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Streszczenie

Rola szlaku NF-kB zaleznego w patogenezie wybranych choréb blony sluzowej macicy
klaczy
Zapalenie blony S$luzowej macicy 1 endomeroza s3a jednym z waznych czynnikow
prowadzacych do uposledzenia zdolnosci rozrodczych klaczy. W zapaleniu blony $luzowe;j
macicy zarowno naciek zapalny, jak iwytwarzanie cytokin prozapalnych sg regulowane
przez mechanizmy komodrkowe i genowe, w tym szlak zalezny od czynnika jadrowego-«xB
(NF-xB). W endometrozie powstawanie zwlOknienia okologruczolowego jest zwigzane
Z przewleklym zapaleniem oraz odpowiedziag na liczne formy bodzcoéw prozapalnych.
Niniejsze badanie miato na celu ustalenie, czy ekspresja gendw na poziomie mRNA
dla biatka chemotaktycznego monocytow-1 (MCP-1), interleukiny-6 (IL-6) i syntaz
hialuronowych (HAS) moze dzieli¢ kanoniczne (RelA/NF-xB1) iniekanoniczne (NF-xB2)
szlaki aktywacji zalezne od NF-kB i zmienia¢ si¢ zaleznie od kategorii i typéw endometrozy
oraz stanu zapalnego btony $luzowej. W badaniach uwzglgdniono fazy cyklu jajnikowego
oraz ekspresje genow na poziomie mRNA dla receptoréw estrogenowych (ESR1, ESR2)
I progesteronowych (PGR). Probki blony $luzowej macicy, pobrane w fazie pecherzykowe;j
(FLP) i lutealnej (MLP), zostaly sklasyfikowane histologicznie zgodnie z klasyfikacjami
Kenney'a iDoiga (II, Ila, IIb, III) oraz Hoffmanna. Transkrypcj¢ gendéw docelowych
oceniano za pomocg qPCR. Transkrypcja RelA byla wyzsza w lll, natomiast NF-xB1
I NF-kB2 takze w Ila, aw Ilb tylko w FLP. Transkrypcja RelA i NF-kB1 byla wyzsza
w aktywnej-niszczacej endometrozie tylko w FLP. Transkrypcja genéw podjednostek NF-xB
nie réznita si¢ ani w zaleznosci od intensywnosci, ani od rodzaju nacieku zapalnego.
Stwierdzono réznice w transkrypcji ESR1, ESR2 i PGR miedzy FLP i MLP
W poszczegdlnych  kategoriach i typach endometrozy. Szlaki NF-xB, kanoniczny
i niekanoniczny moga by¢ zaangazowane w progresj¢ endometrozy, zwlaszcza niszczace;.
Jednak badane szlaki zapalenia btony §luzowej macicy nie sg zalezne od NF-xB. Ponadto
najwazniejsze zmiany w ekspresji genow docelowych zaobserwowano tylko w FLP, co moze
sugerowa¢ hormonozalezng aktywacj¢ szlakow widknienia zaleznych od NF-kB i zostato
potwierdzone przez wykazane rozregulowanie transkrypcji receptoréw steroidowych
W blonie $§luzowej macicy. Na podstawie uzyskanych wynikow mozna zasugerowac rozne
szlaki sygnatowe dla rozwoju i progresji zapalenia btony §luzowej macicy i endometrozy
u koni.

Stowa kluczowe: btona $§luzowa macicy, zapalenie, endometroza, widknienie, rozroéd, kon






Summary
The role of the NF-kB dependent pathway in the pathogenesis of selected mare
endometrial diseases

Endometritis and endometrosis are important issues decreasing mares' fertility.
In endometritis, both inflammatory infiltration and proinflammatory molecule production are
regulated by various cellular and gene regulatory mechanisms, including the nuclear factor-
kB (NF-kB-dependent pathway). In endometrosis, the formation of periglandular fibrosis
seems to be linked to chronic endometritis and in a response to numerous forms
of inflammatory stimuli. This study aimed to determine whether gene expression on mRNA
level of monocyte chemoattractant protein-1 (MCP-1), interleukin-6 (IL-6), and hyaluronan
synthases (HASs), may share the canonical (RelA/NF-xB1) and noncanonical (NF-«xB2)
NF-kB dependent activation pathways, and would change in subsequent categories and types
of endometrosis as well as the inflammatory infiltration. The estrous cycle phases and the
gene expression on MRNA levels of estrogen (ESR1, ESR2) and progesterone (PGR)
receptors were considered. Endometrial samples, collected in the follicular phase (FLP) and
mid-luteal phase (MLP), were classified histologically following both Kenney’s and Doig’s
(1, Na, b, ) and Hoffmann's classifications. The transcription of target genes was
evaluated using gPCR. Transcription of RelA was higher in 111, whereas NF-xB1 and NF-xB2
were also in lla, and lla and Ilb, only in FLP. Transcription of RelA and NF-kB1 was higher
in an active destructive group only in FLP. Transcription of NF-kB subunits genes did not
differ with either inflammatory intensity or type of inflammatory infiltration. Differences
in the transcription of ESR1, ESR2, and PGR were noted between FLP and MLP
in the specific categories and types of endometrosis. NF-kB may be involved in the
progression of equine endometrosis, especially destructive one, on both canonical and
noncanonical pathways. Contrary, the studied pathway of the equine inflamed endometrium
does not seem to be regulated by the NF-xB pathway. Moreover, the most important changes
in target genes expression were observed only in FLP, which may suggest a hormone-
regulated activation of the NF-xB-dependent fibrosis pathway, which was confirmed by the
dysregulation of the transcription of endometrial steroid receptors with the degree
of endometrosis. Based on the current results, separate signaling pathways for the
development and progression of equine endometritis and endometrosis may also
be suggested.

Key words: endometrium, endometritis, endometrosis, fibrosis, reproduction, horse
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1. Wykaz artykuléw naukowych wchodzacych w sklad rozprawy doktorskiej

Badania zostaly szczegétowo przedstawione w zbiorze powigzanych tematycznie
artykutow naukowych opublikowanych w czasopismach z listy Ministerstwa Edukacji
i Nauki (MEIN):

1. Domino M., Jasinski T., Kautz E., Juszczuk-Kubiak E., Ferreira-Dias G., Zabielski
R., Sady M., Gajewski Z. Expression of genes involved in the NF-xB-dependent pathway
of the fibrosis in the mare endometrium. Theriogenology 2020; 147, 18-24. (DOI:
10.1016/j.theriogenology.2020.01.055) (Punkty MNiSzWg20 = 140, 1F2020 = 2,740).

2. Jasinski T., Zdrojkowski L., Kautz E., Juszczuk-Kubiak E., Ferreira-Dias G.,
Domino M. Equine Endometrosis Pathological Features: Are They Dependent on NF-«xB
Signaling Pathway? Animals 2021; 11, 3151. (DOI: 10.3390/ani11113151) (Punkty MEiN2g»1
=100, IF01 = 3,231).

3. Jasinski T., Zdrojkowski L., Kautz E., Juszczuk-Kubiak E., Ferreira-Dias G.,
Domino M. The NF-kB-signalling pathway in mare's endometrium infiltrated with
the inflammatory cells. Reproduction in Domestic Animals 2022, 57, 598-610. (DOI:
10.1111/rda.14099) (Punkty MEiNz021 = 100, IF2021 = 1,858).

4, Jasinski T., Zdrojkowski L., Ferreira-Dias G., Kautz E., Juszczuk-Kubiak E.,
Domino M Molecular mechanism of equine endometrosis: the NF-kB-dependent pathway
underlies the ovarian steroid receptors' dysfunction. International Journal of Molecular
Sciences 2022, 23, 7360. (DOI: 10.3390/ijms23137360) (Punkty MEiNp; = 140, IFy0 =
6,208).

Sumaryczny IF wynosi 14,037.

Sumaryczna punktacja Ministerstwa Edukacji i Nauki wynosi: 480.
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2. Wykaz skrotow

AD
AN
CRel
ECM
ED
ELP
ER
ER-a
ER-p
ESR1
ESR2
FLP
HA
HAS

lla
b
Il
IKK
IKKB
IKKa
IL-6

IkBo

(active-destructive) — endometroza aktywna-niszczgca
(active-nondestructive) — endometroza aktywna-nieniszczaca
podjednostki cRel biatek rodzina czynnika jadrowego-kB
(extracellular matrix) — macierz zewngtrzkomoérkowa
(embrionic death) — zamieranie zarodkow
(early-luteal phase) — wczesna faza lutealna
(estrogen receptors) — receptory estrogenowe
(estrogen receptor a) — receptor estrogenowy o
(estrogen receptor B) — receptor estrogenowy
gen kodujacy receptor estrogenowy o
gen kodujacy receptor estrogenowy 3
(follicular phase) — faza pgcherzykowa
(hyaluronic acid) — kwas hialuronowy
(hyaluronan synthase) — syntaza hialuronianu
(category | — healthy endometrium) — kategoria | — prawidtowa btona $§luzowa macicy
(inactive-destructive) — endometroza nieaktywna-niszczaca
(category lla — mild endometrosis) — kategoria lla — fagodna endometroza
(category Ilb — moderate endometrosis) — kategoria I1b — umiarkowana endometroza
(category 111 — severe endometrosis) — kategoria Il — ci¢zka endometroza
(xB inhibitor kinase complex) — kompleks kinazy inhibitora kB
(kinase B of kB inhibitor kinase complex) — kinaza 8 kompleks kinazy inhibitora kB
(kinase o of kB inhibitor kinase complex) — kinaza a kompleks kinazy inhibitora kB
(interleukin-6) — interleukina-6
(inactive-nondestructive) — endometroza nieaktywna-nieniszczaca
(nuclear factor o of kappa light polypeptide gene enhancer in B-cells inhibitor) —
czynnik jadrowy o wzmacniacza genu lekkiego polipeptydu x w inhibitorze
limfocytow B

MALT (mucosa-associated lymphoid tissue) — tkanka limfatyczna zwigzana z btong Sluzowa

MCP-1 (monocyte chemoattractant protein-1) — biatko chemoatraktantu monocytow-1

MLP
NET

(mid-luteal phase) — srodkowa faza lutealna

(neutrophil extracellular trap) — zewnatrzkomorkowe putapki neutrofili
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NF-kB (nuclear factor-kB) — czynnik jadrowy-xB

NF-kB1 podjednostki NF-kB1 biatek rodzina czynnika jadrowego-xB

NF-kB2 podjednostki NF-kB2 biatek rodzina czynnika jadrowego-xB

PBIE (persistent breeding-induced endometritis) — przetrwate postanowkowe zapalenie
btony sluzowej macicy

PGR gen kodujacy receptor progesteronowy

PMN (polymorphonuclear neutrophils) — neutrofile polimorfojadrowe

PR  (progesterone receptor) — receptor progesteronowy

PR A (progesterone receptor isoform A) — izoforma A receptora progesteronowego

PR B (progesterone receptor isoform B) — izoforma B receptora progesteronowego

RelA podjednostki RelA biatek rodzina czynnika jadrowego-kB

RelB podjednostki RelB biatek rodzina czynnika jadrowego-«B

SC  (stratum compactum) — warstwa zbita btony §luzowej macicy

SP (stratum spongiosum) — warstwa gabczasta btony sluzowej macicy

TNF-a (tumor necrosis factor o) — czynnik martwicy nowotworu o
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3. Wstep

3.1. Zastosowanie biomarkeréw w ocenie zapalenia blony §luzowej macicy

i endometrozy

Blona §luzowa macicy (endometrium) odgrywa kluczowag rolg w ochronie Sciany
macicy przed uszkodzeniem i zakazeniem (Christoffersen i Troedsson, 2017). Dlatego nawet
w zdrowej btonie $luzowej, w zrebie btony $luzowej macicy jest obecny naciek zapalny
wystepujacy zarOwno w postaci nielicznie rozmieszczonych komoérek zapalnych jak i skupisk
tkanki limfatycznej zwigzanej z btong $§luzowa (MALT, mucosa-associated lymphoid tissue)
(Klose i Schoon, 2016). Blona $luzowa ogranicza presje $rodowiska zewngtrznego, ktéra
u klaczy jest wigksza w fazie pgcherzykowej (FLP, follicular phase) niz w fazie srodkowej
lutealnej (MLP, mid-luteal phase) cyklu jajnikowego. Ponadto presja s$rodowiska
zewnetrznego rosnie po inseminacji/kryciu, podczas i po porodzie, a nawet podczas
wykonywania procedur diagnostycznych. Naciek zapalny btony §luzowej macicy, poza rolg
immunologiczng, pelni funkcje regulacyjng wzgledem fibroblastéw oraz komoérek
nabtonkowych biorgc udzial w patogenezie zard6wno zapalenia blony §luzowej macicy jak
i endometrozy (Skarzynski i wsp., 2020). Przewlekle zapalenie btony S$luzowej macicy
wydaje si¢ by¢ powigzane z endometrozg w sposob parakrynny (Atamas, 2002; Reborda
i wsp., 2019). W blonie sluzowej macicy objetej przewleklym zapaleniem, liczne chemokiny,
cytokiny 1 czynniki wzrostu mogg oddzialywa¢ profibrotycznie na komorki zrgbu, w tym
fibroblasty i miofibroblasty, regulujac odkladanie macierzy zewnatrzkomorkowej
(ECM, extracellular matrix) w tym kolagenu i kwasu hialuronowego (HA, hyaluronic acid),
a co za tym idzie inicjujac 1 nasilajac wtoknienie okotogruczotowe (Atamas, 2002; Rebordao
i wsp., 2014a). Czasteczki prozapalne, w tym biatko chemotaktyczne monocytow-1 (MCP-1,
monocyte chemoattractant protein-1), interleukina 6 (IL-6, interleukin-6) i czynnik martwicy
nowotworu o (TNF-a, tumor necrosis factor o) (di Zerega i Campeau 2001; Atamas, 2002),
aktywujg szlak fibrogenezy poprzez nasilenie odktadania ECM (Liu, 2011; Rebordao i wsp.,
2019) oraz rekrutacje 1 aktywacje komorek zapalnych w btonie Sluzowej macicy (Szostek
i wsp., 2011; Cortes-Araya i wsp., 2018). Sposrod sktadnikow ECM, HA jest syntezowany
przez trzy rozne, ale spokrewnione enzymy transblonowe, syntazy hialuronowe (HAS,
hyaluronan synthases) 1-3 (Fouladi-Nashta i wsp., 2017), ktére produkuja czasteczki

HA o réznych wielkosciach, a co za tym idzie o roznych funkcjach biologicznych (Itano
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i wsp., 1999; Stern, 2004). Zwiekszona aktywno$¢ HAS moze towarzyszy¢ reakcji zapalnej,
niezaleznie od przyczyny (Stuhlmeier, 2005).

Ostatnie badania dotyczace blony $luzowej macicy klaczy koncentrowaty sie
na fizjologicznych (Aupperle i wsp., 2004; Da Costa i wsp., 2007; Skarzynski i wsp., 2020;
Schoniger i Schoon, 2020) i patofizjologicznych (Hoffmann i wsp., 2009a; Rebordao i wsp.,
2014a; Minkwitz 1 wsp., 2019; Széstek-Mioduchowska i wsp., 2019; Szostek-Mioduchowska
i wsp., 2020) mechanizmach molekularnych zaangazowanych w zachowanie ptodnosci
klaczy. Wykazano, ze w przebudowie zrgbu blony Sluzowej macicy istotng rolg odgrywa
transformacja fibroblastow okotogruczotowych w miofibroblasty (Aupperle i wsp., 2004;
Hoffmann i wsp., 2009b; Bischofberger i wsp., 2019; Minkwirz i wsp., 2019),
asynchroniczne rdéznicowanie nablonka gruczolowego (Stewart i wsp., 2000; Hoffmann
i wsp., 2009a; Hoffmann i wsp., 2009b; Lehmann i wsp., 2011), brak odpornosci wrodzone;j
(Schoniger i wsp., 2016; Schoniger i wsp., 2018a; Schoniger i wsp., 2018b), zmiana sktadu
ECM (Itano i wsp., 1999; Stern, 2004; Fouladi-Nashta i wsp., 2017) oraz aktywacja
czynnikdw prozapalnych i1 zewnatrzkomorkowych putapek neutrofili (NET, neutrophil
extracellular trap) (Walter i wsp., 2005; Rodriguez i wsp., 2011; Rebordao i wsp., 20144,
Rebordao i wsp., 2018). Pomimo licznych nowych doniesien naukowych patogeneza
nieropnego zapalenia blony $luzowej macicy i endometrozy pozostaje niewyjasniona,
a rutynowe protokoty leczenia wymagaja dalszych badan (Mambelli i wsp., 2014; Amara
i wsp., 2020; Schoniger i Schoon, 2020; Katila i wsp., 2022). Z tego wzgledu poszukiwanie
biomarkeré6w okreslajacych stopien zaawansowania wybranych chordéb blony Sluzowe;j
macicy klaczy jest przedmiotem zainteresowania zespotéw badawczych opracowujacych
protokoty prognostyczne lub predykcyjne przydatne w ocenie odpowiedzi na leczenie.
Z posrod badanych dotad biomarkeréw na uwage zastuguja kalponina, wimentyna, desmina
i aktyna migéni gtadkich wykorzystywane do oceny transformacji miofibroblastow (Aupperle
I wsp., 2004; Hoffmann i wsp., 2009b; Bischofberger i wsp., 2019; Minkwirz i wsp., 2019);
receptory estrogenowe (ER, estrogen receptors) i progesteronowe (PR, progesterone
receptors), uteroglobina, uterokalina, kalbindyna i glikogen wykorzystywane do oceny
asynchronicznego réznicowania nabtonka gruczotowego (Stewart i wsp., 2000; Hoffmann
iwsp.,, 2009a; Hoffmann i wsp., 2009b; Lehmann i wsp., 2011); B-defenzyna
i 2,3-dioksygenaza indoloaminy 1 wykorzystywane do oceny uposledzenia odpornosci
wrodzonej (Schoniger 1 wsp., 2016; Schoniger 1 wsp., 2018a; Schoniger 1 wsp., 2018b);
HAS wykorzystywana do oceny wytwarzania sktadnikow ECM o zréznicowanych funkcjach

biologicznych (Itano i wsp., 1999; Stern, 2004; Fouladi-Nashta i wsp., 2017); a takze MCP-1,

18



IL-6 1 TNFa wykorzystywane do oceny aktywacji szlaku fibrogenezy poprzez dziatanie
prozapalne na komoérki zrgbu (Walter i wsp., 2005: Rodriguez i wsp., 2011; Rebordao i wsp.,
2014a; Rebordao i wsp., 2018; Domino i wsp., 2020). W niniejszej pracy omoéwiono role
czynnika jadrowego-kB (NF-«kB, nuclear factor-xB), HAS 1-3, MCP-1, IL-6, ER i PR

W patogenezie wybranych chordb btony §luzowej macicy klaczy.

3.2. Zapalenie blony Sluzowej macicy

Zapalenie blony §luzowej macicy (endometritis) rozwija si¢ w wyniku zaburzenia
funkcjonowania mechanizméw obronnych, ktérych zadaniem jest eliminowanie z macicy
antygenow, gtéwnie bakterii 1 skladnikow nasienia oraz czynnikéw prozapalanych.
Przewlekle zapalenie jest jedng z najwazniejszych przyczyn nieplodnosci wystepujaca
u klaczy w kazdym wieku (McKinnon i wsp., 2011). Chociaz u starszych klaczy w wieku
powyzej 12 lat, przewlekle zapalenie macicy wystepuje czesciej niz u klaczy mtodych,
zazwyczaj jest ono wynikiem zaburzenia funkcjonowania mechanicznych barier chronigcych
macice przed kontaminacja, w tym wlasciwego katowania warg sromowych oraz szczelnosci
szyjki macicy (Pascoe, 1979). Z kolei u klaczy mtodych, w wieku 3 - 5 lat, czgsciej
obserwuje si¢ przetrwate postanowkowe zapalenie btony $sluzowej macicy (PBIE, persistent
breeding-induced endometritis) wynikajace z nadmiernej lub przedtuzonej reakcji zapalne;j
na wewnatrzmaciczng depozycj¢ nasienia (Zent i Troedsson, 1998; Woodward i wsp., 2013).
Przetrwale zapalenie btony S§luzowej macicy zmniejsza ptodnos¢ klaczy poprzez
bezposrednie oddzialywanie na utrzymanie zarodka lub wzrost stezenia prostaglandyny F2a
aw konsekwencji przedwczesng luteolize i zamieranie zarodkow (ED, embrionic death)
(Neely i wsp., 1979).

W prawidtowej macicy klaczy, dojrzale neutrofile (PMN, polymorphonuclear
neutrophils) moga by¢ obecne w $luzie w $wietle macicy tylko w FLP, ze wzglgdu
na otwarcie szyjki macicy oraz mozliwo$¢ kontaminacji bakteryjnej. W FLP, PMN mozna
znalez¢ w warstwie zbitej (SC, stratum compactum) oraz w swietle gruczolow btony
$luzowej macicy (Overbeck i wsp., 2011). Ponadto ograniczony naciek zapalny innego typu,
z przewaga limfocytéw 1 makrofagéw, jest obecna w blonie sluzowej macicy przez caly cykl
jajnikowy. Poza FLP, najliczniejszymi komorkami zapalnymi w blonie $luzowej macicy
sg limfocyty, ktore wystepuja w ECM oraz migdzy komoérkami nabtonka powierzchniowego

(Watson i Thomson, 1996; Schoniger i Schoon, 2020). Makrofagi wystepuja rzadziej, jednak
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nadal ich obecnos¢ w zdrowej btonie Sluzowej macicy jest mozliwa. Jednak niezaleznie
od typu komorek zapalnych, wigksza ich liczba wystepuje w SC, tuz pod nabtonkiem
powierzchniowym, niz w glgbiej potozonej warstwie ggbczastej (SP, stratum spongiosum)
btony $luzowej macicy (Watson i Thomson, 1996; Oddsdottir i wsp., 2008; Overbeck i wsp.,
2011; Schoniger 1 Schoon, 2020).

Gdy liczba komorek zapalnych w blonie $luzowej macicy przekracza opisany
powyzej zakres, w skrawkach mikroskopowych rozpoznaje si¢ zapalenie blony $luzowej
macicy (Morris i wsp., 2020). W ostrym postandowkowym zapaleniu btony Sluzowej macicy
znacznie wzrasta liczba PMN, podczas gdy w zapaleniu przewleklym znacznie wzrasta liczba
limfocytow. Z kolei makrofagi, regulujace nasilenie stanu zapalnego sa obecne glownie
w przewlekltym zapaleniu btony $luzowej macicy (Schoniger i Schoon, 2020; Skarzynski
I wsp., 2020). Regulacja nasilenia stanu zapalnego odbywa si¢ réwniez za posrednictwem
cytokin, ktore biorg udziat w aktywacji zapalenia oraz komunikacji migdzy komorkami
w ECM. Cytokiny moga by¢ wytwarzane przez komorki zapalne, fibroblasty i komorki
nabtonkowe, zaréwno w nablonku gruczolowym jak i nablonku powierzchniowym.
Najwazniejszymi cytokinami biorgcymi udziat w regulacji zapalenia btony §luzowej macicy
sa interleukiny 1B, 6 i 10 oraz TNF-a, ktore moduluja naptyw okreslonych typéw komoérek
zapalnych do $wiatla i btony $§luzowej macicy (Schoniger i Schoon, 2020; Skarzynski i wsp.,
2020). Sposréd wymienionych cytokin, IL-6 odgrywa dominujaca rolg w odpowiedzi
immunologicznej btony sluzowej macicy klaczy. IL-6 warunkuje prawidlowa reakcje zapalng
w przebiegu PBIE, odgrywa role w przejsciu zapalenia ostrego w zapalenie przewlekte oraz
moduluje typ nacieku zapalnego (Woodward i wsp., 2013). Przejscie zapalenia ostrego
w zapalenie przewlekle jest rowniez promowane przez MCP-1, ktore odpowiada rowniez

za migracje komorek zapalnych, a tym samym nasilenie reakcji zapalnej (Xu i wsp., 2015).

3.3. Endometroza

Endometroza (endometrosis), jest przewlekta chorobg blony $luzowej macicy
o nieznanej  wieloczynnikowej  etiologii,  charakteryzujaca  si¢  zwldknieniem
okotogruczolowym zwigzanym z dysfunkcjg nablonka gruczotowego zajetych gruczoldéw
macicznych. Poniewaz endometroza wystepuje czesciej u starszych klaczy, w wieku powyzej
12 lat (Carnevale i Ginther, 1992; Hoffmann i wsp., 2009a), choroba ta jest waznym

problemem w dhugoletniej hodowli wartosciowych koni, negatywnie wplywajacym
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na ptodnos¢ klaczy. Wobec powszechnego wystepowania, endometroza jest istotng
przyczyng powaznych strat finansowych w branzy hodowli koni (Itano i wsp., 1999; Fouladi-
Nashta i wsp., 2017).

Cechg charakterystyczng endometrozy, uchwytng w badaniu mikroskopowym, jest
koncentryczne utozenie komorek zrgbu i/lub witokien kolagenowych wokot zajetych
gruczotéw macicznych, a badane wycinki btony §luzowej macicy moga zawiera¢ zarowno
zdrowe jak i chore gruczotly. Endometroza moze dotyczy¢ pojedynczego gruczotu lub wielu
gruczotow, prowadzac do powstawanie tzw. gniazd gruczotowych. Stopien zwldknienia
okotogruczotlowego, oceniany jako *tagodny, umiarkowany lub ciezki, okresla si¢
na podstawie liczby okotogruczotowych warstw komorek podscieliska oraz liczby gniazd
gruczotow. Zlokalizowane okologruczolowo komorki zrgbu btony §luzowej macicy moga
wykazywa¢ zrdéznicowanie metabolicznie. Aktywne komorki zrgbu charakteryzuja sie¢
owalnym ksztaltem, blada cytoplazmg i jajowatymi hipochromatycznymi jadrami, podczas
gdy nieaktywne komorki zregbu majg ksztalt wrzeciona z wydhuzonymi hiperchromatycznymi
jadrami. Nabtonek gruczotowy gruczotéw macicznych moze wykazywac cechy uszkodzenia,
w tym zmniejszenia wielko$ci 1 intensywnosci zabarwienia komoérek oraz przerwania
cigglosci blaszki podstawnej, lub pozosta¢ nienaruszony (Kenney, 1978; Kenney i Doig
1986; Hoffmann i wsp., 2009b; Schoéniger i Schoon, 2020). W poczatkowej fazie
endometrozy okologruczolowe komorki zrebu syntetyzuja wiokna  kolagenowe
I HA zwickszajac depozycje ECM. Wraz z postepujacym wioknieniem w ECM przewazaja
miofibroblasty i aktywne lub nieaktywne metabolicznie komodrki zrgbu bez cech syntezy
kolagenu (Hoffmann i wsp., 2009a). W gruczolach macicznych objetych widknieniem,
nabtonek gruczotowy ulega nierdOwnomiernemu rdéznicowaniu (Schoon 1 wsp., 2000),
zaburzeniu aktywnos$ci enzymatycznej (Brunckhorst i wsp., 1991) oraz zaburzeniu produkcji
glikokoniugatow (Walter 1 wsp., 2001). W pdzZniejszej fazie endometrozy nadmierne
odktadanie ECM w zrebie, a w szczego6lnosci wokot gruczotow macicznych, zaburza uktad
przestrzenny makroczasteczek (Walter i wsp., 2005; Hoffmann i wsp., 2009b; Rodriguez
i wsp., 2011; Rebordao i wsp., 2014a), stajac si¢ przyczyng poszerzenia zajetych gruczolow
I nietypowego réznicowania nabtonka gruczolowego (Lehmann i wsp., 2011). Poniewaz
prawidlowa funkcja gruczotdéw macicznych jest kluczowa dla odzywienia zarodka, wraz
ze wzrostem nasilenia endometrozy wzrasta ryzyko ED (Kenney i Doig, 1986; Hoffmann
i wsp., 2009b). Z tego wzgledu w prognozie ptodnosci klaczy starszych uwzgledniono
odsetki przezywalno$ci zarodké6w oraz utrzymania cigzy w odniesieniu do nasilenia

endometrozy, zgodnie z klasyfikacja zaproponowang przez Kenney'a i Doig'a (1986) wraz
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Z poprawkami Hoffmann'a i wsp. (2009b). Zaproponowana klasyfikacja probek blony
sluzowej macicy klaczy obejmuje cztery stopnie zaawansowania endometrozy: prawidtowg
btong $luzowa macicy (kategoria I, category I — healthy endometrium), fagodng endometroze
(kategoria lla, category Ila — mild endometrosis), umiarkowang endometroze (kategoria IIb,
category Ilb — moderate endometrosis) i ciezkg endometroze (kategoria III, category III —
severe endometrosis) (Kenney i Doig, 1986). Klasyfikacja ta uwzglednia odsetek zajgtych
gruczotow macicznych oraz liczb¢ warstw tkanki tacznej odlozonej okotogruczolowo
(Fouladi-Nashta i wsp., 2017). Odnosi si¢ rowniez do ryzyka ED, wskazujac na spadek
szacunkowego wskaznika wyzrebien klaczy obliczanego na podstawie liczby cigzy
donoszonych i1 pordd zywych Zrebigt w stosunku co catkowitej liczby cigzy potwierdzonych
w badaniu ultrasonograficznym  wykonywanym pomiedzy 14 a 36 dniem
po kryciu/inseminacji. Zgodnie z badaniami Kenney'a i Doig'a (1986) z poprawkami
Schoon'a i Schoon'a (1992) szacunkowego wskaznika wyzrebieh wynosi >80-90% dla
kategorii 1, 50-80% dla kategorii lla, 10-50% dla kategorii 1lb oraz <10% dla kategorii Ill
(Kenney i Doig, 1986; Schoon i Schoon, 1992).

