slices of CL tissue incubated with PGF2u or its stable analog (flupros-
tenol). This result corresponds with previous findings in bovines
demonstrating an increased expression of the luteal PROKI gene in
response to PGF2a treatment in vivo [35], suggesting PROK1 may play a
role in luteolysis by the increasing migration of leukocytes into
regressing CLs [35]. Unlike in bovines, in this study, PGF2a did not
affect the expressions of the PROKR1 mRNA and protein in vitro in the CL
during the luteal phase. We also found that PGF2a did not affect the
luteal expression of PROKR2 in vitro. A previous report similarly
revealed that PGF2o was ineffective in regulating PROKR2 mRNA
expression in the bovine CL in vivo [35]. We observed significantly
higher levels of the PROK1 protein in luteal tissue explants collected
from gilts on day 14 of pregnancy compared with day 14 of the estrous
cycle in the control group. This result corresponds with our previous
finding indicating an elevated expression of the PROK1 protein in the
porcine CLs collected on day 14 of pregnancy compared with day 14 of
the estrous cycle [20].

Prokineticin 1 is widely known as a factor promoting angiogenic
events in various tissues [20,24,27,36-39]. In this study, we demon-
strated that PROK1, acting via its receptor (PROKR1), stimulates the
proliferation of endothelial cells isolated from CLs from gilts on day 12
of the estrous cycle. Our findings are consistent with previous reports
evidencing the involvement of PROK1 in angiogenic processes [20,27,
36] and the ovaries as a major producer of this peptide [20,36]. Our
present findings also agree with our previous results indicating that
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PROK1, acting via the PROKR1, promotes the formation of capillary-like
structures via endothelial cells isolated from porcine CLs in vitro and
stimulates the synthesis of VEGFA and the mRNA expression of angio-
genin (another angiogenic factor) in the CL [20]. In addition, our results
correspond with the PROK1-induced proliferation of a myometrial
uterine microvascular cell line (UtMVEC-Myo) [40]. Using specific in-
hibitors, we established that PROK1-PROKR1 signaling enhances luteal
endothelial cell proliferation by activating the MAPK, AKT kinases, and
mTOR pathways. These results are consistent with our recent report
revealing that PROK1 induces the proliferation of endothelial cells in the
porcine endometrium by phosphorylating MAPK, PI3K, and AKT kinases
and influencing the mTOR pathway [27].

5. Conclusions

Our study identified E2 (the major embryonic signal in pigs), acting
alone or with PGE2, as a potent regulator of PROK1 and PROKR1
expression in the porcine CL during pregnancy establishment. The
luteolytic factor PGF2a regulates PROK1 mRNA expression, which in-
dicates that PROK1 could also have a potential role during luteolysis.
Additionally, we determined that PROK1 may stimulate angiogenesis in
the CL by activating MAPK, AKT, and mTOR pathways. Therefore, we
conclude that PROK1-PROKRI1 signaling in the porcine CL supports
luteal function during CL rescue in early pregnancy in pigs (Fig. 5).
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