Druga klasyfikacja zaproponowana przez Hoffmann'a i wsp. (2009b) uwzglednia
ocen¢ uszkodzenia komodrek nabtonka gruczolowego i aktywno$¢ metaboliczng komorek
zrebu okotogruczotowego (Kenney i Doig, 1986; Hoffmann i wsp., 2009b; Lehmann i wsp.,
2011), jako podstawe do identyfikacji czterech typow histopatologicznych endometrozy:
endometroze nieaktywng-nieniszczacg (IN, inactive-nondestructive), nieaktywna-niszczaca
(ID, inactive-destructive), aktywng-nieniszczaca (AN, active-nondestructive) i aktywng-
niszczaca (AD, active-destructive) (Fouladi-Nashta i wsp., 2017). Zgodnie z opinig
Schoniger'a 1 Schoon'a (2020), wymienione dwie klasyfikacje endometrozy wzajemnie si¢
uzupetniaja, a ich polaczenie pozwala na lepsze opisanie procesOw zachodzacych w blonie
sluzowej macicy objetej endometrozg. Przedstawiony opis aktualnego stanu btony §luzowe;j
macicy, pozwala na bardziej trafng ocen¢ zaawansowania endometrozy, a co za tym idzie
lepsza prognoze przysztej ptodnosci klaczy (Hoffmann i wsp., 2009b; Lehmann i wsp., 2011;
Schoniger i Schoon, 2020).
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3.4. Rola steroidowych hormonéw jajnikowych w regulacji wzrostu i réznicowania

komorek blony $luzowej macicy

Prawidlowa blona sluzowa macicy ulega cyklicznym zmianom w odpowiedzi
na dziatanie jajnikowych hormonow steroidowych, estradiolu i progesteronu (Hoffmann
i wsp., 2009b). Steroidy jajnikowe oddziatujg na blon¢ §luzowg macicy dwiema drogami,
kanoniczng 1 niekanoniczng. Mechanizm niekanoniczny dziala na poziomie btony
komorkowej, podczas gdy mechanizm kanoniczny angazuje receptory jadrowe. Mechanizm
niekanoniczny jest uznawany za niegenomowy szlak sygnalizacji. W mechanizmie tym
jajnikowe hormony steroidowe wigzg si¢ niespecyficznie z biatkami zewnatrzkomérkowymi
lub biatkami blonowymi, powodujac réznorodne efekty biologiczne. W mechanizmie
kanonicznym, rozpoznawanym jako genomowy szlak sygnalizacji, steroidy jajnikowe wiaza
si¢ ze specyficznymi receptorami wewnatrzjadrowymi. Wigzania te powoduja specyficzne
efekty biologiczne, ktore uwazane sg za odpowiedzialne za cykliczne zmiany czynnosciowe
w Dblonie $luzowej macicy (Wilkenfeld i wsp., 2018). W mechanizmie kanonicznym
estrogeny wigza si¢ z dwoma specyficznymi receptorami estrogenowymi: receptorem
estrogenowym o (ER-0, estrogen receptor a) i receptorem estrogenowym 3 (ER-f, estrogen
receptor ), kodowanymi odpowiednio przez dwa rézne geny: ESR1 (gen kodujacy receptor
estrogenowy o; locus NM 001081772) i ESR2 (gen kodujacy receptor estrogenowy f; locus
XM 001915519) (Enmark i wsp., 1997; Silva i wsp., 2014). Z kolei progesteron posiada
receptory progesteronowe o dwoch izoformach: izoformie A (PR A, progesterone receptor
isoform A) i izoformie B (PR B, progesterone receptor isoform B), kodowane przez ten sam
gen PGR (gen kodujacy receptor progesteronowy; locus XM 001498494) (Mote i wsp., 2006;
Silva i wsp., 2014).

W mechanizmie kanonicznym, zard6wno estrogeny jak 1 progesteron przechodzg przez
btong komodrkowa i cytoplazme 1 wigzg sie ze specyficznymi receptorami jadrowymi (Watson
iwsp., 1992) wystepujacymi zaréwno w komorkach nablonka powierzchniowego,
komorkach nabtonka gruczotowego jak i komorkach zrebu (Aupperle i wsp., 2000).
Specyficzne wigzanie indukuje transkrypcje odpowiednich gendw, regulujac w ten sposob
wzrost 1 réznicowanie komoérek (DeFranco, 2002). Wigzanie estrogenéw z ER-a,
dominujagcym ER w blonie $§luzowej macicy (Weihua i wsp., 2000), stymuluje proliferacje
komorkowa zarowno komorek nabtonkowych jak i komorek zrebu oraz zwigksza ekspresje

PR (Cunha i wsp., 2004; Silva i wsp., 2014; Schoniger i Schoon, 2020). Wigzanie estrogenow
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z ER-B natomiast hamuje uterotroficzne dzialanie ER-a 1 zmniejsza ekspresje
PR w komoérkach nabtonka powierzchniowego (Weihua i wsp., 2000). Z kolei wigzanie
progesteronu z PR A, dominujaca izoforma w blonie §luzowej macicy (Mulac-Jericevic
i wsp., 2003), hamuje indukowang estrogenami proliferacj¢ nablonka powierzchniowego
I gruczotowego i zmniejsza ekspresje PR (Cunha i wsp., 2004; Schoniger i Schoon, 2020).
Wiazanie progesteronu z PR B wywotuje podobny efekt biologiczny, z ta r6znicg, ze PR B
wystepuja gtdownie w gruczole mlekowym (Mulac-Jericevic i wsp., 2003). Mozna zauwazyc,
ze obwodowe stezenie steroidow jajnikowych reguluja nie tylko efekty biologiczne, ale takze
gestos¢ specyficznych receptorow (Watson i wsp., 1992; Aupperle i wsp., 2000; Hartt i wsp.,
2005; Silva i wsp., 2014).

W prawidtowej btonie §luzowej macicy klaczy w FLP, wykazano wyzsza niz w MLP
ekspresjc ER-o, ale nie ER-B (Hartt i wsp., 2005; Silva i wsp., 2014). Ekspresja
PR, w zaleznosci od zrdodet nie roznita sie (Silva 1 wsp., 2014) lub roznita si¢ miedzy fazami
cyklu podobnie jak ekspresja ER-o (Hartt i wsp., 2005). Co wigcej, liczebnos¢ zaréwno
ER i PR w blonie sluzowej macicy réznita si¢ w zaleznosci od typu komorek (Watson i wsp.,
1992; Aupperle i wsp., 2000; Hartt i wsp., 2005; Silva i wsp., 2014). W nabtonku
gruczotowym najwyzsza ekspresj¢ ER i PR obserwowano we wczesnej fazie lutealnej (ELP,
early-luteal phase), a najnizsza w MLP. Natomiast w komorkach zrebu ekspresja
ER i PR stopniowo wzrastata od najnizszej w ELP do najwyzszego FLP w dniu owulacji
(Aupperle i wsp., 2000). Tak wiec proliferacja zrgbu jest najsilniej wyrazana w FLP,
a proliferacja nabtonka jest najsilniej wyrazana we ELP (Aupperle i wsp., 2000; Hartt i wsp.,
2005; Silva i wsp., 2014). Roznice w liczebnosci ER i PR, zaréwno te zalezne od fazy cyklu
jajnikowego jak i te zalezne od typu komorek blony Sluzowej macicy (Watson i wsp., 1992;
Silva 1 wsp., 2014), leza u podstaw hormonozaleznych zmian morfologicznych
i czynnos$ciowych w btonie §luzowej macicy i wydaja si¢ by¢ zwiazane z przekaznictwem
miedzy komorkami nabtonka i zrgbu (Cooke i wsp., 1997; Schoniger i Schoon, 2020).

W blonie $luzowej macicy klaczy z endometrozg, uszkodzenie btony podstawnej
I zaburzenie interakcji pomiedzy zrgbem a nabtonkiem gruczotowym (Lehmann i wsp.,
20011) moze powodowa¢ rozregulowanie wptywu steroidéw jajnikowych na nabtonek
gruczotowy, gdyz posredniczy w tym otaczajacy zrab (Hoffmann i wsp., 2009b; Lehmann
i wsp., 20011). W przeciwienstwie do zdrowych gruczotow macicznych, w blonie Sluzowe;j
macicy z endometroza wykazano niska ekspresj¢ ER i PR (Brunckhorst i wsp., 1991;
Aupperle i wsp., 2000; Hoffmann i wsp., 2009a; Hoffmann i wsp., 2009b; Lehmann i wsp.,

20011). Ta zwigzana z wtoknieniem nieprawidlowa liczebno$¢ ER i PR, atakze zmiany
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W cytoszkielecie nabtonka gruczotowego i1 blonie podstawnej (Schoon i wsp., 2000;
Hoffmann i wsp., 2009b; Lehmann i wsp., 20011) wydaja si¢ mie¢ zwigzek ze zmianami
sktadnikow histotrofowych w gruczotach macicznych, a tym samym zaburzeniem ptodnosci
(Hoffmann i wsp., 2009a; Hoffmann i wsp., 2009b; Schoéniger i Schoon, 2020). Ze wzgledu
na hormonozalezne roéznicowanie komorek nablonka gruczotowego, w patogenezie
endometrozy bierze si¢ pod uwage niezalezng kontrole aktywnos$ci gruczotow macicznych
ze strony steroidow jajnikowych oraz czynnikdw pochodzenia zrgbowego oddziatujacych

parakrynnie (Hoffmann i wsp., 2009a).

3.5. Rola czynnika jadrowego-kB w regulacji zapalenia i wloknienia

W btonie §luzowej macicy klaczy, zardéwno naciek zapalny jak i produkcja cytokin
sa modulowane przez rézne mechanizmy regulacji komodrkowej i genowej (Skarzynski
i wsp., 2020). Jednym z takich mechanizmow jest szlak zalezny od NF-kB. NF-kB jest
czynnikiem transkrypcyjnym, ktoéry odgrywa kluczowa role w wielu odpowiedziach
komorkowych na zmiany $rodowiska zewnatrzkomérkowego (Lind i wsp., 2001; Umezawa,
2011; Celik i wsp., 2013; Ersahin i wsp., 2016; Luo i wsp., 2016; Sosinska i wsp., 2016; Sun
i wsp., 2019). NF-xB jest wigc plejotropowym regulatorem transkrypcji kontrolujgcym
ekspresj¢ genow zaangazowanych w funkcje immunologiczne organizmu (May i Ghosh,
1998). Wykazano, ze NF-kB ulega konstytutywnej ekspresji w tkankach objetych zapaleniem
(Lind i wsp., 2001; Umezawa, 2011) i wtdknieniem (Sosinska i wsp., 2016; Sun i wsp., 2019)
i moze by¢ zwigzany z nawracajagcymi niepowodzeniami implantacji zarodkow (Celik i wsp.,
2013; Ersahin i wsp., 2016; Luo i wsp., 2016). Warto zauwazy¢, ze u ludzi hamowanie szlaku
NF-kB jest jednym z najpopularniejszych kierunkiem rozwoju badan nad zapobieganiem
i leczeniem chor6b zwigzanych z wtoknieniem (Ahn i wsp., 2012; Alekseevna i wsp., 2017;
Arjmand, 2020; Szostek-Mioduchowska i wsp., 2020; Dejban i wsp., 2021).

Rodzina biatek NF-xB sktada si¢ z pigciu czynnikéw transkrypcyjnych, ktore
ze wzgledu na roznice w budowie, funkcji i mechanizmie powstawania mozna podzieli¢
na dwie grupy. Pierwsza grupa obejmuje biatka: RelA (p65), RelB i cRel, natomiast druga
grupa obejmuje biatka: NF-kB1 (p50/p105) i NF-kB2 (p52/p100) (May i Ghosh, 1998; Lind
i wsp., 2001). Biatka RelA, RelB icRel charakteryzuja si¢ obecnoscig sekwencji domeny
aktywacji transkrypcji, dzigki czemu mogg aktywowac transkrypcj¢ czasteczek DNA. Biatka
NF-kB1 i1 NF-xB2 sg syntetyzowane jako bialka prekursorowe. W wyniku proteolizy
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powstaja formy aktywne, odpowiednio p50 1 p52. Biatka te nie majag domen niezbednych
do aktywacji transkrypcji, jednak gdy tworza dimery z biatkami RelA, RelB i cRel stajg si¢
formami aktywnymi (May i Ghosh, 1998).

Aktywne formy biatek rodziny NF-xB dziataja jako regulatorowe biatka
transkrypcyjne usystematyzowane, zaleznie od bodzcow aktywujacych i1 mechanizmow
aktywacji (Umezawa, 2011), w dwa szlaki aktywacji: szlak kanoniczny i szlak niekanoniczny
(Lind 1 wsp., 2001; Umezawa, 2011). Kanoniczny szlak aktywacji angazuje podjednostki
RelA/NF-xB1 i zalezy gtéwnie od kinazy P kompleksu kinazy inhibitora kB (IKK,
kB inhibitor kinase complex). Kinaza 8 kompleksu kinazy inhibitora kB (IKKp, kinase B
of kB inhibitor kinase complex) fosforyluje czynnik jadrowy a wzmacniacza genu lekkiego
polipeptydu kappa w inhibitorze komoérek B (IkBa, nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor o), ktory ulega ubikwitynacji i degradacji, dzigki czemu
wolne dimery p50/RelA i p50/c-Rel sa transportowane z cytoplazmy do jadra komorkowego
gdzie reguluja transkrypcje okreslonych genow (Lind i wsp., 2001; Umezawa, 2011)
(rycina 1). Niekanoniczny szlak aktywacji angazuje podjednostki RelB/NF-kB2 i zalezny
od kinazy a kompleks kinazy inhibitora kB (IKKa, kinase a of kB inhibitor kinase complex),
czesci kompleksu IKK, ktéra fosforyluje biatko p100, bedace czgscia nadal nieaktywnego
transkrypcyjnie dimeru p100/RelB. Fosforylowane biatko p100 ulega ubikwitynacji, a koniec
tancucha biatkowego ulega degradacji 1 powstaje biatko p52. Aktywny dimer p52/RelB
przenika z cytoplazmy do jadra komorkowego 1 wptywa na transkrypcje okreslonych genow

(May i Ghosh, 1998; Lind i wsp., 2001) (rycina 1).
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Rycina 1. Schemat kanonicznego (ramka lewa) i niekanonicznego (ramka prawa) szlaku
aktywacji NF-xB (Domino i wsp., 2020).
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3.6. Hipotezy badawcze

Uwaza si¢, ze szlak NF-kB jest kluczowy w rozwoju odpowiedzi immunologiczne;,
zarOwno poprzez stymulowanie, jak i hamowanie ekspresji genéw w réznych typach
komorek. Jednak kazda dysregulacja tego uktadu powoduje zaburzenia odpowiedzi
immunologicznej. W rdéznych tkankach wykazano, ze oba szlaki aktywacji NF-kB moduluja
transkrypcje gendéw kodujagcych MCP-1 (Rovin i wsp., 1995; Viedt i wsp., 2002a; Viedt
I wsp., 2002b), IL-6 (Viedt i wsp., 2002b; Son i wsp., 2008) oraz HAS (Ohkawa i wsp., 1999;
Kao i wsp., 2006). MCP-1, bedaca prozapalnym produktem aktywacji NF-kB, bierze udzial
w rekrutacji i aktywacji komorek zapalnych (Szostek i wsp., 2013; Cortes-Araya i wsp.,
2018), a IL-6 petni wiele funkcji regulacyjnych w zapaleniu btony $luzowej macicy klaczy
(Tripathi i Aggarwal, 2006). Podobnie syntazy hialuronowe (HAS 1, 2 i 3) zwigkszaja
migracje i adhezje komorek zapalnych, wptywajac na ich zwigkszony naciek i modulujac typ
nacieku na wczesnym etapie zapalenia (Necas i wsp., 2008). Ponadto zapalenie blony
$luzowej macicy poprzez wyptyw regulatorow zapalenia (Aresu i wsp., 2012; Rebordao
i wsp., 2014a; Rebordao i wsp., 2018; Skarzynski i wsp., 2020), w tym MCP-1, IL-6 i HAS
(Aresu 1 wsp., 2012), odgrywaja wazng rolg¢ w patogenezie endometrozy. Wobec powyzszego

postwitem nast¢pujace hipotezy badawcze:

1. zalezna od szlaku kanonicznego i niekanonicznego NF-kB regulacja transkrypcji MCP-1,
IL-6 i HAS 1-3 aktywuje procesy zapalne w blonie sluzowej macicy klaczy (Jasinski i wsp.,
2022a);

2. zalezna od szlaku kanonicznego i niekanonicznego NF-«kB regulacja transkrypcji MCP-1,
IL-6 i HAS 1-3 aktywuje procesy zwyrodnieniowe w btonie Sluzowej macicy klaczy
w zaleznos$ci od stopnia zaawansowania endometrozy (Domino i wsp., 2020);

3. zalezna od szlaku kanonicznego i niekanonicznego NF-kB regulacja transkrypcji MCP-1,
IL-6 i HAS 1-3 aktywuje procesy zwyrodnieniowe w btonie §luzowej macicy klaczy
w zalezno$ci od typu histologicznego endometrozy (Jasinski i wsp., 2021);

4. zaburzenia morfologiczne 1 czynnos$ciowe btony §luzowej macicy klaczy o podilozu
endokrynologicznym, wskazane jako jeden z mechanizméw endometrozy, moga by¢

powiazane ze szlakiem sygnalizacji NF-kB (Jaskinski i wsp., 2022b).
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4. Cel pracy

Niniejsze badania, opublikowane w jednotematycznym cyklu prac, mialy na celu
okreslenie czy transkrypcja RelA, NF-xBI1, NF-xB2, MCP-1, IL-6 i HAS 1-3 zmienia si¢

W blonie $luzowej macicy klaczy:

1. z zapaleniem w zaleznos$ci od intensywnosci i rodzaju nacieku zapalnego (Jasinski 1 wsp.,

2022a);

2. z endometrozag w zalezno$ci od stopnia zaawansowania endometrozy (Domino iwsp.,
2020);

3. z endometroza w zaleznosci od typu histologicznego endometrozy (Jasinski i wsp., 2021);

4. zaleznie od transkrypcji ESR1, ESR2 i PGR oraz czy transkrypcja ESR1, ESR2 i PGR
W blonie §luzowej macicy klaczy z endometroza zmienia si¢ w zalezno$ci od stopnia

zaawansowania i typu histologicznego endometrozy (Jasinski i wsp., 2022Db).
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5. Materialy i metody

5.1. Pobranie materialu biologicznego

Materiat biologiczny stanowity wycinki btony $luzowej macicy i jajniki oraz probki
krwi pobrane poubojowo od klaczy ras goracokrwistych w wieku od 3 do 25 lat. Materiat
zostal pobrany w komercyjnej ubojni koni w Polsce. Pobranie materialu nie podlega
przepisom 0 ochronie zwierzat wykorzystywanych do celéw naukowych i dydaktycznych
(ustawa krajowa: Dz. U. 2015 poz. 266 oraz dyrektywa UE: 2010-63-UE) i zgodnie z decyzja
Il Lokalnej Komisji Etyki ds. Doswiadczen na Zwierzgtach SGGW w Warszawie z dnia
27 pazdziernika 2021 r. nie wymagato zgody Komisji Etycznej. Probki pobrano w sezonie
rozrodczym od kwietnia do wrzeénia tacznie od 220 klaczy. Transkrypcje RelA, NF-xB1,
NF-xB2, MCP-1, IL-6 i HAS 1-3 w btonie §luzowej macicy klaczy z zapaleniem oznaczano
W probkach pobranych od 120 klaczy bez endometrozy (Tabela 1) zgodnie z metodyka
szczegotowo opisang w publikacji Jasinski i1 wsp., 2022a. Transkrypcje ESR1, ESR2, PGR,
RelA, NF-«Bl, NF-xkB2, MCP-1, IL-6 i HAS 1-3 w bloniec $luzowej macicy klaczy
z endometroza oznaczano w probkach pobranych od 100 klaczy bez zapalenia blony §luzowej
macicy (Tabela 2) zgodnie z metodyka szczegotowo opisang w publikacjach Domino i wsp.,
2020, Jasinski 1 wsp., 2021oraz Jasinski i wsp., 2022b.

Tabela 1. Dystrybucja probek btonie sluzowej macicy klaczy z zapaleniem (n=120) migdzy

nasileniem, a typem nacieku zapalnego.

None Lagodne Umiarkowane Cigzkie Lacznie
Makrofagi 8 8 8 24
Neutrofile 8 8 8 24
Limfocyty 8 8 8 24
Mieszany 8 8 8 24
Lacznie 24 32 32 32 120/96

None (kontrola) — prawidlowa btona §luzowa macicy, tagodne — tagodne zapalenie blony
sluzowej macicy, umiarkowane — umiarkowane zapalenie btony $luzowej macicy, cigzkie —

zapalenie blony §luzowej macicy.
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Tabela 2. Dystrybucja probek btonie §luzowej macicy klaczy z endometrozg (n=100) mi¢dzy
klasyfikacja Kenney'a i Doig'a (1986) okreSlajgcg stopnie zaawansowania endometrozy,
a klasyfikacjg Hoffmann'a (2009b) okreslajaca typu histologicznego endometrozy.

C/ lla b Il Lacznie
IN 5 11 4 20
ID 10 5 5 20
AN 12 5 3 20
AD 3 9 8 20
Lacznie 20 30 30 20 100/80
kategoria | — prawidlowa blona $luzowa macicy, kategoria Ila — tagodna endometroza,
kategoria Ilb — umiarkowana endometroza, kategoria Il — cigzka endometroza; C (kontrola)

— prawidlowa blona $luzowa macicy, IN — nieaktywna-niszczaca endometroza, ID —
aktywna-nieniszczaca endometroza, AN — aktywna-niszczaca endometroza, AD — aktywna-

nieniszczaca endometroza.

Wycinki blony §luzowej macicy, o wymiarach nie mniejszych niz 10 x 5 x 5 mm,
zostaly pobrane z miejsca potaczenia trzonu i rogu macicy. Wycinki pobrano bezposrednio
po wytrzewieniu. Od kazdej klaczy pobrano dwie probki blony Sluzowej macicy: jedna
do badan histopatologicznych i jedng do badan molekularnych. Wycinki do badan
histopatologicznych pobrano do probowek typu Eppendorf (Eppendorf AG, Hamburg,
Niemcy) i utrwalono w 10% buforowanej formalinie (Sigma-Aldrich, Poznan, Polska).
Wycinki do badan molekularnych pobrano do wolnych od RNaz probéwek typu Eppendorf
(Eppendorf AG, Hamburg, Niemcy) i natychmiast po pobraniu zamrozono w ciekltym azocie.
Jajniki pobrano do proboéwek typu Falcon (Eppendorf AG, Hamburg, Niemcy) i utrwalono
w 0,9% roztworze NaCl (Polfa S.A., Lublin, Polska) o temperaturze +4 °C. Nastgpnie probki
przetransportowano do laboratorium: probki do badan histopatologicznych w temperaturze
pokojowej, probki blony sluzowej macicy do badan molekularnych w ciektym azocie, jajniki
w temperaturze +4 °C. Probki blony $luzowej macicy do badan histopatologicznych
utrwalono w formalinie przez 24 godziny a nastgpnie przeniesiono do 70% alkoholu
etylowego (Sigma-Aldrich, Poznan, Polska). Probki przechowywano tydzien w temperaturze
pokojowej, a nastepnie zatopiono W parafinie (Sigma-Aldrich, Poznan, Polska) zgodnie
ze standardowym protokolem utrwalania probek histologicznych. Natomiast probki do badan

molekularnych przechowywano w temperaturze -80 °C. Jajniki poddano ocenie
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makroskopowej bezposrednio po przywiezieniu do laboratorium w celu oceny liczby
i wielkosci pecherzykow jajnikowych i/lub ciatek zottych oraz wykluczenia obecno$ci
patologii jajnikow.

Probki krwi pobrano do suchych probowek (BD Vacutainer®, Plymouth, Wielka
Brytania), przetransportowano do laboratorium w temperaturze +4 °C i odwirowano
(2000 x G, 5 min). Surowice, wolng od hemolizy, przeniesiono do probowek typu Eppendorf
(Eppendorf AG, Hamburg, Niemcy) i przechowywano w temperaturze -20 °C.

5.2. Okreslenie fazy cyku jajnikowego

Fazy cyklu jajnikowego okreslano na podstawie wynikow badania makroskopowego
jajnikow oraz stezenia jajnikowych hormonow steroidowych, 17 B-estradiolu (E;)
I progesteronu (P4) zgodnie z protokolem zaproponowanym przez da Costa i wsp. (2007).
Stezenia E; i P4 0znaczono z wykorzystaniem komercyjnych testow radioimmunologicznych
o czutosci 1,36 pg/ml (zakres krzywej 2,52 pg/ml do 22,8 pg/ml) dla E, (Estrus-Us-Ct, Cis
Bioassays, Codolet, Francja) oraz o czulosci 0,05 ng/ml (zakres krzywych od 0,12 ng/ml
do 18,38 ng/ml) dla P, (KIP 1458; DIAsource ImmunoAssays SA, Ottignies-Louvain-la-
Neuve, Belgia). Probki przypisano do grupy MLP i FLP w liczbie wskazanej
W poszczegdlnych publikacjach (Domino 1 wsp., 2020; Jasinski 1 wsp., 2021; Jasinski 1 wsp.,
2022a; Jasinski iwsp., 2022b). Probki przypisano do grupy MLP, gdy stgzenia E; i Pq4
W surowicy krwi wynosily odpowiednio <4 pg/ml 1 >1 ng/ml; a na obu jajnikach nie
wykazano obecnosci zadnego pecherzyka jajnikowego o $rednicy >35 mm, natomiast
wykazano obecnos$¢ co najmniej jednego cialtka zottego. Probki przypisano do grupy FLP gdy
stezenia Ey i P4 w surowicy krwi wynosity odpowiednio >4 pg/ml i <1 ng/ml; a podczas
oceny makroskopowej jajnika uwidoczniono obecnos$¢ co najmniej jednego pecherzyka
jajnikowego o $rednicy >35 mm oraz nie stwierdzono obecnosci ciatka zéttego. Na zadnym

Z jajnikow nie stwierdzono makroskopowych cech patologii jajnikow.

5.3. Badanie histopatologiczne blony Sluzowej macicy klaczy

Zatopione w parafinie probki blony S§luzowej macicy pocigto mikrotomem
obrotowym Leica RM2255 (Kawa-Ska, Zalesie Gorne, Polska) na skrawki o grubo$ci 6 pm.

Skrawki umieszczono na silanizowanych szkietkach podstawowych, a nastepnie poddano
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odparafinowaniu i uwodniono w serii roztworéw alkoholu i1 ksylenu (Sigma-Aldrich, Poznan,
Polska). Nast¢pnie probki barwiono przy uzyciu standardowego protokotu hematoksylina-
eozyna (HE) (hematoksylina, 3801520E, Leica, Buffalo Grove, IL, USA; eozyna,
HT1103128; SigmaAldrich, Poznan, Polska) i zamknigto szkielkiem nakrywkowym.
Preparaty barwione HE oceniano pod mikroskopem $wietlnym (Olympus BX43, Warszawa,
Polska, powigkszenie 40x-1000%). Oceniono mikroskopowo obecno$¢ nacieku zapalnego
oraz obecnos¢ i nasilenie cech mikroskopowych typowych dla endometrozy. W badaniach
Domino i wsp. (2020), Jasinski i wsp. (2021) i Jasinski i wsp. (2022b) do izolacji RNA
wybrano tylko probki, ktore nie wykazaly aktywnego stanu zapalnego w badaniu
makroskopowym i nie wykazaly nacieku zapalnego w badaniu histopatologicznym.
Natomiast w badaniach Jasinski i wsp. (2022a) do izolacji RNA wybrano tylko probki, ktére
nie wykazaly cech histologicznych typowych dla endometrozy. Kryteria klasyfikacji
omowiono szczegdtowo w poszczegdlnych publikacjach (Domino i wsp., 2020; Jasinski
i wsp., 2021; Jasinski i wsp., 2022a; Jasinski i wsp., 2022b).

5.4. Ocena transkrypcji badanych genéw w blonie §luzowej macicy klaczy

Zamrozone w cieklym azocie probki blony S$luzowej macicy rozdrobniono
mechanicznie w $rodowisku cieklego azotu. Nastgpnie 50 mg kazdej probki
homogenizowano w probowkach Lysing Matrix D (MP Biomedicals, Irvine, CA, USA)
I ekstrahowano catkowite RNA przy uzyciu zestawu High Pure RNA Tissue Kit (Roche,
Rotkreuz, Szwajcaria) zgodnie ze standardowym protokotem. Nastgpnie przeprowadzono
obrobke DNAza. Stezenie RNA  oznaczano przy uzyciu  spektrofotometru
DS-11 FX (DeNovix, Wilmington, DE, USA) przy stosunku absorbancji A260/280
i A260/230 okoto 2,0. Dalszg analiz¢ przeprowadzono tylko w tych probkach, w ktorych
zawarto$¢ RNA przekraczala 100 ng. Zadna z probek nie zostata wykluczona z powodu
niewystarczajacej zawartosci RNA. Amplifikacj¢ Real-time PCR (gPCR) przeprowadzono
przy uzyciu zestawu TagMan™ RNAto-CT™ [-Step Kit (nr 4392938, ThermoFisher,
Swedesboro, NJ, USA) isystemu Quant-Studio™ 6 Flex Real-Time PCR (Applied
Biosystems, Wilmington, DE, USA). Zastosowano komercyjnie dostepne w testy ekspres;ji
gendw TagMan specyficzne dla koni (nr 4448892 i 4441114, ThermoFisher, Swedesboro,
NJ, USA). Startery specyficzne dla wybranych transkryptow RelA, NF-xB1, NF-xB2, MCP-1,
IL-6, HAS 1, HAS 2, HAS 3, ESR1, ESR2 i PGR zaprojektowano przy uzyciu Primer-BLAST
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(NCBI) i zestawiono w odpowiednich tabelach w poszczegolnych publikacjach (Domino
I wsp., 2020; Jasinski i wsp., 2021; Jasinski i wsp., 2022a; Jasinski i wsp., 2022b). Poziom
transkrypcji wybranych genéw oceniano w odniesieniu do dwoch gendw referencyjnych,
GAPDH (Ec03210916 gH) i HPRT1 (Ec03470217_ml). Reakcja PCR w czasie
rzeczywistym byta przeprowadzona w obj¢tosci 10 ml i zawierata 15 ng catkowitego RNA,
5 ml TagMan® RTPCR Mix (2x), 0,25 ml TagMan® RT Enzyme Mix (40x), 0,5 ml sondy
TagMan i oba startery PCR (ThermoFisher, Swedesboro, NJ, USA) dla kazdego badanego
genu. Protokol PCR obejmowat cztery etapy: odwrotng transkrypcje (15 min w temperaturze
48°C), aktywacj¢ enzymu (10 min w temperaturze 95°C), 40 cykli denaturacji
(15 s w temperaturze 95°C) i hybrydyzacj¢/wydtuzenie ( 1 min w temperaturze 60 °C).
Kazda probke badano w dwoch powtdrzeniach. Surowe dane transkrypcji genow
znormalizowano przy uzyciu $redniej geometrycznej] mRNA wykrytego z dwoch genow
referencyjnych. Polilosciowa oceng ekspresji  genu docelowego przeprowadzono
w poréwnawczej metodzie CT (metoda AACT), gdzie ekspresje genu docelowego

W probkach kategorii I/grupy C uznano za warto$¢ kontrolng ACt.

5.5. Analiza statystyczna

Analizg statystyczna przeprowadzono przy uzyciu oprogramowania GraphPad Prism6
(GraphPad Software Inc., San Diego, CA, USA). Uzyskang baz¢ danych prezentowano jako
serie danych zmian poziomu transkrypcji (2—AACt) badanych gendéw dla kazdej badanej
kategorii endometrozy (Domino 1 wsp., 2020; Jasinski 1 wsp., 2022b), typu
histopatologicznego endometrozy (Jasifiski i wsp., 2021; Jasinski 1 wsp., 2022b) oraz
nasilenia i typu nacieku zapalnego (Jasinski i wsp., 2022a). Kazda serie danych testowano
niezaleznie w kierunku zgodnosci rozktadu danych z rozkladem normalnym za pomocg testu
Shapiro-Wilka.

W przypadku porownywania dwoch serii danych (FLP, MLP), dane o rozktadzie
zgodnym z rozkladem normalnym poréwnywano przy uzyciu niesparowanego testu
t-studenta z korektg Welcha, podczas gdy par¢e danych z ktorych co najmniej jedna seria
danych prezentowata rozklad niezgodny =z rozkladem normalny poréwnywano
z wykorzystaniem testu Manna-Whitney'a. Dla obu testow ustalono poziom istotnosci
p < 0,05.
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W przypadku poréwnywania wiecej niz dwoch serii danych (stopien zaawansowania
endometrozy, typy histologiczne endometrozy, intensywnos¢ nacieku zapalnego, typ nacieku
zapalnego), dane o rozktadzie zgodnym z rozktadem normalnym poréwnywano przy uzyciu
jednokierunkowej analizy wariancji popartej testem wielokrotnych powtorzen Tukey'a,
podczas gdy serie danych z ktoérych co najmniej jedna seria danych prezentowatla rozkiad
niezgodny z rozktadem normalny porownywano z wykorzystaniem testu Kruskala—Wallisa
popartego testem wielokrotnych poréwnan Dunna. Dla obu testow ustalono poziom istotnosci
p <0,05.

Szczegotowy opis przeprowadzonej analizy danych, w tym wykorzystanie
dodatkowych testow 1 poréownan dla poszczegdlnych serii danych, przedstawiono
W poszczegdlnych publikacjach (Domino i wsp., 2020; Jasinski i wsp., 2021; Jasinski i wsp.,
2022a; Jasinski i wsp., 2022b).
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6. Wyniki i dyskusja

6.1. Transkrypcja RelA, NF-kB1, NF-kB2, MCP-1, IL-6 i HAS 1-3 w blonie $luzowej

macicy klaczy z zapaleniem

W dotychczasowych badaniach wykazano, ze szlak NF-kB zalezny bierze udziat
W patogenezie endometrozy (Domino i wsp., 2020; Jasinski i wsp., 2021). Wykazano,
ze aktywacja szlaku kanonicznego moze by¢ zwigzana z zahamowaniem transkrypcji 1L-6
i pobudzeniem transkrypcji MCP-1, HAS 1, HAS 2 lub HAS 3 zaleznie od stopnia
zaawansowania endometrozy (IL-6, HAS 1, HAS 3) jak i wyst¢powania niszczacego typu
histologicznego endometrozy (MCP-1, HAS 2). Zmiany te byly wykazane w FLP cyklu
jajnikowego. Nalezy zwroci¢ uwage na fakt, ze wycinki btony §luzowej macicy klaczy uzyte
W poprzednich badaniach (Domino i wsp., 2020; Jasinski i wsp., 2021) nie wykazywaty cech
makroskopowych i mikroskopowych zapalenia. Dlatego warto zwroci¢ uwagg, ze badane
geny zaangazowane w patogenez¢ endometrozy sg zasadniczo wazne w rozwoju zapalenia
(Christoffersen 1 Troedsson, 2017; Woodward 1 wsp., 2013; Marth 1 wsp., 2018; Skarzynski
i wsp., 2020; Morris i wsp., 2020; Hedia i wsp., 2021). Poniewaz wptyw stanu zapalnego
na rozwo6j endometrozy jest przedmiotem wielu badan (Aresu i wsp., 2012; Rebordao 1 wsp.,
2014a; Rebordao i wsp., 2014b; Klose i Schoon, 2016; Rebordao i wsp., 2018; Schoniger
i Schoon, 2020; Skarzynski i wsp., 2020), ocena transkrypcji badanych genéw jest istotna
rowniez w kontekscie zapalenia blony §luzowej macicy, a uwzglgdnienie typu 1 nasilenia
stanu zapalnego powinny da¢ wglad w rolg szlaku NF-kB zaleznego w regulacji cytokin
modulujacych stan zapalny btony $luzowej macicy.

W niniejszych badaniach nie stwierdzono réznic w poziomie transkrypcji RelA
(rycina 2A), NF-xBI (rycina 2B) oraz NF-xB2 (rycina 2B) pomiedzy prawidlowa btong
Sluzowg macicy a blong §luzowsg objeta procesem zapalnym, zaréwno W odniesieniu
do nasilenia stanu zapalnego (rycina 2) jak rowniez typu nacieku zapalnego (Jasinski i wsp.,
2022a). Nie stwierdzono réwniez zmian w poziomie transkrypcji RelA, NF-xB1 oraz NF-«xB2
pomiedzy probkami pobranymi w FLP oraz MLP, zaré6wno w odniesieniu do nasilenia stanu
zapalnego (rycina 2) jak rowniez typu nacieku zapalnego (Jasinski i wsp., 2022a). Uzyskane
wyniki moga sugerowac niezalezny od NF-kB szlak aktywacji procesow patologicznych
zachodzacych w blonie §luzowej macicy w przebiegu zapalenia, a wigc odmienny

do stwierdzonego w przypadku endometrozy.
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Rycina 2. Poziomy transkrypcji RelA (A), NF-xB1 (B) oraz NF-«xB2 (C) w blonie §luzowej
macicy klaczy w FLP i MLP. Probki btony $luzowej macicy zostaly sklasyfikowane
w zalezno$ci od intensywnos$ci zapalenia jako tagodne zapalenie (mild), umiarkowane
zapalenie (moderate) lub cigzkie zapalenie (severe). Grupa None przedstawia probki
kontrolne. Linia przerywana oddziela prébki kontrolne i probki objete zapaleniem. Wykresy
pudetkowe reprezentuja dolny kwartyl, mediang i goérny kwartyl, podczas gdy wasy
reprezentuja warto§ci minimalne i maksymalne. Mate litery wskazuja na rdznice miedzy

kategoriami endometrozy dla p < 0,05.

Wzrost transkrypcji MCP-1 w umiarkowanym i ci¢zkim nacieku jest obecny jedynie
W odniesieniu do calej populacji probek (Jasinski i wsp., 2022a) nie za$§ po podziale na grupy
pobrane w r6znych fazach cyklu jajnikowego (rycina 3A). Obserwowany wzrost transkrypcji
MCP-1 moze sugerowa¢ funkcj¢ podtrzymujaca, a nie inicjujaca MCP-1 w obserwowanym
procesie zapalnym. Co wiecej najwyzsza transkrypcje MCP-1 stwierdzono w przypadku
nacieku z przewagg makrofagéw. Chociaz MCP-1 jest produkowany przez makrofagi,
zwigksza rowniez ich dalsza migracje do tkanki co moze uzasadnia¢ obserwowane roznice.
Uzyskane wyniki moga rowniez potwierdzi¢ gléwng funkcje regulacyjna makrofagow,
polegajaca na produkcji i uwalnianiu cytokin prozapalnych (Arici i wsp., 1999; Fumuso
i wsp., 2003; Yadav i wsp., 2010). Co ciekawe, w poprzednich badaniach wykazano brak
wzrostu transkrypcji MCP-1 w btonie §luzowej macicy objetej endometroza (Domino i wsp.,
2020), z wyjatkiem nieaktywnej-niszczacej endometrozy w FLP (Jasinski i wsp., 2021).
Chociaz transkrypcja MCP-1 moze by¢ zalezna od szlaku NF-kB, w niniejszym badaniu nie
wykazano zgodnych poziomow transkryptow biatek z rodziny NF-kB oraz MCP-1. Uzyskane
wyniki moga sugerowa¢ odmienng rolg¢ MCP-1 w patogenezie zapalenia btony $luzowej
macicy (Yadav i wsp., 2010) i endometrozy (Domino i wsp., 2020; Jasinski i wsp., 2021)

u klaczy.
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Rycina 3. Poziomy transkrypcji MCP-1 (A) oraz IL-6 (B) w btonie Sluzowej macicy klaczy
wFLP i MLP. Probki blony $luzowej macicy zostaty sklasyfikowane w zaleznosci
od intensywnosci zapalenia jako tagodne zapalenie (mild), umiarkowane zapalenie
(moderate) lub cigzkie zapalenie (severe). Grupa None przedstawia probki kontrolne. Linia
przerywana oddziela probki kontrolne i probki objete zapaleniem. Wykresy pudetkowe
reprezentuja dolny kwartyl, mediang i gorny kwartyl, podczas gdy wasy reprezentuja
warto$ci minimalne i maksymalne. Male litery wskazuja na roéznice migdzy kategoriami

endometrozy dla p < 0,05.

W niniejszych badaniach wykazano wzrost transkrypcji IL-6 wraz ze wzrostem
nasilenia stanu zapalnego (Jasinski i wsp., 2022a), co jest zgodne z najnowszymi badaniami.
IL-6 jest bowiem uznana za jedng z najwazniejszych cytokin w patogenezie zapalenia blony
$luzowej macicy klaczy (Fumuso i wsp., 2003; Woodward i wsp., 2013; Christoffersen
I Troedsson, 2017; Skarzynski i wsp., 2020). Stwierdzono ponadto wzrost transkrypcji 1L-6
w przypadku nacieku makrofagéw i nacieku mieszanego, co jest zgodne z dotychczasowymi
obserwacjami wskazujacymi, ze makrofagi sa gtownym zrodtem IL-6 w blonie $luzowej
macicy obje¢tej zapaleniem (Arici i wsp., 1999; Yadav i wsp., 2010). U klaczy podatnych na
PBIE stwierdzono przedtuzong produkcje i wydzielanie IL-6 zwigzane z nadmierng
i przedtuzong aktywnoscig makrofagéw (Christoffersen i wsp., 2012; Tanaka i wsp., 2014;
Christoffersen i Troedsson, 2017; Morris i wsp., 2020; Skarzynski i wsp., 2020). Jednak
podobny wzrost transkrypcji 1L-6, obserwowany w blonie §luzowej macicy objetej
zapaleniem, nie byl stwierdzony w przebiegu endometrozy (Domino i wsp., 2020; Jasinski
i wsp., 2021). Moze to sugerowac, ze funkcja biologiczna IL-6 w btonie §luzowej macicy jest
ograniczona do procesu zapalnego i nie wptywa na inicjacj¢ i rozwdj okotogruczotowego

wldknienia ECM.
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Rycina 4. Poziomy transkrypcji HAS1 (A), HAS2 (B) oraz HAS3 (C) w blonie Sluzowe;j
macicy klaczy w FLP i MLP. Probki blony Sluzowej macicy zostaly sklasyfikowane
w zalezno$ci od intensywnos$ci zapalenia jako tagodne zapalenie (mild), umiarkowane
zapalenie (moderate) lub ciezkie zapalenie (severe). Grupa None przedstawia probki
kontrolne. Linia przerywana oddziela probki kontrolne 1 probki objete zapaleniem. Wykresy
pudetkowe reprezentuja dolny kwartyl, mediang¢ i gorny kwartyl, podczas gdy wasy
reprezentuja warto$ci minimalne i maksymalne. Mate litery wskazuja na rdéznice miedzy
kategoriami endometrozy dla p < 0,05. Gwiazdki wskazuja réznice migdzy fazami cyklu

jajnikowego (* p < 0,05).

W niniejszych badaniach stwierdzono brak réznic w transkrypcji HAS 1 w zalezno$ci
od wystepowania, nasilenia i1 typu nacieku zapalnego (rycina 4A). Uzyskane wyniki sugeruja,
Ze enzym ten moze nie by¢ zaangazowany w migracje 1 adhezje komorek w blonie §luzowej
macicy objetej zapaleniem. Jednocze$nie, wraz ze wzrostem intensywnos$ci zapalenia,
stwierdzono wzrost transkrypcji HAS 2 (rycina 4B) i HAS 3 (rycina 4C) we wszystkich
badanych typach nacieku zapalnego. W przypadku obu gendéw wzrost poziomu transkryptow
byt najnizszy w przypadku nacieku PMN. Uzyskane wyniki wskazuja, Zze wigzanie CD44,
bedacego receptorem HA, z jego ligandem zachodzi podczas migracji limfocytow T
i monocytow. HA o malej masie czgsteczkowej moze dziataé prozapalnie, zwickszajac
produkcje cytokin (Kessler iwsp., 2008). Jest to zgodne z uzyskanymi wynikami,
sugerujacymi role HAS w migracji leukocytow do btony S$luzowej macicy klaczy.
W poprzednich badaniach wykazano wyzsza transkrypcje HAS 1 w btonie §luzowej macicy
Z endometroza w poczatkowym stadium zaawansowania choroby, podczas gdy transkrypcja
HAS 3 byta wyzsza we wszystkich stopniach zaawansowania endometrozy w poréwnaniu
z prawidlowg blong $§luzowg macicy (Domino i wsp., 2020). Co wiecej, nie stwierdzono
r6zni¢ w poziomie transkrypcji HAS 2 w prawidtowej i objetej endometroza blonie sluzowej

macicy, z wyjatkiem aktywnego-niszczacego typu histologicznego endometrozy w FLP
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(Jasinski 1 wsp., 2021). Uzyskane wyniki wskazuja na odmienne zaangazowanie
poszczegolnych HAS w patogeneze zapalenia btony Sluzowej macicy i endometrozy.

Uzyskane wyniki wskazuja na brak udzialu szlakow NF-kB w regulacji migracji
komorek zapalnych w btonie $luzowej macicy klaczy. Wzrost transkrypcji badanych cytokin
I enzymoOw nie jest zgodny z wynikami dotyczgcymi podjednostek NF-kB. Jest to wazne
odkrycie, sugerujace, ze synteza MCP-1, IL-6 i HAS w btonie Sluzowej macicy klaczy
objetej zapaleniem nie jest regulowana przez szlak NF-kB-zalezny. Odmienne mechanizmy
aktywacji transkrypcji tych samych cytokin w réznych procesach patologicznych w btonie
sluzowej macicy mogg wskazywaé na istnienie specyficznego szlaku regulujgcego nasilenie
i typ endometrozy, ale nie zapalenia btony $luzowej macicy klaczy. Uzyskane wyniki
sugeruja, ze ocena transkrypcji bialek z rodziny NF-kB w blonie $luzowej macicy moze
W przysztosci staé si¢ swoistym markerem degeneracji izwloknienia blony Sluzowej
W przebiegu endometrozy, ktory moze okaza¢ si¢ przydatny w diagnostyce i prognostyce
nasilenia procesu zwyrodnieniowego. Uzyskane wyniki sa szczeg6lnie istotne z punktu
widzenia oczyszczania macicy po kryciu lub sztucznej inseminacji. Ograniczona
W intensywnosci i czasie, ale obecna infiltracja komorek zapalnych umozliwia przygotowanie
srodowiska wewnatrzmacicznego do przyjecia i utrzymania zarodka (Fumuso i wsp., 2003;
Christoffersen 1 wsp., 2012; Skarzynski i1wsp., 2020), co jest upo$ledzone u klaczy
podatnych na PBIE. Z tego wzgledu potencjalne wykorzystanie inhibitoréw NF-xB
do hamowania odktadania ECM (Tong i wsp., 2015; Caon i wsp., 2017; Chung i wsp., 2019)
w blonie $§luzowej macicy objetej endometroza, moze pozosta¢ bez wptywu na prawidtowe
funkcjonowanie uktadu odporno$ciowego macicy, ktore jest kluczowe dla utrzymania
ptodnosci klaczy, poprzez umozliwienie fizjologicznego oczyszczania macicy oraz regulacje
produkcji i uwalniania hormonéw i cytokin w btonie $luzowej macicy (Skarzynski i wsp.,
2020).

Ekspresja genow RelA, NF-«B1, NF-xB2, MCP-1, IL-6 i HAS 1-3 w btonie sluzowej

macicy klaczy z zapaleniem opisana jest w szczegdotach w publikacji Jasinski i wsp. (2022a).
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6.2. Transkrypcja RelA, NF-kB1, NF-kB2, MCP-1, IL-6 i HAS 1-3 w blonie $luzowej

macicy klaczy z endometroza o roznym stopniu zaawansowania

Zgodnie z moja najlepsza wiedzg, temat udzialu szlaku zaleznego od NF-kB
w rozwoju endometrozy u klaczy zostal po raz pierwszy poruszony w publikacji Domino
i wsp. (2020). Niezaleznie od szeroko zakrojonych badan nad endometrozg u klaczy,
mechanizm fizjopatologiczny zwigzany z procesem wioknienia pozostaje nadal nieznany
(Rebordao i wsp., 2014a). Badania Rebordao i wsp. (2017, 2018, 2019) rzucity nowe $§wiatlo
na aktywacj¢ endometrozy za posrednictwem sygnalow generowanych na powierzchni
komorek btony sluzowej macicy, potencjalng zdolnos¢ NET do indukowania zapalenia btony
$luzowej macicy, do nasilania wtoknienia okotogruczotowego (Rebordao i wsp., 2014a;
Amaral i wsp., 2018; Rebordao i wsp., 2019) oraz na potencjalng rol¢ prostaglandyny E2
W hamowaniu wioknienia btony $luzowej macicy klaczy (Rebordao i wsp., 2017; Rebordao
i wsp., 2019). Zaréwno NET jak i prostaglandyny E2 sg zaangazowane w reakcje zapalng
indukowang uszkodzeniem btony §luzowej macicy w odpowiedzi na obecno$¢ patogennych
drobnoustrojow lub nasienia (Woodwar i wsp., 2013; Cadario, 2014; Amaral i wsp., 2018).
W reakcji tej dochodzi do zwigkszenia przepuszczalnosci naczyn krwionosnych i nacieku
PMN do swiatta gruczotow, SC, i zrgbu btony §luzowej macicy (Rebordao i wsp., 2014b;
Rebordao i wsp., 2018). Ta i inne szybkie i skuteczne reakcje na zmiany w $rodowisku
macicy wymagaja zaangazowania szlakow sygnatowych, sposrdéd ktorych najwazniejszym
jest synteza nowych biatek w odpowiedzi na zmian¢ wzorca transkrypcji genow (May
i Ghosh, 1998). Taka role w wielu tkankach objetych zapaleniem (Lind i wsp., 2001;
Umezawa, 2011) lub zwioknieniem (Sosinska i wsp., 2016; Sun i wsp., 2019), petni szklak
sygnalowy zalezny od NF-kB. Kanoniczny szlak aktywacji NF-kB jest zaangazowany
gléwnie we wrodzong odpowiedz immunologiczng i regulacje nasilenia stanu zapalnego,
podczas gdy niekanoniczny szlak aktywacji NF-xB bierze udziat w dojrzewaniu, utrzymaniu
i modulowaniu funkcji limfocytow B w mechanizmach nabytej odpowiedzi immunologiczne;j
oraz w chorobach autoimmunologicznych (Umezawa, 2011).

W niniejszej pracy stwierdzono cechy aktywacji szlakéw kanonicznego
(RelA/NF-kB1) i niekanonicznego (NF-xB2) w przypadku tagodnej endometrozy (kategoria
ITa). Jednak pelna aktywacja wydaje si¢ nastepowaé w przypadku ci¢zkiej endometrozy
(kategoria 111), gdy poziom transkrypcji obu heterodimeréw w szlakach kanonicznym

I nickanonicznym jest najwyzszy (rycina 5). Opisane zmiany we wzorze transkrypcji biatek
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rodziny NF-kB stwierdzono tylko w FLP, co sugeruje zalezny od jajnikowych hormonow
steroidowych szlak zwidknienia btony §luzowej macicy klaczy. Zaréwno odpowiedzi ECM
btony $luzowej macicy na poszczegélne proteazy NET, jak i uposledzenie wytwarzania
prostaglandyny E2 moga odgrywaé role w okotogruczotlowym odktadaniu widkien tkanki
tacznej (Rebordao iwsp., 2019), zaleznie od fazy cyklu jajnikowego i silniecj w FLP
(rycina 5). Rebordao i wsp. (2019) wykazali, ze blona $luzowa macicy w FLP moze by¢
bardziej podatna na wioknienie w odpowiedzi na dziatanie bodzcow profibrotycznych,

ze wzgledu na zmniejszong zdolnos¢ do syntezy mediatorow antyfibrotycznych.

o
o

259 3 FLP b 5251: FLP 5 5250 FLe
~
e MLP = 501 MLP b ; % 20 MLP b
< 3 5
g 15 . a‘é 15 ;,3_15 :
[=%
1 X 210 210
@ a = a g
x s a X “ 5 X ] 5 X
g: d : s 02 "2
=z =z
0 . i 0 o
iib

T T T T T T T
I lla b L] | lla lib n a n

Rycina 5. Poziomy transkrypcji RelA (A), NF-xB1 (B) oraz NF-«xB2 (C) w blonie §luzowej
macicy klaczy w FLP i MLP. Probki blony $luzowej macicy zostaly sklasyfikowane
W zaleznoS$ci od stopnia zaawansowania endometrozy do kategorii I, kategorii 1la, kategorii
[Ib lub kategorii Ill. Wykresy pudetkowe reprezentuja dolny kwartyl, median¢ i gorny
kwartyl, podczas gdy wasy reprezentuja warto$ci minimalne 1 maksymalne. Mate litery
wskazuja na roznice migdzy kategoriami endometrozy dla p < 0,05. Gwiazdki wskazuja

réznice miedzy fazami cyklu jajnikowego (* p < 0,05; ** p <0,01; *** p < 0,0001).

Sposréd badanych indukowalnych transkrypcji genow docelowych zaleznych
od NF-kB, transkrypcja MCP-1 wydaje si¢ mie¢ mniejsze znaczenie w patogenezie
endometrozy niz transkrypcja IL-6 (rycina 6). Poniewaz MCP-1 jest mediatorem
profibrotycznym w przypadku uszkodzenia komoérek nabtonka ptuc (Moor i wsp., 2003),
mozna zasugerowa¢ odmienny szlak fibrogenezy w plucach i macicy. MCP-1 wykazuje
najsilniejsze dziatanie chemotaktyczne wobec monocytow i limfocytow T (Rollins, 1996),
promuje migracje monocytow obwodowych do miejsca objetego zapaleniem oraz indukuje
dalszag chemotaksj¢ i rekrutacje monocytow (Viedt iwsp., 2002b). Poza wplywem
na monocyty, MCP-1 aktywuje dwa rozne szlaki sygnatowe w $cianie naczyn krwionos$nych:

pierwszy prowadzacy do uwolnienia prozapalnej cytokiny IL-6 oraz drugi prowadzacy
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do odpowiedzi proliferacyjnej (Viedt i wsp., 2002a; Viedt i wsp., 2002b). Brak réznic
w poziomie transkrypcji MCP-1 (rycina 6A) i jednoczesne obnizenie poziomu transkrypcji
IL-6 w probkach objetych zwtoknieniem (kategorie Ila, IIb, III) w stosunku do prawidlowej
btony Sluzowej macicy (rycina 6B), sugeruje niezalezny od MCP-1 szlak dziatania IL-6.
Zmniejszenie poziomu transkrypcji IL-6 moze by¢ zwigzane z aktywacja niekanonicznego
szlaku NF-xB, istotnego w przypadku tagodnego zwidknienia. IL-6 reguluje ekspresje
czasteczek adhezyjnych i innych cytokin (lkeda i wsp., 1993; Viedt i wsp., 2002Db),
potencjalnie nasilajac reakcj¢ zapalng oraz stymuluje limfocyty T. Limfocyty T moga
wspolnie z PMN bra¢ udziat w aktywacji NET (Fuchs i wsp., 2007; Rebordao i wsp., 2019),
ktore moga przyczynia¢ si¢ do progresji endometrozy (Chrysanthopoulou i wsp., 2014;
Rebordao i wsp., 2014a). Z drugiej strony, zmniejszona transkrypcja IL-6, a co za tym idzie
zmniejszona produkcja IL-6 moze ograniczac stan zapalny btony §luzowej macicy. Na uwage
zashuguje fakt, ze zmniejszong transkrypcj¢ IL-6 Stwierdzono réwniez w blonie §luzowej
klaczy podatnych na PBIE (Woodwar i wsp., 2013), jednak rola IL-6 w patogenezie
endometrozy wymaga dalszych badan.
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Rycina 6. Poziomy transkrypcji MCP-1 (A) oraz IL-6 (B) w btonie $§luzowej macicy klaczy
w FLP i MLP. Probki btony §luzowej macicy zostaly sklasyfikowane w zaleznos$ci od stopnia
zaawansowania endometrozy do kategorii I, kategorii lla, kategorii 1lb lub kategorii IlI.
Wykresy pudetkowe reprezentujg dolny kwartyl, mediane¢ 1 gorny kwartyl, podczas gdy wasy
reprezentuja wartosci minimalne 1 maksymalne. Male litery wskazuja na rdéznice miedzy
kategoriami endometrozy dla p < 0,05. Gwiazdki wskazuja réznice migdzy fazami cyklu

jajnikowego (* p < 0,05).

Roéznice w poziomie transkrypcji HAS 1 i HAS 3 obserwowane w FLP w blonie
sluzowej macicy z fagodna endometroza (kategoria Ila) sugeruja, ze szlaki aktywacji HAS 1

(rycina 7A) 1 HAS 3 (rycina 7C) moga modulowaé fibrogeneze poprzez zmiany
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w proporcjach sktadnikow ECM. Zwiekszona synteza i degradacja sktadnikow ECM jest
charakterystyczna dla przewlektego zapalenia btony $luzowej macicy i wtoknienia (Ohkawa
I wsp., 1990).

W zdrowej btonie §luzowej macicy gtéwnym sktadnikiem ECM jest kolagen typu III,
ktory w miar¢ nasilania si¢ endometrozy jest stopniowo zastgpowany przez kolagen typu I
(Rebordao i wsp., 2018). Rowniez HA, begdacy gléwng makroczasteczkg ECM, podlega
dynamicznej regulacji podczas stanu zapalnego (Ohkawa i1 wsp., 1990). Pomimo
obserwowanej poczatkowo zwickszonej transkrypcji zarowno HAS 1 1 HAS 3 w kategorii Ila
endometrozy, réznice w kategoriach IIb i III wykazano jedynie dla transkrypcji HAS 3.
Jednoczesnie nie stwierdzono roéznic w poziomie transkrypcji HAS 2 w zaleznos$ci zarowno
od stopnia zaawansowania endometrozy jak i fazy cyklu jajnikowego (rycina 7B). HAS 2
promuje synteze HA o wyzszej masie czasteczkowej niz HAS 1 (w zakresie >2 x 106 Da)
(Itano i wsp., 1999), natomiast HAS 3 promuje synteze HA o niskiej masie czasteczkowej
(Ix 105 - 1 x 106 Da) (Fouladi-Nashta i wsp., 2017). W umiarkowanej i cig¢zkiej
endometrozie mozna podejrzewaé akumulacje lekkiego HA, jednak rzeczywista produkcja
HA o okreslonej masie czasteczkowej wymaga dalszych badan na poziomie biatkowym.
Na tym etapie badan mozna jedynie zasugerowac, ze zwickszona synteza HA o niskiej masie
czasteczkowej powoduje zmiany w sktadzie makroczasteczkowym ECM, co moze prowadzié
do utraty odporno$ci btony $luzowej macicy na rozcigganie, jak ma to miejsce podczas
porodu (Akgul i wsp., 2014). Biologiczna rola HA o niskiej masie czasteczkowej wigze si¢
z efektami prozapalnymi, angiogennymi i antyapoptotycznymi, utatwiajacymi interakcjg
komorka-komoérka, proliferacje komorek 1 sygnalizacj¢ za posrednictwem receptorow
HA (Matou-Nasri i wsp., 2009; Fouladi-Nashta i wsp., 2017), dlatego rola HA w patogenezie
endometrozy wymaga dalszych badan. W niniejszych badaniach wykazano wzrost poziomu
transkrypcji HAS 3 i NF-xB1 w rownowaznych kategoriach endometrozy w tej samej fazie
cyklu jajnikowego, co moze sugerowa¢ wspolny szlak regulacyjny. Jakkolwiek
zaobserwowana koincydencja wymaga dalszych badan, jest ona zgodna z wynikami badan
prowadzonych na ludzkich miofibroblastach ptucnych, w ktoérych wykryto znaczny wzrost
produkcji HA o niskiej masie czasteczkowej w wyniku zwigkszonej aktywnos¢ HAS 3

aktywowanej przez szlak kanoniczny NF-kB (Ohkawa i wsp., 1990).
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Rycina 7. Poziomy transkrypcji HAS1 (A), HAS2 (B) oraz HAS3 (C) w blonie Sluzowe;j
macicy klaczy w FLP i MLP. Probki btony S$luzowej macicy zostaly sklasyfikowane
W zalezno$ci od stopnia zaawansowania endometrozy do kategorii I, kategorii Ila, kategorii
IIb lub kategorii III. Wykresy pudetkowe reprezentuja dolny kwartyl, mediang¢ 1 goérny
kwartyl, podczas gdy wasy reprezentujag warto$ci minimalne i maksymalne. Male litery
wskazuja na roznice migdzy kategoriami endometrozy dla p < 0,05. Gwiazdki wskazuja

réznice miedzy fazami cyklu jajnikowego (* p < 0,05; ** p <0,01).

Ekspresja genow RelA, NF-xB1, NF-xB2, MCP-1, IL-6 i HAS 1-3 w blonie Sluzowej
macicy klaczy z endometrozg o ré6znym stopniu zaawansowania opisana jest w szczegotach

w publikacji Domino i wsp. (2020).
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6.3. Transkrypcja RelA, NF-kB1, NF-kB2, MCP-1, IL-6 i HAS 1-3 w blonie $luzowej

macicy klaczy z endometroza o réoznych typach histologicznych

W niniejszej pracy stwierdzono istotne réznice w transkrypcji kilku genow, RelA
(rycina 8A), NF-«xB1 (rycina 8B), MCP-1 (rycina 9A), IL-6 (rycina 9B) i HAS 2 (rycina 10B),
w probkach btony §luzowej objetej niszczaca endometroza (AD, ID). W dotychczasowych
badaniach ten typ endometrozy wykazywal cechy wigkszej modyfikacji ECM niz
nieniszczaca endometroza (AN, IN), zwtaszcza w zakresie wzrostu ekspresji proteoglikanow,
fibronektyny i lamininy (Kenney i Doig, 1986; Hoffmann i wsp., 2009b). Na podstawie
uzyskanych wynikdw mozna ostroznie sugerowac, ze w tym specyficznym, niszczacym typie
endometrozy obserwowane powazne zmiany ECM, takie jak okotogruczotowe widknienie
zrebu, moga by¢ zwigzane z aktywacja szlaku NF-kB-zaleznego. Warto zwroci¢ uwage
na fakt, ze niszczaca endometroza zmniejsza plodno$¢ klaczy w wigkszym stopniu niz
nieniszczaca, dlatego w przysztych badaniach nalezy wzig¢ pod uwage aktywacje szlaku
NF-xB zaleznego jako czynnik ograniczajacy mozliwosci utrzymania cigzy (Kenney i Doig,
1986).
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Rycina 8. Poziomy transkrypcji RelA (A), NF-xB1 (B) oraz NF-«B2 (C) w blonie §luzowej
macicy klaczy w FLP i MLP. Probki blony $luzowej macicy zostaly sklasyfikowane
W zaleznos$ci od typu histologicznego endometrozy do typu IN, typu ID, typu AN lub typu
AD. Grupa C przedstawia probki kontrolne. Linia przerywana oddziela probki kontrolne
I probki z endometroza. Wykresy pudetkowe reprezentuja dolny kwartyl, mediang i goérny
kwartyl, podczas gdy wasy reprezentuja warto$§ci minimalne i maksymalne. Mate litery
wskazujg na roznice miedzy kategoriami endometrozy dla p < 0,05. Gwiazdki wskazuja

r6znice mi¢dzy fazami cyklu jajnikowego (** p <0,01).

W poprzednich badaniach (Domino i wsp., 2020) wykazano cechy aktywacji szlakow
kanonicznego (RelA, NF-kB1) i niekanonicznego (NF-kB2) w probkach blony Sluzowe;j
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macicy pobranych w FLP. Transkrypcja RelA, NF-xB1 i NF-xB2 rosta wraz ze stopniem
zaawansowania endometrozy. Jednak biorgc pod uwagg rowniez typy histologiczne
endometrozy, gldwne rdéznice w transkrypcji badanych genéw dotyczyly kanonicznego
szlaku aktywacji (rycina 8A i 8B). W dotychczasowych badaniach wykazano, ze szlak ten
jest koaktywowany przez TNFa, bioragcy udziat w patogenezie endometrozy i1 indukujacy
przemiang fibroblastow w miofibroblasty (Brasier, 2010; Szostek-Mioduchowsk i wsp.,
2020). Zwigkszona ekspresja TNFa w blonie Sluzowej macicy moze by¢ zwigzana
ze wzrostem ekspresji bialek rodziny NF-«kB. Zaobserwowano ponadto koincydencje cech
aktywacji kanonicznego szlaku NF-kB oraz zwigkszonej transkrypcji MCP-1 (rycina 9A),
silnego czynnika zwigkszajacego infiltracj¢ monocytow. Co ciekawe, monocyty sa glownymi
producentami TNFa (Brasier, 2010), zatem mechanizm ten moze dziata¢ w cyklu sprzgzenia

zwrotnego dodatniego.
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Rycina 9. Poziomy transkrypcji MCP-1 (A) oraz IL-6 (B) w btonie $§luzowej macicy klaczy
w FLP i MLP. Probki btony $luzowej macicy zostaty sklasyfikowane w zaleznosci od typu
histologicznego endometrozy do typu IN, typu ID, typu AN lub typu AD. Grupa C
przedstawia probki kontrolne. Linia przerywana oddziela probki kontrolne i1 probki
z endometrozg. Wykresy pudetkowe reprezentuja dolny kwartyl, mediang 1 gorny kwartyl,
podczas gdy wasy reprezentuja warto$ci minimalne i maksymalne. Mate litery wskazuja na
roznice miedzy kategoriami endometrozy dla p < 0,05. Gwiazdki wskazuja réznice miedzy

fazami cyklu jajnikowego (* p < 0,05).

Wazrost poziomu transkrypcji RelA odnotowano w E AD w FLP i w E ID w MLP
(rycina 8A), podobnie jak wzrost poziomu transkrypcji NF-xBI (rycina 8B). Ponadto
stwierdzono wzrost poziomu transkrypcji MCP-1 w E ID w MLP (rycina 9A) oraz wzrost
poziomu transkrypcji IL-6 w E AD w FLP (rycina 9B), co sugeruje, ze regulacja transkrypcji
tych gendéw jest zalezna nie tylko od typu histologicznego endometrozy, ale takze od fazy

cyklu jajnikowego. Bioragc pod uwage stopien zaawansowania endometrozy, poziom
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transkrypcji IL-6 byt istotnic nizszy w FLP w probkach obj¢tych endometrozg niz
w prawidtowej btonie §luzowej macicy (Domino i wsp., 2020). Wyniki uzyskane zarowno
w odniesieniu do stopnia zaawansowania endometrozy jak i typu histologicznego , sugeruja,
ze zmiany transkrypcji badanych gendow indukowane przez szlak kanoniczny NF-xB
sg zalezne od cyklu jajnikowego. Uzyskane wyniki moge rowniez sugerowac, ze aktywnos¢
metaboliczna fibroblastow w btonie §luzowej macicy klaczy moze zaleze¢ od wrazliwosci
tkanki na dziatanie steroidéw jajnikowych oraz st¢zenia obwodowego kluczowych
hormonoéw. Bioragc pod uwage nieprawidtowa ekspresj¢ ER i PR w blonie §luzowej macicy
Z endometrozg (Kenney 1 Doig, 1986; Hoffmann 1 wsp., 2009b; Schoniger i Schoon, 2020),
hormonozalezna regulacja aktywacji szlakow NF-«B zaleznych w przebiegu endometrozy

wymaga dalszych badan.
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Rycina 10. Poziomy transkrypcji HAS1 (A), HAS2 (B) oraz HAS3 (C) w blonie §luzowe;j
macicy klaczy w FLP i MLP. Prébki btony $luzowej macicy zostaly sklasyfikowane
W zaleznos$ci od typu histologicznego endometrozy do typu IN, typu ID, typu AN lub typu
AD. Grupa C przedstawia probki kontrolne. Linia przerywana oddziela probki kontrolne
i probki z endometroza. Wykresy pudetkowe reprezentuja dolny kwartyl, mediang i gérny
kwartyl, podczas gdy wasy reprezentuja wartos§ci minimalne i maksymalne. Mate litery

wskazujg na roznice migdzy kategoriami endometrozy dla p < 0,05.

Wsrod syntaz hialuronianu, jedynie w odniesieniu do transkrypcji HAS 2 stwierdzono
istotne rdznice zalezne od typu histologicznego endometrozy. Stwierdzono wzrost poziomu
ekspresji HAS 2 wE AD w FLP (rycina 10B), oraz wzrost transkrypcji RelA (rycina 8A).
Obserwowana koincydencja sugeruje zwigzek miedzy HAS 2 1 RelA bioracy udziat
W patogenezie endometrozy. W dotychczasowych badaniach uwzgledniajacych stopien
zaawansowania endometrozy, wykazano wzrost poziomu transkrypcji HAS 3 w probkach
btony S$luzowej pobranych w FLP (Domino i wsp., 2020). Roéznica w transkrypcji

omawianych genoéw tylko w FLP po raz kolejny wskazuje na rol¢ steroidowych hormonow
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jajnikowych w patogenezie endometrozy (Rebordao i wsp., 2018). Ponadto Ohkawa i wsp.
(1999) wykazali, ze RelA posredniczy w syntezie HA przez fibroblasty po stymulacji
ze strony TNFa. Mozna wigc ostroznie sugerowaé, ze podobny mechanizm ma miejsce
w przypadku aktywnej-niszczacej endometrozy, jednak hipoteza ta wymaga dalszych badan
Z uwzglednieniem transkrypcji TNFa.

Poniewaz NF-kB stymuluje odktadanic ECM w réznych tkankach (May i Ghosh,
1998; Lind i wsp., 2001; Brasier, 2010; Umezawa, 2011; Ahn i wsp., 2012; Sosinska i wsp.,
2016), mozna ostroznie zasugerowac, ze ilosciowa ocena poziomu transkrypcji RelA, NF-xB1
i MCP-1 moze by¢ w przysztosci wykorzystana do oceny stopnia nasilenia oraz typu
histologicznego endometrozy. Podobne proby kwantyfikacyjne przeprowadzono dotychczas
z umiarkowanym powodzeniem z wykorzystaniem nastepujacych biomarkeréw: uterokaliny,
uteroferryny, uteroglobiny i kalbindyny (Hoffmann i wsp., 2009a). Uzyskane wyniki moga
by¢ pomocne w klasyfikacji endometrozy oraz w Kklinicznym prognozowaniu rozwoju
choroby. Niezbg¢dne sg jednak dalsze badania nad powtarzalno$cig oznaczen, mozliwosciami
kwantyfikacyjnymi  oraz  oceng zmian gruczolow  blony $luzowej macicy
I okotogruczotowego wtoknienia zrgbu w odniesieniu do aktywacji szlaku kanonicznego
NF-xB. Poniewaz w niniejszych oraz poprzednich (Domino iwsp., 2020) badaniach
wykazano i potwierdzono cechy aktywacji szlaku NF-xB w przebiegu endometrozy, zasadna
jest kontynuacja badan nad potencjalnymi mozliwo$ciami zahamowania rozwoju choroby.
Nalezy zwroci¢ uwage, ze inhibitory NF-xB sa z powodzeniem wykorzystywane
w hamowaniu odktadania si¢ ECM w tkankach (Tong i wsp., 2015; Caon iwsp., 2017;
Chung i wsp., 2019), co mogtoby znalez¢ zastosowanie praktyczne w leczeniu endometrozy
klaczy.

Ekspresja genow RelA, NF-«B1, NF-kB2, MCP-1, IL-6 i HAS 1-3 w btonie sluzowej
macicy klaczy z endometroza o rdéznych typach histologicznych opisana jest w szczegotach

w publikacji Jasinski i wsp. (2021).

50



6.4. Transkrypcja ESR1, ESR2 i PGR w blonie §luzowej macicy klaczy z endometroza
0 réznym stopniu zaawansowania i roéznych typach histologicznych w odniesieniu
do transkrypcji RelA, NF-kB1, NF-kB2, MCP-1, IL-6 i HAS 1-3

W poréwnaniu z prawidtowa btong $luzowa macicy, stwierdzono spadek poziomu
transkrypcji ESR1 (rycina 11A), ESR2 (rycina 11B) i PGR (rycina 11C) wraz ze wzrostem
stopnia zaawansowania endometrozy, chociaz dla ESR2 spadek ten rozpoczat si¢ od kategorii
IIb. Uzyskane wyniki dotyczace ESR1 i PGR sa zgodne z ustaleniami Hoffmana i wsp.
(2009Db), ktorzy opisali spadek ekspresji bialek dla jajnikowych receptoréw steroidowych
w przebiegu endometrozy oraz z badaniami Lehmanna i wsp. (2011), ktorzy wykazali
zmniejszenie intensywnos$ci barwienia ER-a 1 PR w komorkach zrebu obecnych w obszarach
zwloknienia okotogruczotowego. Biorgc pod uwage typy histologiczne endometrozy,
stwierdzono nizszy poziom transkrypcji ESR1 (rycina 12A), ESR2 (rycina 12B) i PGR
(rycina 12C) w nieaktywnym 1 aktywnym typie niszczacej endometrozy w poroéwnaniu
ze zdrowa btong $luzowa macicy. Co wigcej, nie stwierdzono réznic w poziomie transkrypcji
ESR1 w nieaktywnym i aktywnym typie nieniszczacej endometrozy, CO jest zgodne
Z wezesniejszymi ustaleniami dotyczacymi wioknienia zrgbu blony sluzowej macicy klaczy
(Hoffman i wsp., 2009b; Lehmann i wsp., 2011). W dotychczasowych badaniach stwierdzono
wzrost ekspresji ER-o i PR w aktywnym-nieniszczacym typie endometrozy, jedynie
w nabtonku gruczotowym, a nie w komoérkach zrebu (Hoffman i wsp., 2009b; Lehmann
i wsp., 2011).

Majac na uwadze domniemany wptyw endometrozy na ekspresj¢ ER-a (Hoffman
i wsp., 2009b), wyniki uzyskane w niniejszym badaniu sugeruja zwigzek miedzy niszczaca
endometrozg a transkrypcjag zarowno ESR1, jak i ESR2. Jednak doktadna kinetyka
i chronologia zdarzen w patogenezie wtdknienia okotogruczotowego i zaburzeniach ekspresji
jajnikowych receptorow steroidowych w btonie sluzowej macicy klaczy pozostaje nieznana.
Warto zauwazy¢, ze poczynione obserwacje sa zgodne z badaniami Hoffman'a i wsp.
(2009b), w ktorych najpowazniejszy spadek ekspresji ER-a i PR zaobserwowano
W przebiegu niszczacej endometrozy. Nalezy zwrdci¢ uwage na fakt, ze zarowno zespot
Hoffman'a (2009b) jak i Lehamn'a (2011) nie badat ekspresji ER-B. Dlatego tez zgodnie
Z moja najlepsza wiedza niniejsza praca (Jasinski i wsp., 2022b) jest pierwszym doniesieniem
omawiajgcym poziom transkrypcji ESR2 w btonie Sluzowej macicy klaczy w zaleznoSci

od stopnia  zaawansowania i  typow  histologicznych  endometrozy.  Chociaz
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w dotychczasowych badaniach (Hoffman i wsp., 2009b; Lehmann i wsp., 2011)
wykonywano badania immunohistochemiczne, w niniejszej pracy oceniano jedynie poziom
transkrypcji wybranych gendéw. Poniewaz transkrypty tylko czgéciowo wyjasniaja zmiany
stezenia biatek obecne w tkance (De Sousa i wsp., 2009), a produkcja i degradacja mRNA
i biatlek moze by¢ regulowana na wielu etapach biosyntezy biatek (Vogel i Marcotte, 2013),
cze$¢ réznic miedzy ekspresja tkankowg i1 molekularng mozna uzasadni¢ potencjalng

regulacja potranskrypcyjna.
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Rycina 11. Poziomy transkrypcji ESR1 (A), ESR2 (B) oraz PGR (C) w blonie $luzowe;j
macicy klaczy w FLP i MLP. Probki blony $luzowej macicy zostaty sklasyfikowane
W zaleznos$ci od stopnia zaawansowania endometrozy do kategorii I, kategorii Ila, kategorii
IIb lub kategorii III. Wykresy pudetkowe reprezentuja dolny kwartyl, median¢ 1 gorny
kwartyl, podczas gdy wasy reprezentuja warto$ci minimalne i maksymalne. Male litery
wskazuja na réznice migdzy kategoriami endometrozy dla p < 0,05. Gwiazdki wskazuja

réznice miedzy fazami cyklu jajnikowego (* p < 0,05; ** p <0,01; *** p <0,0001).

Nalezy zwroci¢ uwage, ze czynno$ciowa morfologia blony $luzowej macicy,
dotyczaca proliferacji i sekrecji, jest zgodna z FLP i MLP cyklu jajnikowego (Schoon
i Schoon, 1992; Schoéniger i Schoon, 2020). Dlatego zarowno w przypadku zdrowej btony
Sluzowej macicy (Watson i wsp., 1992; Da Costa 1 wsp., 2009) jak 1 z endometroza,
proliferacj¢ iapoptoz¢ komoérek nalezy rozpatrywaé w dwoch fazach: proliferacji zrgbu
w FLP i proliferacji nabtlonkow w MLP. Zgodnie z moja najlepsza wiedza, poziomy
transkrypcji jajnikowych receptorow steroidowych w poszczeg6élnych kategoriach i typach
histologicznych endometrozy nie zostaly dotychczas porownane pomiedzy fazami cyklu
jajnikowego.

W prawidlowej btonie $luzowej macicy transkrypcja ESR1 (rycina 11A i 12A) byla
wyzsza w FLP niz w MLP w przeciwienstwie do transkrypcji ESR2 (rycina 11B i 12B) i PGR
(rycina 11C 1 12C), ktéra byla podobna w obu fazach. Chociaz transkrypcja ESR1
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obserwowana w tym badaniu jest zgodna z doniesieniami Silva i wsp. (2014) oraz Hartt'a
iwsp. (2005), poziom transkrypcji PGR jest cze$ciowo odmienny. W czesci
dotychczasowych badan wykazano wyzszg transkrypcje PGR w FLP niz w MLP (McDowell
I wsp., 1999; Hartt i wsp., 2005; Gebhardt i wsp., 2012), w innych nie stwierdzono
przytaczanych roznic (Silva i wsp., 2014). Uzyskane wyniki dotyczace transkrypcji ESR2 sg
zbiezne z doniesieniem Silvy i wsp. (2014), ktore jest jednym z nielicznych badan
omawiajagcym zalezno$¢ pomigdzy cyklem jajnikowym a transkrypcja ESR2 w blonie
Sluzowej macicy klaczy. Przytaczane rozbieznosci w dotychczasowych i aktualnych
wynikach mozna tlumaczy¢ roznicami w zastosowanej metodyce badawczej (McDowell
i wsp., 1999; Hartt i wsp. 2005; Honnens i wsp., 2011; Gebhardt i wsp., 2012; Silva i wsp.,
2014), z posrod ktorych metodyka Silvy iwsp. (2014) byla najbardziej zblizona do tej
wykorzystanej w niniejszej pracy.

W poréownaniu do prawidlowej blony $luzowej macicy, stwierdzono spadek
poziomow transkrypcji ESR1 (rycina 11A), ESR2 (rycina 11B) i PGR (rycina 11C) wraz
ze wzrostem stopnia zaawansowania endometrozy w obydwu badanych fazach cyklu
jajnikowego. Jedyne dwa wyjatki dotyczyly poziomu transkrypcji ESR2 w kategorii lla
i poziomu transkrypcji PGR w kategorii 1lb w FLP dla ktérej to fazy nie stwierdzono roéznic
w poziomach transkrypcji badanych genow pomiedzy kategorig I, a wskazang. Ponadto
réznice w poziomie transkrypcji ESR1 miedzy FLP i MLP, istotne w prawidtowej blonie
$luzowej macicy (Hartt i wsp. 2005; Silva i wsp., 2014) i w przebiegu tagodnej endometrozy,
staty si¢ nieistotne w przebiegu umiarkowanej i cig¢zkiej endometrozy. Mozna ostroznie
zasugerowac, ze w prawidlowej blonie $luzowej macicy klaczy, transkrypcja receptoréw
dla steroidowych hormonéw jajnikowych jest zwigkszana przez estradiol i zmniejszana przez
progesteron (Watson i wsp., 1992; Aupperle i wsp., 2000; Hartt i wsp., 2005) i podatna
na dysregulacj¢ w przebiegu endometrozy.

Biorac pod uwage badane typy histologiczne endometrozy w FLP i MLP, stwierdzono
nizszy poziomu transkrypcji ESR1 (rycina 12A) i PGR (rycina 12C) we wszystkich typach
histopatologicznych endometrozy w poréwnaniu ze zdrowg btong sluzowa macicy w obydwu
badanych fazach cyklu jajnikowego. Uzyskane wyniki sa zgodne z obserwacjami Hoffman'a
i wsp. (2009b) oraz wynikami immunohistochemicznymi uzyskanymi przez Lehamna'a
i wsp. (2011) w komoérkach zrebu. Roéznice w transkrypcji ESR1 migdzy FLP i MLP,
wykrywalne w prawidtowej btonie $luzowej macicy byty nadal istotne zaréwno w obydwu
aktywnych typach endometrozy oraz nieaktywnym-nieniszczacym typie endometrozy,

W przeciwienstwie do nieaktywnej-niszczacej endometrozy. Brak réznic w poziomie

53



transkrypcji PGR zaréwno w prawidlowej jak i jako$ciowo zmienionej btonie $luzowej
macicy moze potwierdza¢ wczesniejsza hipoteze, ze dysregulacja funkcji blony Sluzowe;j
macicy w patogenezie endometrozy jest zalezna od ER, a nie od PR (Hoffman i wsp., 2009b).
Co ciekawe, wykazano nizszy poziom transkrypcji ESR2 w FLP niz w MLP w obydwu
niszczgcych typach endometrozy (rycina 12B), czego nie obserwowano w grupie kontrolnej
ani w zadnym innym badanym typie histopatologicznym. Mozna zauwazy¢, ze aktywacja
ER-a i ER-B ma przeciwny wptyw na transkrypcje genéw (Paech i wsp., 1997). Tak wiec
ER-B moze ogranicza¢ funkcje ER, poniewaz ER-B wykazuje aktywno$¢ hamujaca
wzgledem transkrypcji ER-a (Hall i wsp., 1999) poprzez tworzenie heterodimeréw z ER-a
(Cowley 1 wsp., 1997; Pettersson i wsp., 1997). Mozna wigc sugerowal, ze estrogeny
wydzielane podczas FLP oddziatujg zarowno na ER-a, jak i ER-B, powodujac klasyczne
dziatanie uterotroficzne zalezne od ER-o i dziatanie hamujace ER-a zalezne od ER-B
(Weihua 1 wsp., 2000). W obydwu niszczacych typach endometrozy, gdy transkrypcja ESR2
jest istotnie niska, aktywnos¢ hamujaca zalezna od ER-f moze by¢ zmniejszona i pomimo
braku wzrostu transkrypcji ESR1, koncowe dziatanie uterotroficzne zalezne od ER-a moze

by¢ nasilone.
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Rycina 12. Poziomy transkrypcji ESR1 (A), ESR2 (B) oraz PGR (C) w blonie $luzowej
macicy klaczy w FLP i MLP. Probki blony Sluzowej macicy zostaly sklasyfikowane
W zaleznos$ci od typu histologicznego endometrozy do typu IN, typu ID, typu AN lub typu
AD. Grupa C przedstawia probki kontrolne. Linia przerywana oddziela probki kontrolne
I probki z endometroza. Wykresy pudetkowe reprezentuja dolny kwartyl, mediang i goérny
kwartyl, podczas gdy wasy reprezentuja warto$§ci minimalne i maksymalne. Mate litery
wskazujg na roznice miedzy kategoriami endometrozy dla p < 0,05. Gwiazdki wskazuja

réznice migdzy fazami cyklu jajnikowego (* p < 0,05; ** p <0,01; *** p <0,0001).
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Na podstawie wczesniejszych (Aupperle i wsp., 2000) i niniejszych wynikéw mozna
stwierdzi¢, ze w obydwu niszczacych typach endometrozy liczebno$¢ ER-a w podscielisku
btony §luzowej macicy jest najwyzsza w FLP. Przy podobnych fizjologicznych st¢zeniach
estrogendw obwodowych charakterystycznych dla FLP, blona $luzowa macicy z wyzsza
ckspresja ER-o manifestuje silniejszy efekt tkankowy w postaci zaleznej od estrogendéw
proliferacji komoérkowej (Lubahn i wsp., 1993; Cunha i wsp., 2004). Taka aktywacja moze
wptywac na nadmierne réznicowanie zrebu i indukowac interakcje zrab-nabtonek (Aupperle
I wsp., 2000), ktore sag zaburzone w niszczacej endometrozie. W zdrowej btonie Sluzowe;j
macicy zrab posredniczy we wpltywie steroidéw jajnikowych na nablonek gruczotowy (Pierro
i wsp., 2001; Lehmann i wsp., 2011). W prawidlowej blonie §luzowej macicy nienaruszona
btona podstawna nablonka gruczotowego zapewnia ztozong interakcje parakrynng migdzy
nablonkiem a lezacym ponizej zrgbem (Arnold i wsp., 2001; Hoffman i wsp., 2009b).
Ciaglo$¢ blony podstawnej hamuje bezposrednig interakcje¢ migdzy komoérkami zrgbu,
komorkami nablonka gruczotowego i ECM. W niszczacej endometrozie, dochodzi
do uszkodzenia btony podstawnej nabtonka gruczotowego (Klymkowsky i wsp., 1989;
Hoffman i wsp., 2009a; Hoffman i wsp., 2009b) co pozwala na bezposredni kontakt
pomigdzy integrynami powierzchni komorek nabtonka i skladnikami ECM oraz mig¢dzy
komorkami zrebu i nablonka (Hoffman iwsp., 2009b). Dlatego tez w niszczace]
endometrozie, zmieniona ekspresja ER-o i PR w komorkach nabtonkowych (Hoffman i wsp.,
2009b; Lehmann i wsp., 2011) oraz obnizona transkrypcja ESR2 moze mie¢ kluczowe
znaczenie dla integralnos$ci blaszki podstawnej, prowadzac do zwyrodnienia ECM,
rozszerzenia gruczoldw macicznych iasynchronicznego roéznicowania zajetych gruczotow
(Hoffman i wsp., 2009b; Lehmann iwsp., 2011). Wyniki uzyskane w niniejszym badaniu
potwierdzajg hipotez¢ Hoffman'a i wsp. (2009b) o zaawansowanym zréznicowaniu komorek
zrebu w ogniskach zwidknienia. Hoffman i wsp. (2009b) sugeruje, ze btona $luzowa macicy
staje si¢ niezalezna od regulacji hormonalnej w cyklu jajnikowym, podczas gdy niniejsze
badanie wskazuje, ze asynchroniczne réznicowanie blony sluzowej macicy moze by¢ nadal
zalezne od cyklu jajnikowego i moze tez by¢ spowodowane dysregulacja funkcji
ER zwiazang z uposledzeniem aktywnosci ER-a i ER-f.

W badaniu Rebordao i wsp. (2018) zasugerowano, ze patogeneza endometrozy moze
by¢ zwigzana z cyklem jajnikowym. Hipoteza ta zostata poparta wynikami poprzednich
badan, w ktorych wykazano hormonozalezne réznice w transkrypcji genow szlaku NF-xB
w kolejnych stopniach zaawansowania (Domino i wsp., 2020) i typach histologicznych

(Jasinski 1 wsp., 2021) endometrozy. Poniewaz NF-kB stymuluje odktadanie ECM w réznych
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tkankach (May i Ghosh, 1998; Brasier, 2010; Umezawa, 2011; Ahn i wsp., 2012; Sosinska
i wsp., 2016) i posredniczy w syntezie HA przez fibroblasty (Ohkawa i wsp., 1999),
aktywacja czasteczek prozapalnych zalezna od szlaku NF-kB moze odgrywac istotng rolg
w inicjacji 1 progresji wioknienia okotogruczolowego oraz zmianach interakcji migdzy
komoérkami nabtonka gruczotowego a sktadnikami ECM (Domino i wsp., 2020; Jasinski
i wsp., 2021). Poniewaz w blonie $luzowej macicy klaczy z endometrozg stwierdzono
wicksza modyfikacje ECM, zwlaszcza wzrost ekspresji proteoglikanow, fibronektyny
i lamininy, zalezaca bardziej od typu histopatologicznego niz stopnia zaawansowania
endometrozy (Kenney i Doig, 1986; Hoffman i wsp., 2009b), Hoffman'a i wsp. (2009b)
zasugerowatem aktywng przebudowe ECM w FLP. Koncepcja Hoffman'a i wsp. (2009b) jest
zgodna z wynikami uzyskanymi w poprzednich badaniach zgodnie z ktérymi, tylko w FLP
transkrypcje RelA, NF-xBlI, IL-6 i HAS2 byly wyzsze w aktywnym-niszczgcym typie
endometrozy niz w grupie kontrolnej (Domino i wsp., 2020). Korelacje wykazane
W niniejszym badaniu (Jasinski i wsp., 2022a) potwierdzajg hipotezg, ze kanoniczny szlak
NF-kB zalezny posredniczy w patogenezie endometrozy zaleznie od fazy cyklu jajnikowego
(Domino i wsp., 2020: Jasinski i wsp., 2021), jednak kierunek zalezno$ci i kolokalizacja
odpowiednich biatek efektorowych w tkance wymagaja dalszych badan.

Mozna jednak zasugerowa¢, ze aktywno$¢ metaboliczna fibroblastow w blonie
$luzowej macicy klaczy z endometroza moze rowniez zaleze¢ od dysregulacji pod wptywem
steroidowych hormondéw jajnikowych. Dlatego dalsze prace nad ustaleniem przydatnosci
klinicznej inhibitorow NF-kB w hamowaniu odktadania si¢ ECM w tkankach (Schoon
i Schoon, 1992; Tong i wsp., 2015; Caon i wsp., 2017; Chung i wsp., 2019) w tym btonie
sluzowej macicy Kklaczy, wymagaja badan uwzgledniajacych cykliczng zmiennos¢
I potencjalng dysregulacje ze strony steroidow jajnikowych.

Ekspresja genéw ESR1, ESR2 i PGR w btonie §luzowej macicy klaczy z endometroza
o roznym stopniu zaawansowania 1 roznych typach histologicznych w odniesieniu
do ekspresji genow RelA, NF-xBI, NF-xB2, MCP-1, IL-6 i HAS 1-3 opisana jest
w szczegdtach w publikacji Jasinski i wsp. (2022b).
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6.5. Podsumowanie

Podsumowujac wyniki uzyskane w niniejszych badaniach opublikowanych

w jednotematycznym cyklu prac nalezy stwierdzi¢ ze:

1. Transkrypcja RelA, NF-xB1, NF-xB2 i HAS 1 nie zmienia si¢ w btonie §luzowej macicy
klaczy z zapaleniem w zaleznosci od intensywnosci i rodzaju nacieku zapalnego. W blonie
Sluzowej macicy klaczy transkrypcja MCP-1 i IL-6 wzrastala wraz z nasileniem zapalenia,
zwlaszcza w przypadku dominacji makrofagdw w nacieku zapalnym. Ws$réd syntaz
hialuronianu transkrypcja HAS 2 1HAS 3 wzrasta wraz znasileniem zapalenia,
prawdopodobnie zwigkszajac migracje 1 adhezje komoérek zapalnych. Jednak produkcja
MCP-1, IL-6, HAS 2 iHAS 3 nie jest regulowana przez szlak zalezny od NF-kB,
Co sugeruje, ze szlak ten nie jest zaangazowany w regulacj¢ zapalenia btony $luzowej macicy

(Jasinski i wsp., 2022a).

2. Transkrypcja RelA, NF-xBI, NF-xB2, IL-6 i HAS 1-3 zmienia si¢ w blonie $luzowej
macicy klaczy z endometrozg w zaleznosci od stopnia zaawansowania endometrozy
co wskazuje na zaangazowanie szlakow zaleznych od NF-xB w patogeneze endometrozy.
Aktywacja szlakow, zard6wno kanonicznych jak i niekanonicznych, prowadzi do zmniejszenia
transkrypcji IL-6 i zwiekszenia transkrypcji HAS 1 1 HAS 3, co moze stymulowac proliferacje
fibroblastow 1 nasila¢ sekrecj¢ komponentéw ECM z fibroblastow. Najistotniejsze zmiany
transkrypcji gendéw docelowych zaobserwowano jedynie w fazie pecherzykowej cyklu
jajnikowego, co sugeruje hormonzalezng aktywacje badanych szlaku wtoknienia (Domino

i wsp., 2020).

3. Transkrypcja RelA, NF-xB1, MCP-1, IL-6 i HAS 2 zmienia si¢ w btonie §luzowej macicy
klaczy z endometrozg w zaleznosci od typu histologicznego endometrozy potwierdzajac
zaangazowanie szlakow zaleznych od NF-kB w patogeneze endometrozy. Aktywacja szlaku
kanonicznego NF-«B wzrasta w obydwoéch typach niszczacej endometrozy, co wskazuje
udziat NF-«B w regulacji odkladania ECM iniszczenia btony podstawnej nabtonka
gruczotowego. Transkrypcja MCP-1 wzrasta w fazie pecherzykowej w nieaktywnej-

niszczacej endometrozie, podczas gdy transkrypcja IL-6 i HAS 2 wzrasta w fazie srodkowej

57



lutealnej w aktywnej-niszczacej endometrozie, co potwierdza hormonzalezng aktywacje

badanych szlaku widknienia (Jasinski i wsp., 2021).

4. Transkrypcja ESR1, ESR2 i PGR zmienia si¢ w blonie $luzowej macicy klaczy
z endometrozg w zaleznosci od stopnia zaawansowania oraz typu histologicznego
endometrozy. Transkrypcja ESR1 jest nizsza w blonie $luzowej macicy z niszczaca
I nieniszczacg endometrozg niz w zdrowej btonie Sluzowej lecz nie spada wraz ze stopniem
zaawansowania choroby. Transkrypcja ESR2 i PGR jest nizsza w btonie $luzowej macicy
Z niszczaca endometroza niz w zdrowej blonie $§luzowej lecz rowniez nie spada wraz
ze stopniem zaawansowania choroby. Transkrypcja ESR1 i ESR2 rézni si¢ pomigdzy faza
pecherzykowa 1 faza S$rodkowa Ilutealng w poszczegolnych kategoriach i typach
histopatologicznych endometrozy co wskazuje na wigkszy udzial dysregulacji zalezna
od ER-a i ER- niz desregulacje zalezna od PR w patogenezie endometrozy (Jasinski i wsp.,
2022b).

5. Transkrypcja ESR1, ESR2 i PGR koreluje z transkrypcja RelA, NF-xB1, NF-xB2, MCP-1,
IL-6 i HAS 1-3 w blonie §luzowej macicy klaczy z endometrozg w zaleznosci od stopnia
zaawansowania oraz typu histologicznego endometrozy. Zarowno w fazie pecherzykowej jak
i fazie $rodkowej lutealnej wykazano umiarkowane i silne korelacje miedzy transkrypcja
ESR1, ESR2 i PGR oraz RelA, NF-xBI, NF-xkB2, MCP-1, IL-6, HAS 1, HAS 2 i HAS 3,
zwlaszcza w obydwoch typach niszczacej endometrozy. Tym samym wykazano
hormonozalezng aktywacj¢ endometrozy, silniejsza w przypadku niszczacej endometrozy,
W ktorej posredniczy kanoniczny szlak zalezny od NF-kB. Jednak szczegétowa zalezno$¢
i kolokalizacja odpowiednich biatlek w blonie §luzowej macicy wymagaja dalszych badan

(Jasinski 1 wsp., 2022b).
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7. Whnioski

1. Szlak zalezny od NF-«xB nie jest zaangazowany w aktywuje¢ procesu zapalnego w btonie
$luzowej macicy klaczy, ktorego nasilenie i rodzaj nacieku zapalnego reguluja MCP-1, IL-6
I HAS 2-3 (Jasinski i wsp., 2022a);

2. Szlak kanoniczny i nieckanoniczny zalezny od NF-kB jest zaangazowany w regulacje
stopnia zaawansowania endometrozy, poprzez hamowanie transkrypcji IL-6 i nasilenie
transkrypcji HAS 1 i HAS 3 (Domino i wsp., 2020);

3. Szlak kanoniczny zalezny od NF-«B jest zaangazowany w regulacj¢ typu histologicznego
endometrozy, poprzez nasilenie transkrypcji MCP-1, IL-6 i HAS 2 odpowiednio w aktywnej-

I nieaktywnej-niszczacej endometrozie (Jasinski i wsp., 2021);

4. Szlak kanoniczny i niekanoniczny zalezny od NF-kB bierze udzial w hormonozaleznej
aktywacji endometrozy, silniej zwiazanej z dysregulacja ER-a i ER-B niz dysregulacja PR.
Wykazana hormonozalezna aktywacja jest silniejsza w niszczace] endometrozie, w ktorej
patogenezie posredniczy kanoniczny szlak zalezny od NF-xB, niz w nieniszczacej

endometrozie (Jasinski i wsp., 2022b).
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Equine endometrosis is a multifactorial chronic degenerative condition, considered to be one of a major
causes of equine infertility. The formation of periglandular fibrosis seems to be linked to chronic
inflammation of the mare endometrium in a paracrine way and in a response to numerous forms of
inflammatory stimuli elicit the net deposition of extracellular matrix (ECM) around the endometrial
glands and stroma. We hypothesized some of these stimuli, such as monocyte chemoattractant protein-1
(MCP-1), interleukin-6 (IL-6), and hyaluronan synthases (HASs), may share the nuclear factor-«B (NF-kB)
dependent activation pathway. This study aimed to determine whether mRNA expression of MCP-1, IL-6,

ﬁ?lvg rds: HASs, and proteins of canonical (RelA/NK-kf1) and noncanonical (NK-kp2) signaling pathways for NF-kB
Endometrosis would change in subsequent categories of endometrosis during the estrous cycle. The expression of
Fibrosis selected genes was established in mare endometrium (n = 80; Kenney and Doig categories I, IIA, IIB, III),
Endometrium obtained in the follicular phase (FLP) and mid-luteal phase (MLP). The high expression of RelA mRNA was
Mare observed in I1I, whereas of NK-kf1 and NK-kf2 also in IIA, and IIA and IIB, respectively. The expression of
HAS MCP-1 mRNA occurred constantly, regardless of the category, whereas IL-6 mRNA was low in IIA, IIB, and
IL-6 III. The expression of HAS 1 was high in IIA and HAS 3 in A, IIB, and III. All those changes were observed

in FLP, but not MLP. Our results suggest that NF-kB may be involved in progression of the chronic
degenerative condition of the mare endometrium, on both canonical and noncanonical pathways. The
most important changes in target genes expression were observed only in FLP, which may suggest the
hormone-dependent activation of the NF-kB-dependent fibrosis pathway.

© 2020 Published by Elsevier Inc.

1. Introduction

Endometrosis, a chronic degenerative condition of unknown
etiology, is a common cause of infertility in older mares, over the
age of 12 years [1,2]. This degenerative disease of the endometrium
is characterized by the formation of periglandular fibrosis, that
leads to destruction of tissue architecture and impairment of
endometrial function [3—5]. At the initial stage of endometrosis,
stromal cells synthesize collagen fibers and differentiate into
myofibroblasts, responsible for the extracellular matrix (ECM)
deposition [5]. The excessive deposition of ECM around the

* Corresponding author.
E-mail address: zgajewski@supermedia.pl (Z. Gajewski).

https://doi.org/10.1016/j.theriogenology.2020.01.055
0093-691X/© 2020 Published by Elsevier Inc.

endometrial glands and stroma results in disturbance of active
participation of tridimensional structure of complex macromole-
cules in cell functions [5—8]. Hyaluronic acid (HA), one of the
components of ECM, is synthesized by three different, but related
transmembrane enzymes, named hyaluronan synthases (HAS 1-3)
[9], which produce different size HAs with diverse biological
functions [10,11]. Increased expression of HAS is often associated
with inflammatory reactions, irrespective of its cause [12]. More-
over, chronic inflammation of mare endometrium seems to be
linked to fibrosis in a paracrine way [13,14]. In inflamed tissues, an
intricate network of pro-fibrotic chemokines, cytokines, and
growth factors interacts with ECM, fibroblasts and other cells, to
regulate collagen and HA deposition and tissue fibrosis [8,15]. Pro-
inflammatory molecules, including monocyte chemoattractant
protein-1 (MCP-1), interleukin-6 (IL-6), and tumor necrosis factor o
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(TNF-a) [15,16], act on cells resided in ECM and activate the fibro-
genesis pathway [14,17]. Changes in the expression of IL-6 and their
receptors in mare endometrium were noted in the different degrees
of fibrosis and/or inflammation [18]. Moreover, the expression of
immunomodulatory genes, including MCP-1 and IL-6, was
demonstrated in the mesenchymal stem cells isolated from equine
endometrium. These cytokines are suggested to contribute in
recruitment and activation of immune cells in endometritis [19].
Recently, several investigators have demonstrated the nuclear
factor-«kB (NF-kB) as a transcription factor that plays a pivotal role in
many cellular responses to environmental changes [20—26]. We
hypothesized that the NF-kB-dependent activation pathway can be
shared by MCP-1, IL-6, and HASs in equine endometrium (Fig. 1).
NF-kB is constitutively expressed in several tissues in the cases of
inflammation [20,21] and fibrosis [22,23], and may be associated
with the recurrent implantation failures [24—26]. Because inflam-
mation seems to be linked to fibrosis, NF-kB may be involved in
progression of the chronic degenerative condition of mare endo-
metrium. NF-kB is a pleiotropic transcriptional regulator that con-
trols the expression of genes involved in immune and inflammatory
functions [27]. The family of ubiquitous NF-kB proteins includes c-
Rel, RelA (p65), RelB, NF-kB1 (p50/p105), and NF-kB2 (p52/p100)
[21,27], however, among the heterodimeric or homodimeric com-
plexes, NF-kB is classically composed predominantly of p50 (NF-
kB1) and RelA (RelA) subunits [21]. There are canonical and non-
canonical signaling pathways for NF-kB activation [20]. In the ca-
nonical pathway, extracellular signals activate NF-kB1,
phosphorylates IkBa by the IKK enzyme, which results in rapid
ubiquitination of the IkBa and subsequent proteolysis by the cor-
responding proteasome. Before activation, NF-kB exists in an
inactive form in the cytoplasm, bound to inhibitory protein IkBa
[21]. In case of the noncanonical pathway, the inhibitory protein

p100 is degraded into an active component (p52) when the acti-
vating signal comes. The activation starts from phosphorylation of
NIK kinase and activation of IKKa kinase, which results in phos-
phorylation of the p100 precursor protein. This protein is ubiq-
uitinated, resulting in degradation of the C-end of the peptide chain
on the proteasome [20]. Proteasome-dependent degradation of
IkBa or C-end of p100 causes translocation of released NF-kB to the
nucleus, where it initiates expression of numerous genes [20,21,27],
including MCP-1 [28—30], IL-6 [30,31], and HAS [32,33].

The purpose of this study was to determine whether the
expression of genes involved in the NF-kB-dependent pathway
participate in development of endometrosis. Current scientific
literature is lacking proper investigation of endometrial NF-kB
expression in mares with chronic degenerative fibrosis. This study
aims to detect whether the expression of RelA, NF-«B1, NF-kB2,
MCP-1, IL-6, and HAS 1-3 genes change in endometrium of mares
affected by endometrosis. An additional attempt of this investiga-
tion was to determine the influence of different phases of the
estrous cycle on the gene expression patterns.

2. Materials and methods
2.1. Tissue collections

In the present study, 80 mares of Polish warmblood breeds, aged
from 4 to 25 years, were used. Uteri, ovaries, and blood samples
were collected post-mortem from cyclic mares during the repro-
ductive season, from April to September. Mares were in healthy
physical condition (body condition score (BCS): 3 to 7; in nine-point
scoring system), as determined by an official veterinary inspection
in a commercial slaughterhouse. Management and slaughter of the
mares were performed following European (Council Regulation
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Fig. 1. Schematic view of the canonical (dashed line frame) and non-canonical (dropped line frame) NK-kp activation pathways. Free heterodimers RelA/p50 or RelB/p52 enter the

cell nucleus, where they initiate transcription of specific genes.
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(EC) No 1099/2009) and Polish (Regulation (MARD) Dz.U. 2004 nr
205 poz. 2102) welfare mandates. Each mare’s estrous cycle phase
was determined in laboratory conditions after returning from the
slaughterhouse, based on plasma progesterone (P4) concentration
and macroscopic assessment of ovarian structures. The concen-
tration of P4 was determined by commercial radioimmunoassay
with intra-assay coefficient of variation <5.6% and inter-assay co-
efficient of variation <8.8% (KIP 1458; DIAsource ImmunoAssays SA,
Belgium). Mares were considered as being in the mid-luteal phases
(MLP), when P4 concentrations were >1 ng/mL, macroscopic ex-
amination of the ovary determined none of the follicles were
>35 mm in diameter and at least one corpus luteum was present on
one of the ovaries. The follicular phase (FLP) was characterized by
P4 concentration of <1 ng/mL, the presence of a follicle >35 mm in
diameter, and lack of the corpus luteum on the ovary [34]. Endo-
metrial samples collection was performed in the slaughterhouse,
immediately after the slaughter. The uterine bodies and horns were
opened, and the appearance of the mucosa was noted, with special
attention to increased mucus production and significantly altered
color of the surface epithelium. Endometrial samples that were
chosen for RNA isolation did not appear actively inflamed in the
macroscopic examination and did not reveal any inflammatory cell
infiltration in the histopathological examination. Samples that did
not fulfil the criteria were excluded from the study. Specimens for
the molecular analysis were snap-frozen in liquid nitrogen and
stored at —80 °C. Tissue samples for histopathological examination
were fixed in 10% neutral phosphate-buffered formalin at 4 °C, for
24 h; moved to 70% ethanol for one week and embedded in paraffin
equivalent for standard histological staining procedures. Micro-
tome sections, cut in 5 pm, were mounted on glass slides, depar-
affinized and rehydrated in a series of immersions in xylene and
decreasing concentrations of ethanol. Samples were stained with
HE (hematoxylin, 3801520E, Leica, United States; eosin,
HT1103128; Sigma—Aldrich, Poland), using standard protocol and
mounted under Canadian balsam resin for histological evaluation.
All reagents were purchased from Sigma-Aldrich (Sigma-Aldrich,
Poland), unless otherwise indicated.

2.2. Histopathological analysis of mare endometrium

Light microscopic evaluation (Olympus BX43, Poland) of
HE—stained endometrial slides was used to assess the presence of
inflammation and appearance or severity of pathological degen-
erative changes. Endometrial samples were classified, as belonging
to category I, IIA, IIB, or III, according to the degree of inflammation
and/or fibrosis [4]. Healthy endometrial tissue was classified as
category I (FLP: n = 10; MLP: n = 10), while categories IIA (FLP:
n = 10; MLP: n = 10), IIB (FLP: n = 10; MLP: n = 10) and III (FLP:
n = 10; MLP: n = 10) correspond to mild, moderate and severe
fibrosis, respectively.

2.3. RNA isolation

Endometrial samples of similar size (~5x5x15 mm) were me-
chanically disrupted with a sterile mortar and pestle in a liquid
nitrogen environment and 50 mg of each sample was homoge-
nized, using Lysing Matrix D tubes (MP Biomedicals, United States).
Total RNA was extracted from tissue samples using High Pure RNA
Tissue Kit (Roche, Switzerland), according to the manufacturer’s
protocol, after which a DNase treatment was performed. The RNA
concentration was determined with use of DS-11 FX spectropho-
tometer (DeNovix, United States). Only samples containing more
than 100 ng RNA with absorbance ratios A260/280 and A260/230 of
approximately 2.0 were used for further analyses.

2.4. Real-time PCR analysis

Real-time PCR amplification was done using a TagMan™ RNA-
to-CT™ 1-Step Kit (ThermoFisher, United States) and a Quant-
Studio™ 6 Flex Real-Time PCR System (Applied Biosystems, United
States). TagMan probes, oligonucleotide primers used for gene
expression analysis, are presented in Table 1. Real-time PCR (reac-
tion volume 10 pl) included: 15 ng of total RNA, 5 ul of TagMan® RT-
PCR Mix (2X), 0.25 pl of TagMan® RT Enzyme Mix (40X), 0.5 pl of
TagMan probe and both PCR primers (ThermoFisher, United States)
for each gene of interest. The fast PCR protocol had a reverse-
transcription step (15 min at 48 °C), an enzyme activation step
(10 min at 95 °C) followed by 40 cycles of denaturation (15 s at
95 °C) and an annealing/extension step (1 min at 60 °C). Each
experiment was subjected to three biological duplicates. Raw re-
sults were normalized, relative to the geometric mean of mRNA
detected from two reference genes. The semi-quantitation of the
target gene expression was performed using two independent
endogenous reference genes (GAPDH, HPRT1) in a comparative CT
method (AACT method), where the target gene expression in the
samples of category I was considered as ACt Control Value. The
efficiencies of the PCR assays were established by a CT slope
method assuring ~100% reaction efficiency. Selected PCR products
were sent for sequencing (ThermoFisher, United States). The
following equine-specific TagMan Gene Expression Assays are
commercially available and purchased from Thermofisher (Ther-
mokFisher, United States). Primers, 6-carboxyfluorescein (6-FAM)
and 6-carboxytetramethylrhodamine (TAMRA)-labeled TagMan
probes, provided by Thermofisher, are listed in Table 1.

2.5. Statistical analysis

Univariate marginal distributions of Expression Fold Change
(Z’AAQ) of the RT-PCR data were tested independently for each
category of endometrial samples using a univariate Kolmogorov-
Smirnov test. The comparison of data, showing normal distribu-
tion, was assessed by a one-way analysis of variance (ANOVA),
followed by Tukey’s multiple comparisons test or Unpaired t-test
with Welch'’s correction. The non-Gaussian data was evaluated by
the Kruskal-Wallis test, followed by Dunn’s multiple comparisons
test or Mann Whitney test. One-way ANOVA and Kruskal-Wallis
tests were performed to compare the levels of target genes in
endometrial samples of category I, IIA, IIB, and III, whereas Un-
paired t-test with Welch'’s correction and Mann Whitney test were
used to distinguish changes between estrous cycle phases. Nu-
merical data are presented as the mean + SD. All statistical analyses
were performed using GraphPad Prism6 software (GraphPad Soft-
ware Inc., United States). The significance level was established as
P < 0.05.

3. Results

Expression levels of mRNA of the several genes (as listed in
Table 1) in endometrial samples was determined by rtPCR. Samples
from mares exhibiting endometrosis of type IIA, IIB and III were
compared to healthy (category I) endometrial samples. Expression
of all of the selected genes was detectable and measurable in tissue
samples used in the study.

3.1. Endometrial category and the NF-kB-dependent pathway of the
fibrosis

The influence of endometrial group type (I, IIA, IIB vs III) on the
subsequent levels of regulation in the NF-kB-dependent pathway
was evaluated. These analyses were performed by comparing the
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Table 1
List of primers and TagMan probes used for the qRT-PCR analysis.
Gene TagMan Assay ID/primers/probe Amplicon
lenght (bp)
RelA (p65) Bt03253757_m1 59
NK-xB1 (p105/p50) Bt03243456_m1 107
NK-k82 (p100/p52) ~ Bt03272792_gl 101
MCP-1 (CCL2) Ec03468496_m1 66
IL-6 Ec03468680_m1 117
HAS1 F:GCCTATCAGGAACAACCTCC 124
R: TAGCCCATGCTGAGCATC
P: ACAACCAGAAGTTCCTGGGCACCCAC
HAS2 Ec03467769_m1 63
HAS3 Bt04298490_m1 73
GAPDH Ec03210916_gH 118
HPRT1 Ec03470217_m1 84

expression of each target gene independently in the same phase of
the estrous cycle (FLP or MLP).

In the MLP of the estrous cycle, no differences in endometrial
RelA (Fig. 2A), NK-kp1 (Fig. 2B), and NK-«kf2 (Fig. 2C) mRNA
expression were noted in subsequent categories of endometrosis. In
the FLP, significantly higher expression of RelA mRNA was observed
only in cases of severe fibrosis (P = 0.012; Fig. 2A), whereas higher
expressions of NK-kf2 (P = 0.011; Fig. 2C) was observed also in
cases of mild fibrosis, and NK-kf1 (P = 0.043; Fig. 2B) in all three
categories of fibrosis severity. The expression of MCP-1 mRNA was
constant, regardless of the category of endometrosis (Fig. 3A). The
level of IL-6 mRNA was lower in samples exhibiting all three fibrosis
severity categories, in comparison to healthy endometrium in the
FLP (P = 0.014; Fig. 3B). The exception was the MLP (P = 0.063;
Fig. 3B), where no differences in the IL-6 mRNA level between
control and fibrosis samples were noted. Also, no differences be-
tween endometrial categories in the MLP in HAS 1, HAS 2 and HAS
3 mRNA expression levels were observed (Fig. 4). Similarly, in the
FLP, HAS 2 mRNA expression level did not change throughout the
groups in significant manner. The expression between fibrosis
categories differed, however. For example, in the FLP cases, higher
expression of HAS 1 mRNA (P = 0.020; Fig. 4A) occurred in IIA
category than in other endometrial categories, as well as higher
expression of HAS 3 mRNA (P = 0.022; Fig. 4C) were noted in types
ITA, 1IB and Il compared to healthy endometrium samples.

3.2. Estrous cycle phase and the NF-kB-dependent pathway of the
fibrosis

The influence of different phases of the mare’s estrous cycle (FLP
vs MLP) on the subsequent levels of regulation in the NF-kB-
dependent pathway were also analyzed. This investigation was
done by comparing each target gene independently within the

same endometria types (I, IIA, IIB or III).

The differences in expression of NK-k§ mRNAs between phases
of the estrous cycle were significant in category IIB (P = 0.037) and
1l (P = 0.030) for RelA; 1IA (P < 0.0001), IIB (P = 0.014), and 11l
(P =0.009) for NK-kf1; as well as IIA (P < 0.0001) and III (P = 0.016)
for NK-kf2 (Fig. 2). No differences between phases of the estrus
cycle in all endometrial categories on MCP-1 mRNA (Fig. 3A) or IL-6
mRNA expression (Fig. 3A) were observed, except lower (P = 0.030)
IL-6 mRNA expression in the FLP than in the MLP in type IIA tissues.
When comparing FLP with MLP in healthy endometria, no differ-
ences were detected in HAS 1, HAS 2 or HAS 3 mRNA levels (Fig. 4).
Likewise, no differences in expression of mRNA of HAS 1 in type IIB
and III and HAS 2 in type IIA and Il was determined. However,
higher expression of target genes in the FLP than in the MLP was
demonstrated for HAS 1 mRNA only in cases of mild fibrosis
(P = 0.003; Fig. 4A) and for HAS 3 mRNA, from mild to severe
fibrosis (P < 0.05; Fig. 4C). Beside that, HAS 2 mRNA was expressed
at a very low level in the IIA group in the FLP (P = 0.032; Fig. 4B).

4. Discussion

To the best of our knowledge, this is the first report that relates
to participation of the NF-kB-dependent pathway in development
of equine endometrosis. Regardless of the extensive research on
mare endometrosis, the physiopathological mechanism involved in
fibrosis development remains unknown [8]. Research by the
Rebordao team (2017, 2018, 2019) has shed a new light on how
signals generated on the cell surface lead to activation of endo-
metrosis [14,35,36]. Recently, the protective role of prostaglandin
E2 (PGE2) against fibrosis of the mare’s endometrium was pro-
posed [14,35] and the potential ability of neutrophil extracellular
traps (NETs) competence to induce damage and inflammation of
endometrium, and to contribute in fibrosis development was evi-
denced [8,36,37].

Both the PGE, pathway and NETs response in the mare endo-
metrium are involved in the inflammatory response, which is
induced by damage within the mare uterus [37—39]. The presence
of pathogenic microorganisms or semen stimulates in loco pro-
duction of PGE, and increases vascular permeability that enables
polymorphonuclear neutrophils (PMN) infiltration into the uterine
lumen [36,40]. This and other rapid and effective responses to
changes in the uterine environment require signaling pathway
involvement. One of the most common responses to the action of
signaling molecules is synthesis of new proteins through alteration
of the gene expression pattern [27]. Relatively few transcription
factors, that regulate inducible gene expression, can be targeted by
many distinct signal transduction pathways, among which we
investigated the NF-kB-dependent pathway. The canonical
pathway of NF-kB activation is mainly expressed in natural immune
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Fig. 2. RelA (p65) (A), NK-kB1 (p105/p50) (B), and NK-kB2 (p100/p52) genes expression in mare endometrium in follicular - FLP (n = 40) and mid-luteal - MLP (n = 40) phases. The
endometrial samples classified to category I (n = 20), IIA (n = 20), IIB (n = 20), and Il (n = 20) of endometrosis. Bars represent mean + SD. Significant differences between categories
are depicted by consecutive letters (a, b, x; for P < 0.05). Asterisks indicate significant differences between phases of estrous cycle (*P < 0.05; **P < 0.01; ***P < 0.001).
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Fig. 3. CCL2 (MPC-1) (A) and IL-6 (B) genes expression in mare endometrium in
follicular - FLP (n = 40) and mid-luteal - MLP (n = 40) phases. The endometrial samples
classified to category I (n = 20), IIA (n = 20), IIB (n = 20), and III (n = 20) of endo-
metrosis. Bars represent mean + SD. Significant differences between categories are
depicted by letters (a, b, x; for P < 0.05). Asterisks indicate significant differences
between phases of estrous cycle (*P < 0.05).

response and inflammation process, while the noncanonical one is
contributing to B-lymphocyte maturation development, mainte-
nance and function, and linked to autoimmune diseases [20].

We have demonstrated features of canonical (NF-kB1) and
noncanonical (NF-kB2) pathways activation in case of mild fibrosis
(category IIA), however, full activation appears to occur in cases of
severe fibrosis (category IIl), where the expression of mRNA of both
heterodimers in canonical (RelA and NF-kB1) and NF-kB2 in non-
canonical pathways increased. All of described changes in expres-
sion pattern were observed only in the follicular phase of the
estrous cycle, which may suggest a hormone-dependent pathway
leading to fibrosis. Both endometrial collagen responses to each
specific NETs proteases and impaired production of PGE;, or of its
receptor EP, might play a role in endometrial collagen deposition,
due to the suppression of their antifibrotic capacity [14], which is
also dependent on the estrous cycle and, accordingly, occurred
strongly in FLP. Rebordao et al. (2019) evidenced, that an FLP
endometrium may be more prone to fibrosis development in the
presence of a profibrotic stimulus, because of a diminished capacity
to synthesize antifibrotic mediator.

Among the NF-kB dependent inducible expressions of the target
genes, which were taken into account in this experiment, the
expression of MCP-1 mRNA appears to be of least importance in the
pathogenesis of equine endometrosis. Since MCP-1 was recognized
as a profibrotic mediator in case of an injury of lung epithelial cells
[41], it may suggest slightly different fibrogenesis triggering pattern
in lungs and uterus. MCP-1 is a prototype of the C—C chemokine 3
subfamily, and exhibits its most potent chemotactic activity to-
wards monocytes and T lymphocytes [42]. MCP-1 promotes
migration and infiltration of circulating monocytes to the inflam-
mation site and induces further monocyte chemotaxis and
recruitment [30]. Apart from its effect on monocytes, MCP-1 acti-
vates two different signaling pathways in the vessel wall: the first
leading to release of the proinflammatory cytokine IL-6, and the
second leading to the proliferative response [29,30]. The lack of the
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differences in MCP-1 mRNA expression and a simultaneous
decrease in IL-6 mRNA expression level in case of fibrosis (cate-
gories IIA, IIB, III), suggests an MCP-1 independent pathway of IL-6
action. Downregulation of IL-6 mRNA transcription may depend on
non-canonical NF-kB pathways, also activated in case of mild
fibrosis, however, further research is needed. IL-6 regulates the
expression of adhesion molecules and other cytokines [30,43],
which potentially enhances the inflammatory reaction. Stimulation
of lymphocytes by IL-6 may also be important, due to activation of T
lymphocytes, which may interact with PMN engagement in the
extracellular killing mechanism of NETs [14,44]. While NETs com-
ponents may contribute to disease progression towards fibrosis
[8,45], reduced production of IL-6 may cause inflammatory
reduction. Likewise, lower mRNA expression of IL-6 was detected in
susceptible to persistent breeding-induced endometritis mares,
which also includes animals with endometrosis [38]. In an FLP
endometrium with mild pathologic alterations (category II1A), HAS 1
and HAS 3 pathways might modulate fibrogenesis through changes
in the proportions of ECM components. Increased synthesis and
degradation of components of ECM are changes characteristic to
chronic inflammation and tissue fibrosis [32]. In a healthy equine
endometrium, the major component of ECM is interstitial collagen
III, which is gradually replaced by collagen I in line with increasing
endometrial fibrotic changes [36]. Also, hyaluronan acid was
considered as a major macromolecular component of ECM that
undergoes dynamic regulation during inflammation [32]. Despite
initial increased expression of both HAS1 and HAS3 mRNA in type
IIA fibrosis, the following changes into types IIB and Il were
significantly marked only by further HAS3 mRNA expression in-
crease. The expression of HAS 2 mRNA remained fairly constant and
independent from classification of fibrosis and/or the phase of the
estrus cycle. HAS 2 gene promotes synthesis of the HA of higher
molecular weight than HAS 1 (in range of >2 x 10° Da) [10],
whereas HAS 3 gene synthesizes HA of low-molecular-weight
(1 x 10°—1 x 10° Da) [9]. In moderate and severe fibrosis, the
accumulation of light HA may be suspected to occur, however, the
real production of HA with a specific weight determination requires
further investigation on the protein level. Increased synthesis of
low-molecular-weight HA triggers alterations in the macromole-
cules of ECM, which may lead to a loss of traction resistance, just
like it does during labor [46]. The biological role of low-molecular-
weight HA is associated with pro-inflammatory, angiogenic and
anti-apoptotic effects, facilitating cell-to-cell interaction, cell pro-
liferation and HA-receptor mediated signaling [9,47].

In our study, the expression level of HAS3 and NF-kB1mRNA was
determined to be similarly elevated in equivalent endometrial
categories and estrus cycle phases, which indicates a possible
regulatory pathway. The specific pathway system is yet to be
determined, which requires further investigation. Our results are in
agreement with other scientific research conducted on human lung
myofibroblasts, in which a significant increase of HA production via
HAS activity was detected as a consequence of activation of the
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Fig. 4. HAS 1 (A), HAS 2 (B), and HAS 3 genes expression in mare endometrium in follicular - FLP (n = 40) and mid-luteal - MLP (n = 40) phases. The endometrial samples classified
to category I (n = 20), 1A (n = 20), IIB (n = 20), and III (n = 20) of endometrosis. Bars represent mean + SD. Significant differences between categories are depicted by consecutive
letters (a, b, x; for P < 0.05). Asterisks indicate significant differences between phases of estrous cycle (*P < 0.05; **P < 0.01).
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p50/p65 NF kB1 complex [32].

5. Conclusion

Our results suggest that the NF-kB-dependent pathway may be
involved in the pathogenesis of equine endometrosis. Activation of
both canonical and noncanonical pathways may lead to down-
regulation of IL-6 transcription and activation of HAS 1 and 3, which
may increase ECM component secretion from fibroblasts and
stimulation of fibroblast proliferation. However, this hypothesis
needs further confirmation via in vitro trials. The most statistically
significant changes in target genes expression were observed only
in the follicular phase of the estrous cycle, which may suggest a
hormone-dependent activation of the NF-kB-dependent fibrosis
pathway.
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Simple Summary: Endometrosis is a serious problem mainly affecting older mares’ fertility. Despite
the importance of this disease, its etiology and pathogenesis are not fully known. Thus, no effective
treatment exists to cease or restore degenerative processes and fibrogenesis in the mares” endometria.
The nuclear factor kappaB (NF-«B) is an important factor regulating cell metabolism. Nevertheless, it
is also known to promote inflammation and fibrosis in various tissues and species, as well as in the
mares’ endometria. The main goal was to bring new knowledge regarding endometrosis pathogenesis,
which could allow for therapy development. Endometrial samples, collected postmortem from cyclic
mares in estrus or diestrus, were classified histologically and used for gene expression assessment.
Gene transcription of NF-«B subunits (subunit RelA—RelA; subunit 1—NF-xB1; subunit 2—NF-xB2),
pro-inflammatory molecules (monocyte chemoattractant protein-1—MCP-1; interleukin-6—IL-6), and
hyaluronan synthases (hyaluronan synthase 1—HAS 1; hyaluronan synthase 2—HAS 2; hyaluronan
synthase 3—HAS 3) were compared among endometrosis types (active, non-active, destructive,
non-destructive), according to the classification of Hoffmann and co-authors. These results suggest
that activation of the NF-«kB canonical pathway is involved especially in destructive endometrosis,
the type when endometrial glands are damaged. These data give substantial information for further
evaluations and treatment development.

Abstract: Endometrosis is an important mares” disease which considerably decreases their fertility.
As classic endometrial classification methods might be insufficient for tissue pathological evaluation,
further categorization into active/inactive and destructive/non-destructive types was developed
by Hoffmann and others. This study aimed to compare NF-«B pathway genes transcription among
histopathological types of endometrosis, following Hoffmann and co-authors’ classification. En-
dometrial samples, collected postmortem from cyclic mares (n = 100) in estrus or diestrus, were
classified histologically and used for gene transcription assessment. Gene transcription of NF-«B sub-
units (RelA, NF-xB1, NF-kB2), pro-inflammatory molecules (MCP-1, IL-6), and hyaluronan synthases
(HAS 1, HAS 2, HAS 3) was compared among endometrosis types (active, non-active, destructive,
non-destructive). Most individual mRNA samples showed high expression of RelA, NF-xB1, and
MCP-1 gene transcripts and the destructive type of endometrosis, simultaneously. The expression of
RelA and NF-xB1 genes was higher in active destructive group than in the other groups only in the
follicular phase, as well as being higher in the inactive destructive group than in the others, only in
the mid-luteal phase. The increase in gene transcription of the NF-«B canonical activation pathway
in destructive endometrosis may suggest the highest changes in extracellular matrix deposition.
Moreover, the estrous cycle phase might influence fibrosis pathogenesis.
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1. Introduction

Degenerative Endometrial Fibrosis, also referred to as endometrosis, is a major prob-
lem in equine reproduction, negatively affecting mares” fertility. As its occurrence is
widespread, endometrosis is an important cause of financial losses in the equine breeding
industry. Main paramount features of this disease encompass periglandular fibrosis of the
endometrium and degenerative changes of endometrial glands associated with dysfunction
of affected glandular epithelial cells [1,2]. Since adequate endometrial gland response is
crucial in the nutrition of the embryo, as the severity of endometrosis increases, the risk of
embryonic death increases [1,3]. The basic classification method, introduced by Kenney
and Doig (1986), focuses on the percentage of affected glands and layers of periglandular
fibrosis. This classification allocates uterine biopsy samples into categories I, IIA, IIB, and
III [3]. However, more recent studies have assessed the damage of glandular epithelial cells
and the metabolic activity of periglandular stromal cells as the basis for the development
of an additional endometrosis classification system into four histopathological types [1,2,4].
This classification divides uterine biopsy samples using the terms destructive or nonde-
structive endometrosis for the description of the damaging glands, and active or inactive
endometrosis for the characterization of the metabolic activity of the stroma. Following
Schoniger and Schoon’s opinion, these two classifications complement each other, and
their combination allows for a better description of the affected mare’s endometrium [2].
It should be kept in mind that the better the description of the current state of the en-
dometrium, the more adequate the assessment of the severity of the endometrial fibrosis,
and hence a more accurate prognosis of the future fertility of the mare [1,2,4].

Even though these two classification methods were developed, the etiology and patho-
genesis of endometrosis still require further clarification. Some investigation has been car-
ried out on cellular differentiation and periglandular myofibroblast transformation [1,5-7],
the cycle of asynchronous differentiation [1,4,8,9], failure of innate immunity [10-12], ex-
tracellular matrix (ECM) composition [13-15], and the role of proinflammatory molecules
and neutrophil extracellular traps action in stroma fibrosis remodeling [16-19]. Therefore,
numerous biological indicators of endometrial pathophysiology are in the field of interest
as biomarkers that can be objectively evaluated during prognostic or diagnostic protocols
and treatment responses. Among such biomarkers of endometrosis, the proteins calponin,
vimentin, desmin, and smooth muscle actin [1,5-7] have been proposed for the assess-
ment of myofibroblast transformation. In addition, estrogen and progesterone receptors,
uteroglobin, uterocalin, calbindin, and glycogen [1,4,8,9] have been used as indicators of
cycle asynchronous differentiation. Likewise, 5-defensin and indoleamine 2,3-dioxygenase
1 have been suggested as indicators of innate immunity failure in the cytoplasm of en-
dometrosis affected glands [10-12]. Moreover, hyaluronan synthases (HASs) have been
suggested as the indicators of the production of ECM components with diverse biological
functions [13-15], as well as monocyte chemoattractant protein-1 (MCP-1), interleukin-6
(IL-6), and tumor necrosis factor o« (TNFx) as the proinflammatory molecules involved in
the activation of fibrogenesis pathway by acting on cells residing in ECM [16-20]. Given
the need to evaluate regular and abnormal cellular function within the mares” endometria,
some of these biomarkers should be considered to have prognostic value for breeding
success or for the response to treatment of fibrosis [2,21].

It is worth noting that in humans, the inhibition of the nuclear factor kappaB (NF-«B)
pathway is one of the most popular research approaches for the prevention and treatment
of fibrosis-related diseases [22-26]. The NF-kB is a pleiotropic transcriptional regulator
of the transcription of genes that are responsible for immunity and inflammatory func-
tions [27]. The NF-«B family of proteins consists of c-Rel, RelA (p65), RelB, NF-kB1
(p50/p105), and NE-kB2 (p52/p100) [27,28], which are systematized into two activation
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pathways—canonical (RelA, NF-kB1) and non-canonical (RelB, NF-kB2) [28,29]. Both
pathways lead to the degradation of the inhibitory protein IkBa or C-end of p100, respec-
tively [28,29]. This proteasome-dependent degradation is responsible for the release of
NF-«B to the nucleus, causing numerous gene expression initialization, e.g., MCP-1, IL-6,
and HAS [23,27,28]. Interestingly, in our recent research, the endometria of healthy mares
were mostly devoid of NF-«kB pathway gene expression, whereas those with endometrosis
frequently showed high expression of RelA in category III endometria, high expression of
NEF-«B1 in categories IIA, IIB, and 1III, as well as high expression of NF-«kB2 in categories
ITA and III. These differences have been predominantly shown in the follicular phase of the
estrous cycle [20]. Since delivered results provided interesting insights for NF-kB signaling
pathway involvement in endometrosis pathogenesis regarding basic Kenney and Doig
classification [20], further studies are required for better understanding the relationship
between histopathological features of affected mares” endometria and the NF-«B signaling
pathway, using the endometrosis classification of Hoffmann and co-authors [1]. Thus,
this study aimed to evaluate the expression of genes involved in the NF-«B signaling
pathway in mares’ endometria in relation to Hoffmann et al. [1] four histopathological
types of equine endometrosis. Specifically, gene transcription of NF-«kB subunits (RelA;
NF-xB1; NF-xB2), pro-inflammatory molecules (MCP-1; IL-6) and hyaluronan synthases
(HAS 1; HAS 2; HAS 3) was compared among four endometrosis types (active, non-active,
destructive, non-destructive) at different phases of the estrous cycle (estrus, diestrus). In
the future, it is expected, as an ultimate goal, to further evaluate the potential use of NF-«B
inhibitors in prophylaxis and treatment of equine endometrosis.

2. Materials and Methods
2.1. Sample Collection

Biological material for this study consisted of equine internal genitalia and blood
collected from 100 Polish warmblood mares (aged from 4 to 25 years). At a commer-
cial slaughterhouse in Poland, samples were collected postmortem in the reproductive
season (from April to September), following the European (Council Regulation (EC) No
1099/2009) and Polish (Regulation (MARD) Dz.U. 2004 205 poz. 2102) welfare mandates.
No permission from the Ethical Committee following the National Legal Regulation (Act of
15 January 2015 on the Protection of Animals Used for Scientific or Educational Purposes,
Dz.U. 2015 poz. 266) was needed for sample collection after slaughter.

Blood samples, each with a volume of 10 mL, were collected during exsanguination
into dry tubes for hormone concentration analyses (BD Vacutainer®, Plymouth, UK). Blood
samples were transported to the laboratory at +4 °C, and centrifuged (2000 g, 5 min), for
serum retrieval, kept at —20 °C until further hormonal analysis. Serum progesterone (P4)
concentration was determined using a commercial radioimmunoassay with the sensitivity
of 0.15 ng/mL (KIP 1458; DIAsource ImmunoAssays SA, Ottignies-Louvain-la-Neuve,
Belgium; intra-assay coefficient of variation <5.6%; inter-assay coefficient of variation
<8.8%). The sample dilution recommended by the manufacturer’s protocol was used.
The absorbance was measured by Multiscan Reader (Labsystem, Helsinki, Finland) using
Genesis V 3.00 software.

Opvaries were collected into containers with cold saline (0.9% NaCl, Polfa S.A., Lublin,
Poland) for macroscopic examination, transported at +4 °C to the laboratory, and sec-
tioned. The presence of follicles and/or corpus luteum was noted, and their diameter
was measured.

From each animal, two endometrial samples from the uterine body were collected
immediately after evisceration, no longer than 5 min after the mare’s death by exsanguina-
tion. One sample was inserted into containers with the 10% neutral phosphate-buffered
formalin (Sigma-Aldrich, Poznan, Poland) for histological examination, and the second
one into RNase-free Eppendorf tubes (Eppendorf AG, Hamburg, Germany), snap-frozen
in liquid nitrogen, and stored at —80 °C for gene transcription analyses. Endometrial
samples for histopathological examination were fixed in formalin for 24 h and then moved
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to 70% ethanol (Sigma-Aldrich, Poznan, Poland) for one week, and then processed for
paraffin-embedded blocks.

2.2. Phases of Estrous Cycle Determination

The phases of the estrous cycle were determined based on the P4 concentration,
and on the macroscopic examination of mares” ovaries, following Roberto da Costa et al.
protocol [30]. Mares were included in the mid-luteal phase group (MLP) when serum P4
concentration was >1 ng/mL and on both ovaries, none of the follicles were >35 mm in
diameter, and at least one corpus luteum was demonstrated. Mares were assigned into the
follicular phase group (FLP) when serum P4 concentration was <1 ng/mL, and there was
at least one follicle >35 mm in diameter in any of the ovaries, and no corpus luteum present.
Each group, MLP and FLP, consisted of 50 mares (total n = 100). None of the mares were
excluded due to the failure of inclusion into any one of the two phases of the estrous cycle.

2.3. Histopathological Types of Endometrosis

Fixed endometrial samples were embedded in paraffin equivalent for standard his-
tological staining procedures. The paraffin blocks were cut in 9 um sections on rotation
microtome Leica RM2255 (Kawa-Ska, Zalesie Gorne, Polska) and mounted on glass slides.
Then, slides were deparaffinized and rehydrated in a series of immersions in xylene and
decreasing concentrations of ethanol (Sigma-Aldrich, Poznan, Poland). Samples were
stained using standard hematoxylin-eosin (HE) protocol (hematoxylin, 3801520E, Leica,
Buffalo Grove, IL, USA; eosin, HT1103128; SigmaAldrich, Poznan, Poland) and mounted
under Canadian balsam resin for histological evaluation (Sigma-Aldrich, Poznan, Poland).

The HE-stained slides were evaluated under a light microscope (Olympus BX43,
Warsaw, Poland, magnification 40x—-1000x) to assess the presence of inflammation and
the appearance or severity of pathological degenerative changes. Endometrial samples
that were chosen for RNA isolation did not appear actively inflamed in the macroscopic
examination and did not reveal any inflammatory cell infiltration in the histopathological
examination. Endometrosis was recognized when the microscopic hallmark, the con-
centric arrangement of stromal cells and /or collagen fibers around affected glands, was
observed [2,31]. Endometrial samples were classified as belonging to histopathological
types inactive nondestructive (IN), inactive destructive (ID), active nondestructive (AN),
and active destructive (AD), according to specific pathological features [1,2]. In the non-
destructive type, glandular epithelial cells were intact, whereas in the destructive type of
endometrosis, degenerative lesions and necrosis were observed. The features of periglan-
dular stromal cells” metabolic activity allowed for the inclusion into the active or inactive
type. In the active type, active stromal cells characterized by an oval shape, pale cytoplasm,
and ovoid hypochromatic nuclei were noted, whereas in the inactive type, inactive stromal
cells with spindle-shaped elongated hyperchromatic nuclei were observed [2].

The mares with healthy endometrial tissue were included in the control group (C; n = 20).
In addition, the remaining 80 mares were assigned to each of the four endometrosis
histopathological types, as follows: (i) inactive nondestructive endometrosis (E IN; n = 20),
(ii) inactive destructive endometrosis (E ID; n = 20), (iii) active nondestructive endometrosis
(E AN; n = 20), and (iv) active destructive endometrosis (E AD; n = 20) (Figure 1). In all
groups, half of the samples were collected from mares in FLP (C, n = 10; EIN, n = 10; EID,
n =10; E AN, n = 10; E AD, n = 10) and the other half in MLP (C, n = 10; EIN, n = 10; E
ID, n =10; E AN, n =10; E AD, n = 10). Part of the results on the transcription of selected
genes involved in the NF-kB signaling pathway in endometria were classified in Kenney
and Doig’s (1986) categories, I, IIA, IIB, III, as previously documented [20].
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Figure 1. The microscopic image of exemplary endometrial sections classified into the following groups: (A) the control

group, (B) the inactive nondestructive endometrosis, (C) the inactive destructive endometrosis, (D) the active nondestructive

endometrosis, (E) the active destructive endometrosis. HE staining. magnification 400x.

2.4. Gene Transcription Evaluation

Frozen endometrial samples were mechanically disrupted in a liquid nitrogen envi-
ronment. Afterwards, 50 mg of each sample were homogenized in Lysing Matrix D tubes
(MP Biomedicals, Irvine, CA, USA), and total RNA was extracted using High Pure RNA
Tissue Kit (Roche, Rotkreuz, Switzerland). The extraction protocol recommended by the
manufacturers was used. Then, a DNase treatment was performed. The RNA concen-
tration was determined using DS-11 EX spectrophotometer (DeNovix, Wilmington, DE,
USA) with absorbance ratios A260/280 and A260/230 of approximately 2.0. The further
analysis inclusion criterion was RNA concentration above 100 ng. None of the samples
were excluded due to insufficient RNA concentration.

Real-time PCR (qPCR) amplification was performed using a TagMan™ RNAto-CT™
1-Step Kit (No 4392938, ThermoFisher, Swedesboro, NJ, USA) and a Quant-Studio™ 6 Flex
Real-Time PCR System (Applied Biosystems, Wilmington, DE, USA). The commercially
available equine-specific TagMan Gene Expression Assays (No 4448892 and 4441114, Ther-
moFisher, Swedesboro, NJ, USA) were used. The list of primers and 6-carboxyfluorescein
(6-FAM) and 6-carboxytetramethylrhodamine (TAMRA)-labeled TagMan probes used for
the qPCR analysis was presented in Domino et al. [20]. Real-time PCR reaction had a 10
mL volume and included 15 ng of total RNA, 5 mL of TagMan® RTPCR Mix (2x), 0.25 mL
of TagMan® RT Enzyme Mix (40x), 0.5 mL of TagMan probe, and both PCR primers
(ThermoFisher, Swedesboro, NJ, USA) for each gene of interest. The PCR protocol included
four steps as follow reverse transcription (15 min at 48 °C), enzyme activation (10 min at
95 °C), 40 cycles of denaturation (15 s at 95 °C) and annealing/extension (1 min at 60 °C).
Each sample was run in triplicate.

2.5. Data Analysis

Each endometrial sample was double categorized using estrous cycle criterion and
endometrosis criterion. The estrous cycle determination data were listed as MLP or FLP for
each endometrial sample. Independently, healthy endometria (C), and histopathological
types of endometrosis data were allocated to each one of the following groups: C, E IN,
EID, E AN, or E AD. In each endometrial sample, transcription of the following eight
genes was assessed by qPCR: RelA, NF-xB1, NF-xB2, MCP-1, IL-6, HAS 1, HAS 2, and
HAS 3. Raw data of genes transcription were normalized using the geometric mean of
mRNA detected from two independent endogenous reference genes (GAPDH, HPRT1).
The semi-quantitation of the target gene expression was performed in a comparative CT
method (AACT method), where the target gene expression in the samples of category C
was considered as ACt Control Value.

2.6. Statistical Analysis

Univariate marginal distributions of Expression Fold Change (2~24¢t) of the gPCR
data were tested independently for each endometrial samples category and each target gene
using a univariate Kolmogorov-Smirnov test. The comparison between histopathological
types was assessed by Kruskal-Wallis test, followed by Dunn’s multiple comparisons
test. The comparison between phases of estrous cycle was performed Unpaired t-test
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with Welch’s correction for normally distributed data pairs or Mann-Whitney test for
non-Gaussian data pairs. Numerical data were reported on the box plots using mini-
mum and maximum values, lower and upper quartiles, as well as median. The control
group level was estimated as a maximal value of gene expression in a control group and
marked on plots using a dashed line. The destructive group level was introduced when
only destructive type samples were above the marked level. The destructive group level
was marked on selected plots using a dashed line. The percentages of samples in each
histopathological type with the value above the level of control group and destructive
type were also calculated. All statistical analysis was performed using GraphPad Prism6
software (GraphPad Software Inc., San Diego, CA, USA), where the significance level was
established as p < 0.05.

3. Results

The heterogeneity of the distribution of transcripts of target genes in the control and
endometrosis groups was observed (Figures 2—4), hence the intra-group variability was
high. Therefore, the individual samples distribution was visualized including individuals
of each endometrosis histopathological type and healthy endometrium.
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Individual sample distribution of mRNA levels of NF-«B subunits (Figure 2), proin-
flammatory proteins (Figure 3), and hyaluronan synthases (Figure 4) differed in relation to
the control group. Most individual transcript samples above the level of the control group
represented NF-kB1 gene (60% E ID, 50% E AD, and 10% E IN), then RelA gene (50% E ID,
25% E AD, 15% EID, and 5% E IN), MCP-1 gene (60% E ID and 10% E IN), and NF-xB2 gene
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(15% E AD, 10% E ID, and 5% E IN). For these four target genes, the individual distribution
of transcripts of the destructive type dominated over the non-destructive type.
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Transcription levels of all the genes under study were calculated for the destructive
type. Most individual mRNA samples above the level of the destructive type corresponded
to MCP-1 gene transcripts (60% E ID), NF-xB1 gene transcripts (40% E ID and 30% E AD),
and RelA transcripts (25% E ID and 20% E AD). However, transcription levels of NF-xB2
and HAS 3 above the level of the destructive type of endometrium only occurred in 10%
of E AD for NF-xB2 and 10% of E ID for HAS 3 endometria. The remaining target genes
transcripts did not meet the destructive type-level criterion.

The transcription of the genes under study in the histopathological types of equine
endometrosis differed in relation to the control group for NF-«kB subunits of canonical
(RelA, NF-xB1), but not for the non-canonical (NF-xB2) pathway (Figure 5), for MCP-1 and
IL-6 (Figure 6), as well as for HAS 2, but not for HAS 1 and HAS 3 (Figure 7).
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Figure 5. The transcription levels (minimum value, lower quartile, median, upper quartile, and maximum values) of (A)
the nuclear factor-«B subunit RelA (RelA; p65), (B) nuclear factor-«B subunit 1 (NF-kB1; p105/p50), and (C) nuclear factor-«B
subunit 2 (NF-xB2; p100/p52) in the mare’s endometria in follicular (FLP; n = 50) or mid-luteal (MLP; n = 50) phases of the
estrous cycle. The endometrial samples classified as inactive nondestructive endometrosis (E IN; n = 20), inactive destructive
endometrosis (E ID; n = 20), active nondestructive endometrosis (E AN; n = 20), or active destructive endometrosis (E AD;
n = 20), and compared with the control group (C; n = 20). Lower case letters indicate differences between histopathological
types of endometrosis for p < 0.05. Asterisks indicate differences between phases of estrous cycle (** p < 0.01).
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Figure 6. The transcription levels (minimum value, lower quartile, median, upper quartile, and
maximum values) of (A) monocyte chemoattractant protein-1 (MCP-1) and (B) interleukin-6 (IL-6) in
the mares” endometria in follicular (FLP; n = 50) or mid-luteal (MLP; n = 50) phases of the estrous
cycle. The endometrial samples classified as inactive nondestructive endometrosis (E IN; n = 20),
inactive destructive endometrosis (E ID; n = 20), active nondestructive endometrosis (E AN; n = 20),
or active destructive endometrosis (E AD; n = 20), and compared with the control group (C; n = 20).
Lower case letters indicate differences between histopathological types of endometrosis for p < 0.05.
Asterisks indicate differences between phases of estrous cycle (* p < 0.05).
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Figure 7. The expression levels (minimum value, lower quartile, median, upper quartile, and maximum values) of (A)
hyaluronan synthase 1 (HAS 1), (B) hyaluronan synthase 2 (HAS 2), and (C) hyaluronan synthase 3 (HAS 3) in the mares’
endometria in follicular (FLP; n = 50) and mid-luteal (MLP; n = 50) phases of the estrous cycle. The endometrial samples
classified as inactive nondestructive endometrosis (E IN; n = 20), inactive destructive endometrosis (E ID; n = 20), active
nondestructive endometrosis (E AN; n = 20), or active destructive endometrosis (E AD; n = 20), and compared with
the control group (C; n = 20). Lower case letters indicate differences between histopathological types of endometrosis

for p < 0.05.

The transcript expression of RelA gene was higher in E AD (p = 0.033) than in the
other groups in the follicular phase, but not in the mid-luteal phase of the estrous cycle, as
well as in E ID (p = 0.018) in mid-luteal phase, but not in the follicular phase. Moreover,
RelA gene transcription also differed between follicular and mid-luteal phases in the E
AD (p = 0.006; RelA higher in FLP), but not in E ID (p = 0.114) histopathological types
(Figure 5A). Similarly, the transcription of NF-xB1 gene increased more in E AD (p = 0.044)
than in the other groups in the follicular phase, but not in the mid-luteal phase. In
addition, similarly to RelA, the transcription of NF-xB1 gene was higher in E ID (p = 0.023)
than in the other groups in mid-luteal phase, but not in the follicular phase. The NF-
xkB1 gene transcription was raised in the follicular phase, only in the E AD (p = 0.004)
histopathological type (Figure 5B). No differences in the expression of NF-xB2 gene were
found between either the histopathological type or phases of the estrous cycle (Figure 5C).

The transcription of the MCP-1 gene in the endometrium was higher in EID (p = 0.030),
than in the other groups, but only in the mid-luteal phase. In addition, MCP-1 gene tran-
script was higher in the mid-luteal than in the follicular phases in the E ID histopathological
type (p = 0.047) (Figure 6A). On the contrary, the transcription of IL-6 gene was increased
in E AD (p = 0.028) than in the other groups, but just in the follicular phase. However, no
differences in the transcript level of IL-6 were found between phases of estrous cycle in E
AD (p = 0.343), and in any other histopathological groups (Figure 6B).

No differences in the transcription of HAS 1 (Figure 7A) and HAS 3 (Figure 7C) genes
were found between either histopathological type of endometrosis or phases of estrous
cycle. However, the transcript levels of HAS 2 gene were higher in E AD (p = 0.044) than in
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the other groups in the follicular phase, but not in the mid-luteal phase. Additionally, in all
endometrosis groups, no differences in the mRNA levels of HAS 2 were found between
estrous cycle phases (Figure 7B).

4. Discussion

An interesting finding about the present results is the heterogeneity of gene transcrip-
tion within a group. This can possibly indicate the complexity of endometrosis pathology
and the involvement of some other pathways in cooperation with NF-kB. Additionally, de-
spite showing similar histopathological features, some mares could have been in a different
stage of the disease. Thus, allocation of endometrial samples to the specific classification
groups of Hoffmann and co-authors (2009) could be somehow inaccurate. In a single en-
dometrial biopsy, usually endometrial glands may show different types of cells. Therefore,
a biopsy assignment to Hoffmann et al.’s classification groups has been made based on the
state of most glands [1].

In a previous study, we evaluated the transcription of NF-kB pathway genes regard-
ing Kenney and Doig’s endometrial categories, but not the histopathological types of
endometrosis [20]. Interestingly, in the present study, the destructive type of endometrosis
showed the highest differences in the transcription of several genes. In other studies,
this type of endometrosis depicted a larger modification of ECM, especially the increase
in proteoglycans, fibronectin and laminin expression [1,3]. Our results suggest that in
this specific type of endometrosis, severe changes in ECM may be associated with the
NF-kB pathway (Figure 8), which may regulate the production of connective tissue fibers.
Since the destructive endometrosis is thought to decrease fertility more significantly than
the non-destructive endometrosis, the NF-kB pathway might be involved in endometrial
changes, which might impair pregnancy success [3].
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Figure 8. Schematic view of the NF-«kB signaling pathway in (A) the inactive nondestructive endometrosis, (B) the

inactive destructive endometrosis, (C) the active nondestructive endometrosis, and (D) the active destructive endometrosis.

Adaptation of the whole NF-kB signaling pathway presented in Figure 1 in Domino et al. [20].
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Regarding Kenney and Doig ‘s categories, our previous study showed an increase in
NF-«B gene transcripts in the canonical pathway activation (NF-xB1, RelA) and in the non-
canonical pathway (NF-xB2), observed only in FLP along with the increase in endometrosis
severity [20]. However, considering the various histopathological types of mare endomet-
rosis, the main differences regard the canonical pathway of activation, since RelA, NF-xB1,
and MCP-1 genes transcripts increased in over than half of the endometria. It has been
discovered that this pathway is coactivated by TNF«, another cytokine taking part in en-
dometrosis pathogenesis, inducing fibroblasts” transformation into myofibroblasts [21,32].
The known increased presence of TNF« in the endometrium may be responsible for the
increase in NF-kB pathway proteins expression. The abovementioned activation may result
in the promotion of MCP-1 expression, a potent factor increasing monocyte infiltration.
Interestingly, these cells are the main producers of TNF« [32], thus this mechanism may
act in a virtuous cycle.

Another explanation may be the fact that destructive endometrosis affects glands
and glandular epithelium far more than nondestructive endometrosis [1,3]. The obtained
results may show the influence of NF-«B on the glandular epithelium, causing its degener-
ation, alteration in secretion composition and basal lamina degradation, which altogether
decreases fertility [8]. However, there is no direct evidence proving NF-«B involvement in
basal lamina degradation, which needs to be further studied.

An increase in RelA transcription was noted in E AD in FLP and in E ID samples
in MLP, similarly to NF-xB1, associated with the canonical pathway. In addition, MCP-1
increased in E ID in MLP, whereas IL-6 raised in E AD in FLP, thus showing that the
transcription of those genes depended not only on the type of endometrosis, but also on the
phase of the estrous cycle. In contrast, when considering Kenney and Doig’s endometrial
classification, IL-6 decreased significantly in FLP in samples with endometrosis [20]. These
findings imply that endometrial changes induced by the NF-«kB pathway are estrous cycle-
dependent. Moreover, this may suggest that the metabolic activity of fibroblasts in the
endometria of mares may depend on estrous cycle regulation and variability in ovarian
steroid hormones levels. However, further studies, including estrogen and progesterone
receptors evaluation, are needed to confirm this theory, considering the expression of
proven receptors during endometrosis [1-3].

Among the hyaluronan synthases, only the transcription of HAS 2 showed significant
changes in the endometrosis samples evaluated in the present study. An increase in
HAS 2 mRNA levels in E AD tissue retrieved in the FLP, similarly to RelA transcript
data, suggests a connection between these proteins in endometrosis pathogenesis. On
the contrary, when considering Kenney and Doig “s categories, HAS 3 gene transcriptions
increased instead, in endometrosis tissues obtained in FLP [20]. Ohkawa et al. found that
hyaluronan synthesis by fibroblasts is mediated by RelA, after stimulation by TNF« [33].
The difference found in gene transcription only in the follicular phase gives another
evidence, that endometrosis pathogenesis might be somehow connected with the estrous
cycle, as previously suggested [19].

The NF-«B is known for stimulating ECM deposition in various tissues [22,23,27,29,32].
A quantitative assessment of endometrosis can be carried out based on RelA, NF-xB1,
and MCP-1 gene transcription levels, as previously described for the use of uterocalin,
uteroferrin, uteroglobin, and calbindin [8]. The achieved results may be helpful in the
classification of endometrosis, as well as for the prognosis of disease development in
clinical cases. However, further studies comparing NF-«B canonical pathway proteins and
epithelial cell degeneration are necessary for confirmation of this assumption. This study
has shown the importance of the NF-«kB pathway on the pathogenesis of endometrosis.
Since NF-kB inhibitors have been successfully studied in suppressing ECM deposition in
various tissues [34-36], this approach should be further studied as a therapeutic means for
endometrosis, allowing for stopping or even reversing fibrosis.

The main limitation of this study is that the obtained data only pertain to gene tran-
scription, and the assessment of the end products of genes in the endometrium is necessary.
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The lack of immunohistochemistry for protein localization can be considered as a part of
the explanation for the differing results of previous studies. Therefore, further studies
encompass the use of immunohistochemistry for localization of proteins, and comparison
among the various endometrosis types, which is crucial for further assumptions.

Summing up, activation of the NF-«kB canonical pathway may be associated with de-
generation and necrosis of glandular epithelial cells, as results showed significant changes
in gene transcription in destructive endometrosis. Moreover, steroid hormones possibly
modulate the NF-«B canonical pathway. Additionally, the activation of proinflammatory
molecules, promoted by NF-«B, may play a role in gland deformation and damage, acting
on residual inflammatory cells located in ECM, but also promoting infiltration of further
leukocytes. In this study, RelA, NF-xB2, and IL-6 transcription was increased in comparison
with the control group in FLP in the active nondestructive type of endometrosis, whereas
in our previous study, RelA, NF-xB1, NF-xkB2, HAS 1, and HAS 3 transcription similarly
increased in FLP in the respective types of Kenney and Doig 's categories of endometrial
classification when endometrosis was present [20]. Both findings suggest active remodeling
of ECM in this phase of the cycle. Minor changes in the luteal phase may suggest that
another set of chemokines present in the endometrium might be necessary to activate
fibroblasts and myofibroblasts.

5. Conclusions

The NF-«kB pathway is important in the regulation of fibrosis during endometrosis,
regarding the different types of this condition, based on histopathological lesions. The
NF-«B canonical pathway is upregulated especially in destructive fibrosis, indicating the
highest intensity of changes in ECM deposition. The MCP-1 gene transcription increased in
the follicular phase in the inactive destructive type of endometrosis, whereas IL-6 transcript
levels raised in the mid-luteal phase in the active destructive endometrosis. Nevertheless,
for further conclusions future studies are necessary, comprising more endometrial samples
and additional research approaches.
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Abbreviations

The following abbreviations are used in this manuscript:

C endometrial samples classified to control group

E AD endometrial samples classified to type active destructive

E AN endometrial samples classified to type active nondestructive
EID endometrial samples classified to type inactive destructive
EIN endometrial samples classified to type inactive nondestructive

ECM extracellular matrix
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FLP follicular phases of the estrus
HAS 1 hyaluronan synthase 1
HAS2  hyaluronan synthase 2
HAS3  hyaluronan synthase 3

HE hematoxylin-eosin staining

IL-6 interleukin-6

MCP-1 monocyte chemoattractant protein-1
MLP mid-luteal phases of the estrus

NF-kB1 nuclear factor-«B subunit 1
NF-kB2 nuclear factor-kB subunit 2

qPCR quantitative polymerase chain reaction
RelA nuclear factor-«B subunit Rel A
RT-PCR  real-time polymerase chain reaction
TNF«x tumor necrosis factor o
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Abstract

Endometritis is an important issue decreasing mares' fertility. In the case of endo-
metritis, both inflammatory cells infiltration and proinflammatory molecules produc-
tion are regulated by various cellular and gene regulatory mechanisms, including the
nuclear factor-«kB (NF-xB)-dependent pathway. NF-kB-signalling pathway has been
recently studied in the equine endometrium in the context of endometrosis. Thus,
this study aimed to determine gene transcription of NF-xB subunits (RelA; NF-xB1; NF-
kB2), proinflammatory molecules (MCP-1; IL-6) and hyaluronan synthases (HAS 1; HAS
2; HAS 3) in endometritis and compare them with the intensity and type of inflamma-
tory cell infiltration. Endometrial samples, collected post-mortem from cyclic mares
in oestrus or dioestrus, were classified histologically and examined using quantitative
PCR. Transcription NF-kB subunits genes did not differ with either inflammatory in-
tensity or type of inflammatory cell infiltration. Transcription of MCP-1 and IL-6 genes
increased with the severity of inflammation, with the involvement of HAS 3 and HAS 2
genes, as opposed to HAS 1 genes. These proinflammatory molecules and hyaluronan
synthases in the equine inflamed endometrium do not seem to be regulated by the
NF-kB pathway. Hence, separate signalling pathways for the development and pro-

gression of equine endometritis and endometrosis may be suggested.

KEYWORDS
endometritis, HAS, IL-6, mare, MCP-1, NF-kB

in lymphatic follicles and around the endometrial glands, such as

As mucous membranes are a part of the integumentary system, they
play a crucial role in the protection of the underlying tissues from
damage and infection. Thus, it is reasonable that, even in healthy
tissue, inflammatory cells are present. While some infiltrate cells

are sparsely distributed along with the tissue, some can be found

mononuclear inflammatory cell infiltrates interpreted as a regular
component of the mucosa-associated lymphoid tissue in submu-
cous membranes (Klose & Schoon, 2016). This is the first barrier
of an organism, while these cells are the first guardians against
threats to homeostasis (Christoffersen & Troedsson, 2017). Mares’

endometrium may be facing bacterial influx during oestrus, after
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insemination/mating, delivery or even during diagnostic procedures,
so the constant presence of limited infiltrate is legitimate. Apart
from an immune role, these cells not also have a regulatory function,
influencing fibroblasts, but also epithelium (Skarzynski et al., 2020).

Physiologically, neutrophils (polymorphonuclear cells, PMN) may
be present in the lumen of a uterus only in oestrus, when the cervix
is open and bacterial influx is possible. At that time, these cells may
be found in the stratum compactum (SC) and in the lumen of en-
dometrial glands (Overbeck et al., 2011). In addition, other types of
cells, such as lymphocytes, macrophages and eosinophils, are in the
endometrium in restricted amounts throughout the oestrous cycle.
Most numerous inflammatory cells are lymphocytes, commonly
seen not only in extracellular matrix (ECM) but also between epi-
thelial cells (Watson & Thomson, 1996; Schéniger & Schoon, 2020).
Macrophages and eosinophils are not so common in the endome-
trium. However, still, their presence in healthy endometrium is pos-
sible. There are always more cells in the SC of the endometrium, just
below the luminal epithelium than in the stratum spongiosum (SP)
(Watson & Thomson, 1996; Oddsdéttir et al., 2008; Overbeck et al.,
2011; Schéniger & Schoon, 2020).

When the amount of the inflammatory cells infiltrating the uter-
ine mucous membrane increases over the physiological level, endo-
metritis develops (Morris et al., 2020). Endometritis is an important,
often diagnosed issue decreasing mares' fertility. It can be divided
into the acute post-breeding form, characterized by a substantial in-
crease in neutrophil presence in the endometrium, while in chronic
inflammation, the number of lymphocytes considerably rises. While
macrophages are presumed to regulate inflammation severity, eo-
sinophils are present primarily in chronic endometritis. Regulatory
mechanisms in inflammation are driven by cytokines, used for com-
munication between cells in the endometrial microenvironment, as
well as during inflammation activation. They may be produced by
inflammatory cells, fibroblasts and epithelial cells. The most import-
ant cytokines in case of endometritis seem to be interleukins 1p, 6
and 10 (IL-1p, IL-6 and IL-10), besides tumour necrosis factor o (TNF-
a). They are mostly proinflammatory, causing an increased influx of
specific types of cells into the lumen of the uterus and endometrium
itself (Schoniger & Schoon, 2020; Skarzynski et al., 2020). IL-6 was
found to play a predominant role in immune response in mares re-
sistant to persistent breeding-induced endometritis (PBIE), deter-
mining proper inflammatory reaction. It plays a role in the transition
from acute to chronic inflammation, thus playing an important role
as a modulator of inflammatory infiltration (Woodward et al., 2013).
The release of IL-6 is among others promoted by monocyte chemo-
attractant protein 1 (MCP-1). Importantly, MCP-1 itself is responsi-
ble for tissue migration and infiltration of immune cells in developing
inflammation. Therefore, its expression is related to the intensity of
inflammatory response in endometritis (Xu et al., 2015).

Both inflammatory cell infiltration and cytokine production are
modulated by various cellular and gene regulatory mechanisms
(Skarzynski et al., 2020). One of such mechanisms is the nuclear fac-

tor-kB (NF-xB)-dependent pathway, which has been studied in the
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equine endometrium in the context of fibrosis or inflammation. NF-
kB transmission is involved in the synthesis of many proteins import-
ant in fibrotic, inflammatory and defence processes, regulating the
expression of many different genes (May & Ghosh, 1998; Lind et al.,
2001; Tripathi & Aggarwal, 2006; Domino et al., 2020). The NF-xB
family of proteins consists of five transcription factors, which can
be divided into two groups in terms of their differences in structure,
function and mechanism of formation. The first includes proteins:
RelA (p65), RelB and cRel, while the second includes NF-xB1 (p50/
p105) and NF-xB2 (p52/p100). The RelA, RelB and cRel proteins are
characterized by the presence of transcription activation domain
sequences, thanks to which they can activate the transcription of
DNA molecules. The NF-kB1 and NF-kB2 proteins are synthesized
as precursor proteins. As a result of proteolysis, active forms, p50
and p52, are formed. These proteins do not have domains necessary
to activate transcription, however, when they form dimers with the
RelA proteins, RelB and cRel are active forms (May & Ghosh, 1998).
These active forms function as regulatory transcription proteins.
Depending on the activating stimuli of the activation mechanism,
the ways of activating NF-xB proteins were distinguished as ca-
nonical and non-canonical (Umezawa, 2011). The classic activation
pathway depends mainly on the kB inhibitor kinase complex (IKK).
IKKp kinase phosphorylates nuclear factor of kappa light polypep-
tide gene enhancer in B-cells inhibitor a (IkBa), which is ubiquiti-
nated and degraded, thanks to which free p50/RelA and p50/c-Rel
dimers are transported from the cytoplasm to the cell nucleus. An
alternative activation route depends on the IKKa subunit, a part of
the IKK complex, which phosphorylates the p100 protein, which is
part of the p100/RelB dimer, which is still transcriptionally inactive.
The phosphorylated p100 protein is ubiquitinated, the end of the
protein chain is degraded and the p52 protein is being formed. The
active p52/RelB dimer penetrates the cytoplasm and influences the
transcription of specific genes (May & Ghosh, 1998; Lind et al., 2001;
Domino et al., 2020).

The NF-kB pathway is thought to be crucial in the development
of immune response, both by stimulating and inhibiting gene ex-
pressions in various cell types. Yet, any dysregulation of this sys-
tem results in immune response disturbance. Interestingly, in the
equine endometrium, both types of NF-xB activation are suspected
to downregulate IL-6, having multiple functions in inflammation reg-
ulation (Tripathi & Aggarwal, 2006; Domino et al., 2020). Cytokines
are not the only proinflammatory products of NF-xB activation.
Hyaluronan synthases (HAS 1, 2 and 3) are suspected to increase
cell migration and adhesion, which also affect immune cell infiltra-
tion. Their properties influence the early stage of inflammation and
modulate it (Necas et al., 2008). Additionally, HASs, IL-6 and MCP-1
seem to play an important role in the pathogenesis of endometrosis,
another crucial reproductive problem in mares (Aresu et al., 2012).
Endometritis and inflammation regulators are suspected to have a
part in endometrosis pathogenesis, or even to be the main cause
(Aresu et al., 2012; Rebordao, Carneiro, et al., 2014; Rebordao et al.,
2018; Skarzynski et al., 2020).
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Those recent findings raise the problem of NF-xB-signalling
effect on leukocyte infiltration in the equine endometrium. Thus,
this study aimed to compare gene transcription of NF-kB subunits
(RelA; NF-xB1; NF-xB2), proinflammatory molecules (MCP-1; IL-6) and
hyaluronan synthases (HAS 1; HAS 2; HAS 3) depending on the in-
flammatory infiltration intensity and the type of inflammatory cell
infiltration.

2 | MATERIALS AND METHODS

2.1 | Samples collection

Biological material for this study consisted of equine internal genita-
lia and blood. Samples were collected from 187 Polish warm-blood
mares (aged from 3 to 25 years) at a commercial abattoir in Poland.
Samples were collected post-mortem in reproductive season from
April to September so that no Ethical Committee's permission was
needed. According to decision of Il Local Committee for Ethics in
Animal Research WULS in Warsaw, this type of project does not fall
under the legislation for the protection of animals used for scientific
purposes (national decree-law, Dz. U. 2015 poz. 266 and EU law,
2010-63-EU directive). Equine internal genitalia included ovaries
and two endometrial samples from the uterine body. Samples were
collected immediately after evisceration. Ovaries were placed into
containers with cold saline (0.9% NaCl, Polfa S.A., Poland), trans-
ported at +4°C to the laboratory and sectioned to note the presence
and diameter of follicles and/or corpus luteum. Endometrial samples
were collected for histological examination and gene transcription
analyses. Samples for histological examination were collected into
container with the 10% formalin (Sigma-Aldrich, Poland), fixed rou-
tinely and embedded in paraffin equivalent (Sigma-Aldrich, Poland).
Sample for gene transcription analyses was collected into RNase-
free Eppendorf tubes (Eppendorf AG, Germany), snap-frozen in lig-
uid nitrogen and stored at -80°C. Blood samples were collected into
dry tubes (BD Vacutainer®, UK), transported to the laboratory at
+4°C and centrifuged (2,000x g, 5 min). The serum free from any
apparent haemolysis was aspirated and stored at -20°C for further

hormone's analyses.

2.2 | Histopathological examination

Endometrial samples in paraffin blocks were cut in 5 pm sec-
tions (rotation microtome Leica RM2255; Kawa-Ska, Polska) and
mounted on silanized glass slides. Standard histological stain-
ing procedure was performed including deparaffinization, rehy-
dratation, stained in automated slide stainer (Multistainer Leica
ST5020; Kawa-Ska, Polska) with haematoxylin (3801520E, Leica,
United States) and eosin (HT1103128; Sigma Aldrich, Poland) (HE
staining) and mounted under Canadian balsam (Sigma-Aldrich,
Poland). Stained slides were examined under a light microscope
(Olympus BX43, Poland) to assess the presence of inflammation

and the appearance or severity of pathological degenerative
changes. Each endometrial sample was triple categorized using
two endometritis criteria (the intensity and the type of inflamma-
tory cell infiltration) and the oestrous cycle criterion (the follicular
phase, FLP, and the mid-luteal phase, MLP). Endometrial samples
were classified as presenting endometritis or not (control group)
focusing on the SC. Three groups regarding the intensity of inflam-
matory cell infiltration, and independent from the four groups of
different types of inflammatory cell infiltration, were created. The
intensity of inflammatory cell infiltration was quantified as mild
infiltration, moderate infiltration or severe infiltration, whereas
the type of inflammatory cell infiltration was classified as mac-
rophages infiltration, neutrophil infiltration, lymphocytes infiltra-
tion or mixed infiltration based on the type of cells recognized in
the histologic sections. Neutrophil and macrophage mild infiltra-
tion was considered when 1-2 cells were depicted per 5 micro-
scopic fields; moderate infiltration when 3-4 cells were present
and severe infiltration showed >5 cells (Ricketts & Alonso, 1991;
Summerfield & Watson, 1998). For lymphocyte infiltration, evenly
scattered lymphoid cells were the grounds for classification as mild
infiltration, while addition of aggregates was seen in moderate in-
filtration, and multiple aggregates, with more lymphoid cells than
fibroblasts in SC, were recognized as severe infiltration (Watson
& Thomson, 1996; Nervo et al., 2019). Mixed infiltration was con-
sidered when at least two types of cells with moderate level of
infiltration were present in endometrium. When the microscopic
hallmarks of endometrosis were observed (Schoniger & Schoon,
2020), the sample was excluded from the studied group. Among
187 collected samples, 67 samples were excluded based on the
endometrosis recognition and 120 samples were classified as en-
dometrosis free. Only endometrosis-free samples were qualified
for gene transcription evaluation. Among 120 qualified samples,
24 samples of healthy endometrial tissue were included in the con-
trol group (n = 24). Half of the samples were collected from mares
in FLP (n = 12) and the other half in MLP (n = 12) of the oestrous
cycle. The remaining 96 samples were assigned to each of the three
groups of the intensity of inflammatory cell infiltration, as follows:
(i) mild infiltration (n = 32), (ii) moderate infiltration (n = 32) or (iii)
severe infiltration (n = 32). In addition, independently from each of
these four groups, equine endometrial histological samples were
categorized according to the type of inflammatory cell infiltration,
as follows: (i) macrophages infiltration (n = 24), (ii) neutrophil infil-
tration (n = 24), (iii) lymphocytes infiltration (n = 24) or (iv) mixed
infiltration (n = 24). In all groups, half of the endometrial samples
were collected from mares in FLP and grouped depending on the
infiltration intensity (n = 16 samples from each group); or on the
infiltration type (n = 12 samples from each group). Likewise, the
other half of the endometrial samples were from mares in MLP
and were classified according to the infiltration intensity (n = 16
samples from each group); or on the infiltration type (n = 12 sam-
ples from each group). Part of the results on the transcription of
selected genes in healthy endometrial tissue were previously doc-
umented (Domino et al., 2020).
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2.3 | Gene transcription evaluation

Frozen endometrial samples were mechanically disrupted in
liquid nitrogen environment and then homogenized (50 mg of
each sample; Lysing Matrix D tubes, MP Biomedicals, United
States). The total RNA was extracted using the standard pro-
tocol (High Pure RNA Tissue kit; Roche, Switzerland). A DNase
treatment was performed, and the RNA concentration was
determined with absorbance ratios A260/280 and A260/230
(DS-11 FX spectrophotometer; DeNovix, United States). All
samples evaluated in this study had a high enough RNA con-
centration, beyond 100 ng. In each endometrial sample, tran-
scription of the following eight genes was assessed by real-time
PCR (gqPCR): RelA, NF-xB1, NF-xB2, MCP-1, IL-6, HAS 1, HAS
2 and HAS 3. The gPCR amplification was performed using a
TagMan™ RNAto-CT™ 1-Step kit (No 4392938, ThermoFisher,
United States) and a Quant-Studio™ 6 Flex Real-Time PCR
System (Applied Biosystems, United States). The commercially
available equine-specific TagMan Gene Expression Assays (No
4448892 and 4441114, ThermoFisher, United States) were
used. The list of primers and 6-carboxyfluorescein (6-FAM) and
(TAMRA)-labelled TagMan
probes was previously documented (Domino et al., 2020) and

6-carboxytetramethylrhodamine

listed in Table 1. The gPCR reaction (10 ml volume per each re-
action) included as follows: (i) 15 ng of total RNA, (ii) 5 ml of
TagMan® RTPCR Mix (2X), (iii) 0.25 ml of TagMan® RT Enzyme
Mix (40X), (iv) 0.5 ml of TagMan probe and (v) both PCR prim-
ers (ThermoFisher, USA) for each gene of interest. The gPCR
protocol included four steps as follows: (i) reverse transcription
(15 min at 48°C), (ii) enzyme activation (10 min at 95°C), (iii) 40
cycles of denaturation (15 s at 95°C) and (iv) annealing/extension
(1 min at 60°C). Each sample was run in triplicate. Raw data of
genes transcription were normalized using the geometric mean
of reference genes (GAPDH, HPRT1). The semi-quantitation of
the target gene expression was performed in a comparative CT
method (AACT method), where the target gene expression in the

samples of control group was considered as ACt control value.

TABLE 1 Listof primers and TagMan

probes used for the gRT-PCR analysis I

RelA (p65)

NK-xp31 (p105/p50)
NK-xf2 (p100/p52)
MCP-1 (CCL2)

IL-6

HAS1

HAS2
HAS3
GAPDH
HPRT1
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2.4 | Phases of oestrous cycle determination

In stored serum samples, the progesterone (P4) concentration
was determined using a commercial radioimmunoassay (KIP 1458;
DIAsource ImmunoAssays SA, Belgium; intra-assay coefficient of
variation <5.6%; inter-assay coefficient of variation <8.8%). The
standard protocol was used and the absorbance was measured by
Multiscan Reader (Labsystem, Finland) Genesis and V 3.00 software.
The P4 concentration and the ovaries macroscopic view were used
to determinate the phases of the oestrous cycle, following da Costa
et al. (2007) protocol. Mares were assigned into FLP group when P4
concentration was <1 ng/ml, and at least one follicle >35 mm in diam-
eter in any of the ovaries, and no corpus luteum present was demon-
strated. Mares were assigned in MLP group when P4 concentration
was >1 ng/ml and on both ovaries, none of the follicles >35 mm in
diameter and at least one corpus luteum was demonstrated. Among
120 endometrial samples, 60 samples were qualified as belonging to
MLP mares (n = 60) or FLP mares (n = 60) groups. None of the sam-

ples was excluded due to the failure phase determination.

2.5 | Statistical analysis

Univariate marginal distributions of normalized qPCR data were
tested independently for each endometrial samples group and each
target gene using a univariate Kolmogorov-Smirnov test. Because
of the non-Gaussian distribution of at least one data series in each
data being compared, the comparisons within the intensity of in-
flammatory cell infiltration groups and the type of inflammatory cell
infiltration groups were assessed by Kruskal-Wallis test, followed
by Dunn’s multiple comparisons test. The comparisons between
phases of the oestrous cycle were performed by unpaired t test with
Welch’s correction for Gaussian data pairs or Mann-Whitney test
for non-Gaussian data pairs. Numerical data were reported on plots
as mean +standard deviation (SD). All statistical analyses were per-
formed using GraphPad Prismé software (GraphPad Software Inc.,

USA), where the significance level was established as p<0.05.

TagMan assay ID/primers/probe Amplicon length (bp)

Bt03253757_m1 59
Bt03243456_m1 107
Bt03272792_g1 101
Ec03468496_m1 66
Ec03468680_m1 117
F:GCCTATCAGGAACAACCTCC 124

R: TAGCCCATGCTGAGCATC
P: ACAACCAGAAGTTCCTGGGCACCCAC

Ec03467769_m1 63
Bt04298490_m1 73
Ec03210916_gH 118
Ec03470217_m1 84
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3 | RESULTS infiltration than in the mild-intensity infiltration group and the control

group (p = .02, Figure 2a), whereas the transcription of IL-6 gene in-

The transcription of the genes of NF-kB subunits under study did creased gradually with the intensity infiltration. Compared to the con-
not differ in equine endometrium depending on the intensity of trol group, IL-6 gene transcription was higher in the moderate-intensity
inflammatory cell infiltration for both the canonical (RelA, p = .1, infiltration group and the highest in the severe-intensity infiltration
Figure 1a; NF-kB1, p = .8, Figure 1b) and the non-canonical (NF- group with no differences between moderate and severe groups, mild
kB2, p = .8, Figure 1c) pathways. Similarly, the transcription of the and moderate groups as well as control and mild groups (p = .001,
genes RelA (p = .2, Figure 1d), NF-kB1 (p = .9, Figure 1e) and NF-kB2 Figure 2b). Moreover, the transcription of both MCP-1 (p = .0004,
(p = .9, Figure 1f) did not differ with the type of inflammatory cell Figure 2c) and IL-6 genes was higher in equine endometrium with mac-
infiltration. rophages infiltration than in the control groups (p < .0001, Figure 2d),

The transcription of MCP-1 gene was higher in equine endome- with no differences with the neutrophil, lymphocytes and mixed types
trium with the moderate and severe intensity of inflammatory cell of inflammatory cell infiltration. Additionally, the transcription of IL-6
(a (d)
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FIGURE 1 The transcription levels (mean + SD) of the nuclear factor-«B subunit RelA (RelA; p65) (a, d); of nuclear factor-«B subunit 1
(NF-xB1; p105/p50) (b, €) and of nuclear factor-kB subunit 2 (NF-xB2; p100/p52) (c, f) in the mares' endometrium. The endometrial samples
evaluated with respect to the intensity of inflammatory cell infiltrate (none, mild, moderate and severe) are shown in graphs a, b and ¢, and
according to the type of inflammatory cell infiltration (macrophages, neutrophils, lymphocytes and mixed cells) or no cell infiltration detected
(none) in d, e and f. No significant differences were found between groups (p > .05)
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FIGURE 2 The transcription levels (mean + SD) of (a, c) the monocyte chemoattractant protein-1 (MCP-1) and (b, d) interleukin-6 (IL-6)
in the mares' endometrium. The endometrial samples evaluated with respect to the intensity of inflammatory cell infiltrate (none, mild,
moderate and severe) are shown in graphs A and B, and according to the type of inflammatory cell infiltration (macrophages, neutrophils,
lymphocytes and mixed cells) or no cell infiltration detected (none) in C and D. Different letters indicate differences between groups for

p < .05

gene was also increased in the equine endometrium with mixed infil-
tration than in the control groups.

The transcription of the HASs genes under study differed
depending on both type of HAS and the inflammatory status of
endometrium. The transcription of HAS 1 gene did not differ in
equine endometrium depending on both the intensity (p = .1,
Figure 3a) and the type (p = .8, Figure 3d) of inflammatory cell
infiltration. On the other hand, the transcription of HAS 2 gene
was higher in equine-infiltrated endometrium than in the con-
trol group regardless of the intensity infiltration and with no dif-
ferences among mild, moderate and severe groups (p = .0004,
Figure 3b). Similarly, the transcription of HAS 3 gene was higher in
equine endometrium with the mild- and moderate-intensity infil-
tration than in the control group, but not in the severe infiltration
group. No differences were noted for the HAS 3 gene transcrip-
tion between the control and severe groups, as well as mild, mod-
erate and severe groups (p=0.02, Figure 3c). The transcription of
both HAS 2 (p = .0006, Figure 3e) and HAS 3 (p = .03, Figure 3f)
genes was higher in equine endometrium with macrophages, lym-
phocytes and mixed infiltration than in the control groups. Yet, no
differences between the control and neutrophil infiltrated groups
as well as between groups with different types of inflammatory
cell infiltration were noted.

When the phases of the oestrous cycle were considered, as be-
fore the transcription of the genes of NF-xB subunits did not differ
in equine endometrium depending on the intensity of inflamma-
tory cell infiltration for both the canonical (RelA, FLP p = .4, MLP
p = .4, Figure 4a; NF-kB1, FLP p = .5, MLP p = .06, Figure 4b) and the
non-canonical (NF-xB2, FLP p = .9, MLP p = .7, Figure 4c) pathways.
Likewise, the transcription of the genes of RelA (FLP p = .3, MLP
p = .6, Figure 4d), NF-xB1 (FLP p = .9, MLP p = .5, Figure 4e) and NF-
kB2 (FLP p = .996, MLP p = .6, Figure 4f) did not differ depending
on the type of inflammatory cell infiltration. No differences (p > .05)
were found between the phases of the oestrous cycle for any of the
studied NF-kB subunits.

When the phases of the oestrous cycle were considered, the
transcription of MCP-1 gene did not differ in equine endometrium
depending on the intensity of inflammatory cell infiltration (FLP
p = .253, MLP p = .142, Figure 5a), whereas the transcription of
IL-6 gene increased gradually with the intensity infiltration in MLP
(p = .02) but not in FLP (p = .1). In MLP compared to the control
group, IL-6 gene expression was higher in the severe-intensity infil-
tration group. No differences were noted among control, mild and
moderate groups as well as between moderate and severe groups
(Figure 5b). Furthermore, the transcription of both MCP-1 (MLP
p =.002, Figure 5c) and IL-6 (FLP p = .04, MLP p < .0001, Figure 5d)
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FIGURE 3 The transcription levels (mean + SD) of (a, d) the hyaluronan synthase 1 (HAS 1), (b, e) hyaluronan synthase 2 (HAS 2) and (c, f)
hyaluronan synthase 3 (HAS 3) in the mares' endometrium. The endometrial samples evaluated with respect to the intensity of inflammatory
cell infiltrate (none, mild, moderate and severe) are shown in graphs A, B and C, and according to the type of inflammatory cell infiltration
(macrophages, neutrophils, lymphocytes and mixed cells) or no cell infiltration detected (none) in D, E and F. Different letters indicate
differences between groups for p < .05

genes was higher in equine endometrium with macrophages infiltra-
tion than in the control groups in both FLP and MLP, excepting MCP-
1in FLP (p = .2). For the transcription of MCP-1 in MLP and IL-6 in
FLP, no differences were noted among control group, the neutrophil,
lymphocyte and mixed types of infiltration, as well as among the
macrophage, lymphocyte and mixed types of infiltration. However,
for the transcription of IL-6 in FLP, no differences were noted among
control group, the neutrophil, lymphocyte and mixed types of in-
filtration, and also among macrophage, neutrophil, lymphocyte and
mixed types of infiltration. No differences were found between the
phases of the oestrous cycle for any of the studied proinflammatory

molecules (p > .05).

When the phases of the oestrous cycle were considered, the
transcription of HAS 1 gene did not differ in equine endometrium
depending on the intensity of inflammatory cell infiltration (FLP
p = .6, MLP p = .05, Figure 6a) and the type of inflammatory cell
infiltration (FLP p = .5, MLP p = .2, Figure 6d). In addition, the
transcription of HAS 2 gene was higher in equine-infiltrated en-
dometrium than in the control group regardless of the intensity
infiltration in MLP (p =.005) but not in FLP (p = .2). No differences
among mild, moderate and severe groups were found (Figure 6b).
Similarly, in MLP, the transcription of HAS 3 gene was higher in
equine endometrium with the mild-intensity infiltration than in
the control group, but not in the moderate and severe groups
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FIGURE 4 The transcription levels (mean + SD) of (a, d) the nuclear factor-kB subunit RelA (RelA; pé65), (b, e) nuclear factor-xB subunit 1
(NF-xB1; p105/p50) and (c, f) nuclear factor-kB subunit 2 (NF-xB2; p100/p52) in the mares' endometrium in follicular (FLP) or mid-luteal (MLP)
phases of the oestrous cycle. The endometrial samples evaluated with respect to the intensity of inflammatory cell infiltrate (none, mild,
moderate and severe) are shown in graphs a, b and c, and according to the type of inflammatory cell infiltration (macrophages, neutrophils,
lymphocytes and mixed cells) or no cell infiltration detected (none) in d, e and f. No differences were found between the phases of the

oestrous cycle for any of the studied NF-kB subunits (p > .05)

(p = .01). No other differences were noted for HAS 3 gene ex-
pression among control, moderate and severe groups, as well as
mild, moderate and severe groups (Figure 6c). The transcription
of HAS 3 gene in FLP did not differ depending on the intensity of
inflammatory cell infiltration (FLP p = .3, Figure éc). The transcrip-
tion of HAS 2 genes in MLP was higher in equine endometrium
with macrophages, lymphocytes and mixed inflammatory cell in-

filtration than in the control and neutrophils groups (p = .0007,

Figure 6e). However, the transcription of HAS 2 gene in FLP (p = .3,
Figure 6e), HAS 3 gene in FLP (p = .5, Figure 6f) and HAS 3 gene
in MLP (p = .06, Figure 6f) did not differ depending on the type
of inflammatory cell infiltration. Additionally, the transcription of
HAS 3 gene in the mild-intensity infiltration group was higher in
MLP than in FLP (p = .04). No other differences (p > .05) were
found between the phases of the oestrous cycle for the studied

hyaluronan synthases.
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FIGURE 5 The transcription levels (mean + SD) of (a, c) the monocyte chemoattractant protein-1 (MCP-1) and (b, d) interleukin-6é (IL-6) in
the mares' endometrium in follicular (FLP) or mid-luteal (MLP) phases of the oestrous cycle. The endometrial samples evaluated with respect
to the intensity of inflammatory cell infiltrate (none, mild, moderate and severe) are shown in graphs a and b, and according to the type

of inflammatory cell infiltration (macrophages, neutrophils, lymphocytes and mixed cells) or no cell infiltration detected (none) in c and d.

Different letters indicate differences between groups for p < .05

4 | DISCUSSION

As shown in recent studies, NF-kB-dependent pathway may take
part in the development of endometrosis. Its activation leads to in-
hibition of IL-6 and activation of hyaluronan synthases, HAS 1 and
HAS 3. These changes are especially prominent in the follicular
phase of the oestrous cycle, and the destructive type of endometro-
sis, characterized by extensive glands destruction and degeneration.
Additionally, levels of transcripts of genes of immunomodulatory cy-
tokines depend on the stage of the oestrous cycle, with an increase
in MCP-1 and a decrease in IL-6 in the follicular phase, which may re-
sult in increased cell migration into the endometrium (Domino et al.,
2020). Importantly, equine endometrial samples used in the previous
studies (Domino et al., 2020) did not show signs of inflammation.
While these cytokines are thought to be involved in the endomet-
rosis pathway, they are essentially important in inflammation devel-
opment (Christoffersen & Troedsson, 2017; Woodward et al., 2013;
Marth et al., 2018; Skarzynski et al., 2020; Morris et al., 2020; Hedia
et al., 2021). This indicates the importance of NF-kB evaluation in
the context of endometritis. Research conducted regarding the type
and severity of inflammation should give an insight into the role of
this pathway in the regulation of modulatory cytokines. Differences

in the regulation of this pathway may suggest separate mechanisms
in the pathogenesis of endometrosis and endometritis and give an-
other perspective on the influence of inflammation on the develop-
ment of endometrosis, which has been widely studied (Aresu et al.,
2012; Rebordao, Carneiro, et al., 2014; Rebordéo, Galvao, et al.,
2014; Klose & Schoon, 2016; Rebordao et al., 2018; Schoniger &
Schoon, 2020; Skarzynski et al., 2020)

An increase in the transcription of the MCP-1 gene in moderate
and severe infiltration may suggest that its function is rather sus-
tained in the inflammatory process, than its initiation. The high-
est transcription was found in macrophages-dominant infiltration.
While MCP-1 is being produced by this type of cell, it also increases
its further migration into the tissue, which might explain these re-
sults. This can also confirm the major regulatory function of mac-
rophages, which are responsible for the production of a variety of
cytokines (Arici et al., 1999; Fumuso et al., 2003; Yadav et al., 2010).
Interestingly, MCP-1 was found not being connected with the fibro-
sis process in the endometrium during endometrosis (Domino et al.,
2020), except in the inactive destructive endometrosis in the follic-
ular phase (Jasinski et al., 2021). While this cytokine production may
be regulated by the NF-xB pathway, in the current study this was
not in agreement with the transcript levels of NF-xB subunits. This
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FIGURE 6 The transcription levels (mean + SD) of (a, d) the hyaluronan synthase 1 (HAS 1), (b, e) hyaluronan synthase 2 (HAS 2) and (c, f)
hyaluronan synthase 3 (HAS 3) in the mares' endometrium in follicular (FLP) or mid-luteal (MLP) phases of the oestrous cycle evaluated with
respect to the intensity of inflammatory cell infiltrate (none, mild, moderate and severe) are shown in graphs a, b and c, and according to the
type of inflammatory cell infiltration (macrophages, neutrophils, lymphocytes and mixed cells) or no cell infiltration detected (none) in d, e
and f. Different letters indicate differences between groups for the same oestrous cycle phase (p < .05). The asterisk indicates differences

between phases of oestrous cycle (*p < .05)

result may suggest a different role of this cytokine in the regulation
in endometritis and endometrosis establishment, especially regard-
ing MCP-1 involvement (Yadav et al., 2010; Domino et al., 2020;
Jasinski et al., 2021).

Transcription of IL-6 gene increased along with the increase in in-
flammation severity, which is in line with recent studies, as it is one of
the most important cytokines in endometritis development (Fumuso
et al., 2003; Woodward et al., 2013; Christoffersen & Troedsson,
2017; Skarzynski et al., 2020). An increase in transcription was found
in macrophage- and mixed-type inflammatory cell infiltration. These

results confirm that macrophages are the main cells responsible for
the production of this cytokine. Thus, its regulatory function for cell
migration and infiltration is crucial in the inflammatory response
(Arici et al., 1999; Yadav et al., 2010). In PBIE, cytokine produc-
tion was found to be prolonged in susceptible mares, making them
less fertile, as endometritis persists at the time of embryo descent
from the oviduct to the uterus. Current results may confirm that
macrophage-related regulation is an important factor in prolonged
inflammation, and is a reason for decreased fertility (Christoffersen
et al.,, 2012; Tanaka et al., 2014; Christoffersen & Troedsson, 2017;
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Morris et al., 2020; Skarzynski et al., 2020). Transcription levels of IL-
6 and MCP-1 genes in inflammation differ from those in endometro-
sis, where none of them was involved in the severity of endometrial
fibrosis degenerative processes. This may suggest that their function
in inflammation is not affecting fibrotic processes in ECM (Domino
et al.,, 2020; Jasinski et al., 2021).

Lack of significant differences in transcription of HAS 1 gene
suggests that this enzyme may not be involved in cell migration and
adhesion in mare endometrial inflamed tissue. Nevertheless, the
transcription of HAS 2 and HAS 3 genes has raised with increased
immune cell infiltration in the endometrium. Changes were found
in all types of the infiltrate. Yet, for both genes, the increase in tran-
script levels was the lowest in neutrophil infiltration. This result is
consistent with the fact that binding of CD44, which is the recep-
tor for hyaluronic acid, with its ligand occurs during migration of T-
lymphocytes and monocytes. Fragmented hyaluronic acid acts as a
proinflammatory particle, increasing cytokine production (Kessler
et al., 2008). This is compatible with the achieved results, suggesting
hyaluronanrole in leukocyte migration into the equine endometrium.
In samples with endometrosis, transcription of HAS 1 gene was in-
creased in the initial stage of the disease, while transcription of HAS
3 gene was higher in all groups of endometrosis compared to unaf-
fected endometrium. On the contrary, transcription of HAS 2 gene
did not differ between endometrosis and healthy endometrium, but
its transcription increased in active destructive endometrosis form
during oestrus, in which severity and intensity of changes are the
highest (Jasinski et al., 2021). This shows that transcription of differ-
ent synthases might be engaged in endometrosis and endometritis.

The present data show that the NF-kB pathway is not taking
part in the regulation of cell migration in the equine endometrium.
The increase in transcription of genes of selected cytokines and
enzymes is not in line with the results considering NF-xB subunits.
This is an important finding, suggesting that their synthesis, in the
equine endometrium, is not regulated by this pathway, but different
mechanisms are involved. This finding may be important in studies
regarding equine endometrosis. In a previous study, we have found
that hormone-dependent activation of NF-kB may lead to fibro-
sis (Domino et al., 2020). Therefore, one may suggest that there
is a specific pathway regulating only fibrosis in mare’s uterus (en-
dometrosis), but not endometritis. This suggests that it may be a spe-
cific marker for degeneration and fibrosis in endometrosis, possibly
useful in diagnosis and progression of the severity of the process. It
is especially important in uterine clearance after mating or artificial
insemination. Uterine immune cells infiltration makes it possible to
prepare the intrauterine environment for embryo descent and de-
velop pregnancy (Fumuso et al., 2003; Christoffersen et al., 2012;
Skarzynski et al., 2020). Proper functioning of the uterine immune
system is not only important in case of injury or infection but it is
also crucial for the maintenance of mare’s fertility, by enabling phys-
iological functioning of the uterus, regulating endometrial hormone
production, especially by cytokines (Skarzynski et al., 2020).

In a regularly cycling mare, the number of immune cells in the

endometrium varies depending on the phase of the oestrous cycle

(Da Costa et al., 2003; Fumuso et al., 2003; Gerber, 2006), to which
the current results are in agreement as the majority of the tran-
scription differences were showed only in the mares’ endometrium
in the mid-luteal phases compared with the mares’ endometrium in
the follicular phase. Yet, in increased leukocyte infiltration in the en-
dometrium, migration of cells, as well as their defensive functions,
such as phagocytosis, are not depending on the oestrous cycle phase
(Da Costa et al., 2003; Fumuso et al., 2003; Gerber, 2006). This fact
may explain poor correlations when the phase of the oestrous cycle
was taken into consideration. Immune system competencies are
therefore not disturbed by physiological changes in ovarian steroids
levels (Gerber, 2006). However, other NF-kB-signalling pathway
seems to be activated in the follicular phase and in the mid-luteal
phase in the presence of inactive destructive or active destruc-
tive endometrosis respectively (Jasinski et al., 2021). On the other
hand, concerning the classical Kenney and Doig classification of en-
dometrosis (Kenney & Doig, 1986), greater differences were found
in the follicular phase than in the luteal phase of the oestrous cycle
(Domino et al., 2020). In the current study, no oestrous cycle-related
differences were found in the NF-kB subunits of both canonical and
non-canonical pathways, as well as more differences in transcrip-
tion of HAS2, HAS3, MCP-1 and IL-6 were noted when compared
non-divided than oestrous cycle-divided data series. Therefore, one
may assume that inflammatory processes have taken over the cell
cytokine profile. However, further studies are still required to prove

reported assumptions.

5 | CONCLUSIONS

In mare endometrium, transcription of IL-6 and MCP-1 genes in-
creased with the severity of inflammation, especially with dominant
macrophages. Among hyaluronan synthases, transcription of HAS
2 and HAS 3 genes was higher in the presence of endometritis, pos-
sibly increasing cell migration and adhesion. Yet, their production
was not regulated by the NF-kB pathway, suggesting this via is not
engaged in endometritis regulation. This claim shows the difference
with data obtained on endometrosis, suggesting a separate pathway
for the development of the disease. In addition, oestrous cycle did
not affect the expression of the genes under study, suggesting that
inflammation takes over cytokine control of immune cells.
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Abstract: Endometrosis is a frequently occurring disease decreasing mares’ fertility. Thus, it is
an important disease of the endometrium associated with epithelial and stromal cell alterations,
endometrium gland degeneration and periglandular fibrosis. Multiple degenerative changes are
found in uterine mucosa, the endometrium. However, their pathogenesis is not well known. It is
thought that nuclear factor-«B (NF-«B), a cell metabolism regulator, and its activation pathways take
part in it. The transcription of the profibrotic pathway genes of the NF-«B in fibrotic endometria
differed between the follicular (FLP) and mid-luteal (MLP) phases of the estrous cycle, as well as
with fibrosis progression. This study aimed to investigate the transcription of genes of estrogen
(ESR1, ESR2) and progesterone receptors (PGR) in equine endometria to find relationships between
the endocrine environment, NF-kB-pathway, and fibrosis. Endometrial samples (1 = 100), collected
in FLP or MLP, were classified histologically, and examined using quantitative PCR. The phase
of the cycle was determined through the evaluation of ovarian structures and hormone levels
(estradiol, progesterone) in serum. The transcription of ESR1, ESR2, and PGR decreased with the
severity of endometrial fibrosis and degeneration of the endometrium. Moreover, differences in the
transcription of ESR1, ESR2, and PGR were noted between FLP and MLP in the specific categories
and histopathological type of equine endometrosis. In FLP and MLP, specific moderate and strong
correlations between ESR1, ESR2, PGR and genes of the NF-«B pathway were evidenced. The
transcription of endometrial steroid receptors can be subjected to dysregulation with the degree of
equine endometrosis, especially in both destructive types of endometrosis, and mediated by the
canonical NF-«kB pathway depending on the estrous cycle phase.

Keywords: NF-kB; endometrosis; receptor; estrogen; progesterone; endometrium; horse

1. Introduction

Previous studies on the equine endometrium have focused on the molecular mecha-
nisms involved in physiological aspects [1-4] and the pathogenesis of endometrial diseases,
often associated with mares’ subfertility [5-9]. Despite the relentless efforts and new scien-
tific reports, the pathogenesis of nonsuppurative endometritis and endometrosis remains
unknown, and routinely available treatment is still undeveloped [3,10-12]. Endometrosis,
also referred to as degenerative endometrial fibrosis, is the most important clinically silent
endometrial disease associated with infertility in mares [13,14]. The fertility prognosis of

Int. . Mol. Sci. 2022, 23, 7360. https:/ /doi.org/10.3390/ijms23137360

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms23137360
https://doi.org/10.3390/ijms23137360
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-2906-9944
https://orcid.org/0000-0002-4401-9016
https://orcid.org/0000-0003-0622-6513
https://orcid.org/0000-0001-5093-5320
https://orcid.org/0000-0001-9436-1074
https://doi.org/10.3390/ijms23137360
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23137360?type=check_update&version=1

Int. J. Mol. Sci. 2022, 23, 7360

20f18

this condition has been based on the histopathological categorization proposed by Kenney
and Doig [15], together with the amendments of Hoffmann and collaborators [13]. Thus,
equine endometrial samples can be classified in two ways: firstly, as Kenney’s and Doig’s
categories from normal endometrium (I) to mild (Ila), moderate (IIb), and severe (III) equine
endometrosis [15]. Another classification proposed by Hoffmann et al. for histopatholog-
ical types of endometrosis includes inactive-nondestructive, inactive-destructive, active-
nondestructive, and active-destructive endometrosis [13]. In the endometria of mares
affected by endometrosis, both epithelial and stromal cell alterations occur and become the
cause of the degeneration, dilatation, and atypical differentiation of the affected glands [14].
At the beginning of fibrogenesis, periglandular stromal cells synthesize collagen fibers,
while with the progression of the fibrotic process there is a predominance of myofibroblasts
and metabolic active or inactive stromal cells without signs of collagen synthesis [5]. The
epithelial differentiation may present an irregular pattern in fibrotic uterine glands [16],
causing alterations in several epithelial cell enzyme patterns [17], and glycoconjugates [18].
As epithelial cell differentiation usually depends on the ovarian steroids’ concentration,
the independence of hormonal control and altered paracrine interaction of endometrium is
suspected in the pathogenesis of endometrosis [5].

The healthy endometrium undergoes cyclic changes with typical cellular patterns in
response to the ovarian steroid hormones estradiol and progesterone [13]. The ovarian
steroids act on the endometrium through two pathways, canonical and noncanonical. The
canonical mechanism mediates their effects through nuclear receptors, whereas the non-
canonical mechanism acts at the membrane level. In the noncanonical pathway, recognized
as a nongenomic signaling, steroid hormones nonspecifically bind to extracellular or mem-
brane proteins which may cause a variety of biological effects. In the canonical pathway,
recognized as a genomic signaling, steroid hormones specifically bind to intranuclear re-
ceptors, which causes a specific biological effect, which is considered to be responsible for
functional cyclic changes in the endometrium [19].

In the canonical pathway, estrogen has two specific estrogen receptors (ER-« and
ER-8), encoded by different genes, ESR1 (locus NM 001081772) and ESR2 (locus XM
001915519) [20,21]. In turn, progesterone has two isoforms of progesterone receptors (PR
isoform A and PR isoform B), encoded by the same gene PGR (locus XM 001498494) [21,22].
Both estrogen and progesterone pass through the cytoplasm and bind to an intranuclear
receptor [23] in the luminal and glandular epithelial cells and stromal cells [24], and
act through the induction of transcription for a variety of genes, thus regulating cell
development and differentiation [25]. The binding of estradiol to ER-«, the predominant
ER in the uterus [26], stimulates the cellular proliferation of both the epithelial and stromal
cells and upregulates PR expression [3,21,27]. On the contrary, the binding of estradiol
to ER-f8 inhibits the uterotrophic effects of ER-« and downregulates the PR expression in
the luminal epithelium [26]. Similarly, progesterone binds to PR, with isoform A being
predominant in the uterus and ovaries, while PGR-B is mostly expressed in the mammary
gland [28], antagonizes estrogen-induced epithelial proliferation and downregulates PR
expression [3,27]. In this way the circulating concentrations of ovarian steroids regulate
not only biological effects, but also the abundance of their receptors [21,23,24,29]. In
estrus, a higher endometrial expression of ER-«, but not ER-8, was evidenced compared to
diestrus [21,29]. However, the expression of PR differed similarly to ER-« [29] or did not
differ [21] between the phase of the estrous cycle. Moreover, the abundance of both ER
and PR varies with the type of endometrial cell [21,23,24,29]. In glandular epithelia, the
highest levels of ER and PR were observed in the early diestrus, whereas the lowest was
found in the mid-diestrus. In contrast, in stromal cells, receptor levels gradually increased
from the lowest in the early diestrus to the highest on the ovulation day [24]. Thus, stromal
proliferation is most strongly expressed in proestrus, and epithelial proliferation is most
strongly expressed in early diestrus [21,24,29]. Both differences in the abundance of ER
and PR, which are estrous phase- and cell type-dependent [21,23], cause hormone-induced
morphological and functional changes in the endometrium. These hormone-induced
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changes are mediated by paracrine factors and seem to be dependent on the crosstalk
between epithelial and stromal cells [3,30].

In mares’” endometria affected by endometrosis, the damage of the basal lamina and
a disturbed stroma-epithelium interaction [14] may cause the deregulation of the effect
of ovarian steroids on the glandular epithelium, as it is mediated by the surrounding
stroma [13,14]. Moreover, endometrotic glands often display an abnormal abundance of
both ER and PR. In contrast to healthy glands, predominantly low ER and PR expression
in affected endometrium was evidenced [5,13,14,17,24]. This fibrosis-associated abnor-
mal abundance of ER and PR, as well as alterations in the cytoskeleton and basement
membrane [13,14,16], seems to be involved in changes in the components of histotrophe
in endometrotic glands, thus impairing fertility [3,5,14]. Besides the ovarian steroid re-
ceptors, the abnormal expression of cellular differentiation markers (desmin, vimentin,
a-smooth-muscle-actin, and Ki-67-antigen) [1,13], basement membrane integrity markers
(laminin, and fibronectin) [13], endometrial proteins (uterocalin, uteroferrin, uteroglobin,
and calbindin) [5], and subunits of the nuclear factor kappaB (NF-«B) pathway (RelA,
RelB, NF-kB1, and NF-«B2) [31,32] have previously been evidenced in the endometrotic
endometria. The NF-«B activation takes place through canonical and noncanonical signal-
ing pathways, which engage RelA/NF-kB1 and RelB/NF-«kB2 subunits, respectively [33].
Each activation of this pleiotropic transcriptional regulator affects the transcription of genes
of many proteins involved in fibrotic, inflammatory, and defense processes [31,34-36] in
many fibrosis-related diseases [37—41]. In equine endometrium, the transcription level
of the investigated NF-«kB subunits and the NF-kB-pathway-related pro-inflammatory
molecules (MCP-1, monocyte chemoattractant protein-1; IL-6, interleukin-6) and hyaluro-
nan synthases 1-3 (HAS1; HAS2; HAS3) differed significantly not only in terms of the
degree of Kenney and Doig’s [31] and Hoffmann et al. [32] endometrosis classification, but
also in terms od the phase of the estrous cycle [31,32]. Therefore, we hypothesized that
endocrine-related morphological and functional endometrial disturbances, which were
suspected to be one of the mechanisms of mares’ infertility [3,13,24], could be related to the
NF-«B signaling pathway.

The present study aimed at the comparison of estrogen and progesterone receptors’
transcription levels in equine endometrium between Kenney and Doig’s categories [15]
and histopathological types [13] of equine endometrosis, considering the expression of
selected genes (RelA, NK-xB1, NK-xB2, MCP-1, IL-6, HAS1, HAS2, and HAS3) involved in
the NF-«kB signaling pathway.

2. Results
2.1. The Categories and Histological Types of Equine Endometrosis and the Ovarian
Steroid Receptors
The transcription of the studied genes regarding categories of equine endometrosis
was higher in category I than in categories Ila, IIb, and III for ESR1 (p < 0.0001; Figure 1A),
ESR2 (p < 0.0001; Figure 1B), and PGR (p < 0.0001; Figure 1C), except for ESR2 transcription
in category Ila, which was similar to category I. No differences were found between
categories in the affected endometrium for the three studied receptors, excepting difference
in ESR2 transcription between category Ila and categories IIb and III (p < 0.05).
Regarding histopathological types of equine endometrosis, the transcription was
higher in the control group than in endometrosis types E ID and E AD for ESR1 (p < 0.0001;
Figure 2A), ESR2 (p < 0.0001; Figure 2B), and PGR (p < 0.0001; Figure 2C). The expression
of ESR1 (p < 0.05) was higher in the control group than in endometrosis types E IN and
E AN, but not ESR2 and PGR. No differences were found between endometrosis types in
the affected endometrium for all three studied receptors.
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Figure 1. Transcription levels of (A) estrogen receptor e (ESR1), (B) estrogen receptor 3 (ESR2), and
(C) progesterone receptor (PGR) in the mares” endometria. The endometrial samples were classified
as Kenney and Doig categories I (1 = 20), IIa (n = 30), IIb (n = 30), or III (n = 20). Category I included
C group (n = 20) samples; category Ila included types E IN (n = 5), EID (n = 10), E AN (n = 12),
and E AD (n = 3) samples; category IIb included types E IN (n = 11), EID (n = 5), E AN (n =5), and
E AD (n = 9) samples; and category Il included types E IN (1 = 4), EID (n = 5), E AN (n = 3), and
E AD (n = 8) samples. Boxes represent lower quartile, median, and upper quartile, whereas whiskers
represent minimum and maximum values. The dashed line separates the categories of healthy from
affected endometrium. Lowercase letters indicate differences between categories of endometrosis
for p < 0.05.
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Figure 2. Transcription levels of (A) estrogen receptor o (ESR1), (B) estrogen receptor £ (ESR2), and
(C) progesterone receptor (PGR) in the mares’ endometria. The endometrial samples classified as
control group (C; n = 20) or as inactive nondestructive (E IN; n = 20), inactive destructive (E ID; n = 20),
active nondestructive (E AN; n = 20), or active destructive (E AD; n = 20) types of endometrosis. C
group included category I (n = 20) samples; type E IN included categories Ila (1 = 5), IIb (n = 11), and
III (n = 4) samples; type E ID included categories Ila (n = 10), IIb (1 = 5), and III (n = 5) samples; type
E AN included categories Ila (n = 12), IIb (n = 5), and III (n = 3) samples; and type E AD included
categories Ila (n = 3), IIb (n = 9), and III (n = 8) samples. Boxes represent lower quartile, median,
and upper quartile, whereas whiskers represent minimum and maximum values. The dashed line
separates the unaffected endometrium and types of affected endometrium. Lowercase letters indicate
differences between histopathological types of endometrosis for p < 0.05.

2.2. Phases of the Estrous Cycle and Ovarian Steroid Receptors Regarding Equine
Endometrosis Categories

The transcription of the studied genes regarding categories of equine endometrosis
differed between the phases of the estrous cycle in selected categories for ESR1 (Figure 3A)
and ESR2 (Figure 3B), but not for PGR (Figure 3C). As such, the transcription of ESR1
was higher in FLP than in MLP in categories I (p = 0.008) and Ila (p < 0.0001), but not in
categories IIb (p = 0.07) and III (p = 0.06). Concerning comparisons between categories
in the selected phases of estrous cycle, in both FLP (p < 0.0001) and MLP (p < 0.0001) the
transcription of ESR1 was higher in category I than in categories Ila, IIb, and III, with no
differences between categories in the affected endometrium (Figure 3A).
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Figure 3. The transcription levels of (A) estrogen receptor « (ESR1), (B) estrogen receptor 3 (ESR2),
and (C) progesterone receptor (PGR) in the mares” endometria in follicular (FLP; n = 50) or mid-luteal
(MLP; n = 50) phases of the estrous cycle. The endometrial samples were classified as Kenney and
Doig’s category I (n = 20), Ila (n = 30), IIb (n = 30), or III (n = 20). Category I included C group (n = 20)
samples; category Ila included types E IN (n =5), EID (n = 10), E AN (n = 12), and E AD (n = 3)
samples; category IIb included types E IN (n = 11), EID (n = 5), E AN (n = 5), and E AD (1 =9)
samples; and category III included types EIN (n =4), EID (1 =5), E AN (n = 3), and E AD (n = 8)
samples. Boxes represent lower quartile, median, and upper quartile, whereas whiskers represent
minimum and maximum values. The dashed line separates the categories of unaffected and affected
endometria. Lowercase letters indicate differences between categories of endometrosis for p < 0.05.
Asterisks indicate differences between phases of estrous cycle (* p < 0.05; ** p < 0.01; *** p < 0.0001).

In addition, the transcription of ESR2 was lower in FLP than MLP in categories
IIb (p < 0.0001) and III (p = 0.002), but not in categories I (p = 0.41) and Ila (p = 0.15).
Concerning comparisons between categories in the selected phases of estrous cycle, in FLP
the transcription of ESR2 was higher in categories I and Ila than in categories IIb and III
(p < 0.0001), whereas in MLP the transcription of ESR2 was higher in category I than in
categories Ila, IIb, and III (p = 0.004). No differences were found between categories I and
Ila, as well as IIb and III in FLP, and neither between categories 1la, IIb, and III in MLP
(Figure 3B).

Concerning comparisons between categories in the selected phases of the estrous cycle,
in FLP the transcription of PGR was higher in category I than in categories Ila and III
(p = 0.0007). Nevertheless, in MLP the transcription of PGR was higher in category I than
in categories Ila, IIb, and III (p = 0.002). No differences were found between categories I
and IIb, but also Ila, IIb, and III in FLP, and likewise between categories Ila, IIb, and IIl in
MLP (Figure 3C).

2.3. Phases of the Estrous Cycle and Ouvarian Steroid Receptors Regarding Histopathological Types
of Equine Endometrosis

The transcription of the studied genes regarding histopathological types of equine
endometrosis differed between the phases of the estrous cycle in the selected endometrosis
types for ESR1 (Figure 4A) and ESR?2 (Figure 4B), but not for PGR (Figure 4C).

The levels of ESR1 transcripts were higher in FLP than in MLP in the control group
(p = 0.008) and endometrosis types E IN (p < 0.0001), E AN (p = 0.01), and E AD (p = 0.04),
but not E ID (p = 0.43). Concerning comparisons between the histopathological types of
endometrosis in the selected phases of estrous cycle, in both FLP (p = 0.001) and MLP
(p = 0.0006) the transcription of ESRI was higher in the control group than in types E
IN, EID, E AN, and E AD, with no differences between types in affected endometrium
(Figure 4A).

A decrease was observed in the transcription of ESR2 in FLP, when compared to MLP
in endometrosis types E ID (p < 0.0001) and E AD (p < 0.0001), but not in the control group
(p =041) and in EIN (p = 0.10) and E AN types (p = 0.35). Concerning the comparisons
between histopathological types of endometrosis in the selected phases of the estrous cycle,
in FLP the transcription of ESR2 was higher in the control group and in endometrosis types
E IN and E AN than in types E ID and E AD (p < 0.0001). In MLP, no differences were
found in the transcripts of ESR2 between the compared groups (p = 0.16). In addition, in
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the control group, mRNA levels did not differ from endometrosis types E IN, E AN, and
between endometrosis types E ID and E AD in FLP (Figure 4B).

Concerning comparisons between endometrosis histopathological types in the selected
phases of the estrous cycle, both in FLP (p = 0.005) and MLP (p = 0.007) the transcription
of PGR was higher in the control group than in types E IN, E ID, E AN, and E AD. No
differences were noticed between types in the affected endometrium both in FLP and MLP
(Figure 4C).
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Figure 4. Transcription levels of (A) estrogen receptor e (ESR1), (B) estrogen receptor 3 (ESR2), and
(C) progesterone receptor (PGR) in the mares’” endometria in follicular (FLP; n = 50) or mid-luteal
(MLP; n = 50) phases of the estrous cycle. The endometrial samples classified as control group
(C; n = 20) or as inactive nondestructive (E IN; n = 20), inactive destructive (E ID; n = 20), active
nondestructive (E AN; n = 20), or active destructive (E AD; n = 20) types of endometrosis. C group
included category I (n = 20) samples; type E IN included categories Ila (1 = 5), IIb (n = 11), and III
(n = 4) samples; type E ID included categories Ila (1 = 10), IIb (1 = 5), and III (n = 5) samples; type E AN
included categories Ila (n = 12), IIb (n = 5), and III (n = 3) samples; and type E AD included categories
Ia (n = 3), IIb (n = 9), and III (1 = 8) samples. Boxes represent lower quartile, median, and upper
quartile, whereas whiskers represent minimum and maximum values. The dashed line separates the
unaffected endometrium and types of affected endometrium. Lowercase letters indicate differences
between histopathological types of endometrosis for p < 0.05. Asterisks indicate differences between
phases of estrous cycle (* p < 0.05; ** p < 0.01; *** p < 0.0001).

2.4. The Nf-Kb Signaling Pathway and Ovarian Steroid Receptors in Endometrium Categories and
Endometrosis Types

In category I, a strong negative correlation in MLP was noted between the transcripts
of ESR2 and IL-6 (p = —0.72; p = 0.01). In category Ila, positive correlations were observed
between mRNA levels in both FLP and MLP. In FLP, a strong correlation between PGR and
RelA (p = 0.75; p = 0.002) and a moderate correlation between ESR2 and HAS2 (p = 0.63;
p = 0.01) were noted. In MLP, moderate correlations between ESR1 and IL-6 (p = 0.58;
p = 0.03) and between PGR and HAS?2 (p = 0.61; p = 0.02) were found. Moreover, a moderate
negative correlation in MLP was observed between the transcript levels of PGR and NK-xB2
(p=—0.52; p = 0.04) (Table 1).

In category IlIb, a moderate negative correlation in MLP was reported between tran-
scriptions of PGR and HAS3 (p = —0.64; p = 0.006). In category III, moderate negative
correlations were observed in FLP for transcriptions of ESR2 and HAS1 (p = —0.69; p = 0.03),
ESR2 and HAS3 (p = —0.67; p = 0.008), PGR and HAS1 (p = —0.46; p = 0.04), and PGR and
HAS3 (p = —0.64; p = 0.03). Moreover, a moderate negative correlation in MLP was noted
between transcriptions of PGR and HAS1 (p = —0.66; p = 0.04). Concerning categories
of equine endometrosis, the other values of Spearman’s correlation coefficient were not
statistically significant (p > 0.05) (Table 1).
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Table 1. Spearman’s correlation coefficient (p) between transcription levels of ovarian steroid recep-
tors (ESR1, ESR2, PGR) and transcription levels of selected proteins of the nuclear factor kB (NF-«kB)
signaling pathway (RelA, NK-xB1, NK-xB2, MCP-1, IL-6, HAS1, HAS2, HAS3) in equine endometrium
classified according to different categories (I, Ila, IIb, III). The value of p is reported for the follicular
(FLP) and mid-luteal (MLP) phases of the estrous cycle. In one cell in the table, both p values are
reported as p for FLP; p for MLP.

RelA NK-xB1 NK-xB2 MCP-1 IL-6 HAS1 HAS2 HAS3

Category I

ESR1 0.14;0.17 0.00; —0.12 0.01; —0.31 —0.15; 0.37 0.09; —0.21 0.00; —0.47 —0.05;0.13 —0.09; 0.24

ESR2 0.05; 0.17 —0.05; 0.49 —0.09; —0.14 —0.10; 0.46 0.40; —0.75 * 0.63; 0.43 -0.05;, -0.32  —0.40; —0.03

PGR —0.28; 0.04 0.10; 0.49 0.06; 0.39 —0.34, —0.19  —0.18;0.04 —0.09; 0.41 0.10; 0.02 0.18; —0.28
Category Ila

ESR1 0.36;0.18 —0.01;0.35 0.30; —0.28 -0.22;039  —0.22;0.58 * 0.20; 0.05 0.41; —0.06 0.11; 0.41

ESR2 0.37;0.12 0.12; —0.02 0.20; —0.19 —0.47;0.19 —0.47; 0.05 0.17;0.21 0.63 *; 0.09 0.38;0.39

PGR 0.75% -0.24 —0.04; —0.05 0.35; —0.52* —0.15; 0.41 —0.15; 0.28 0.20; 0.17 0.37;0.61 * 0.27;0.16
Category IIb

ESR1 0.48;0.27 —-0.09; —0.09  0.19; —0.16 —0.07,0.03  —0.30; 024  —0.30;0.03 0.03;0.29 —0.48;0.38

ESR2 0.28;0.22 —0.02; 0.43 0.11;0.32 —0.05;, —0.05  —0.22;0.01 —0.14; —0.02  —0.26; —0.02 —0.13; 0.02

PGR 030; —034 004011  014-003  000;—034  —020;025 —020;-017 —0.13;—003 16 —0-64
Category III

ESR1 —0.16; 0.00 —0.09; 0.48 —0.15; 0.43 0.07;0.16 0.02; 0.08 —0.16; 0.28 0.01; —0.10 —0.14; —0.07

_ *.
ESR2 —0.18; —0.39  —0.04; —0.09 0.15;0.10 —0.17;0.10 —0.01;046  —0.69*0.21 —0.44;0.15 j’ffé !
_ *.
PGR ~040;027  —014009  —034022 045 -032  031;-021 0467  _069;-005 —0.64%045

—0.66 *

ESRI—estrogen receptor « gene; ESR2—estrogen receptor 8 gene; PGR—progesterone receptor gene; RelA—the
nuclear factor kB subunit RelA; NK-xB1—the nuclear factor kB subunit 1; NK-kB2—the nuclear factor kB subunit
2; MCP-1—monocyte chemoattractant protein-1 gene; IL-6—interleukin-6; HASI—hyaluronan synthase 1 gene;
HAS2—hyaluronan synthase 2 gene; HAS3—hyaluronan synthase 3 gene. Bolded values of p and asterisk reflect
consistency between selected transcript levels for p < 0.05.

Regarding the histopathological types of equine endometrosis, in the inactive non-
destructive type of endometrosis, a strong positive correlation in FLP was noted between
transcriptions of PGR and NK-xB2 (p = 0.77; p = 0.01). Moreover, moderate negative correla-
tions were reported in MLP for transcriptions of ESR2 and RelA (p = —0.66; p = 0.02), ESR2
and MCP-1 (p = —0.65; p = 0.04), PGR and IL-6 (p = —0.66; p = 0.04), and PGR and HAS2
(p = —0.65; p = 0.007). In the inactive destructive type of endometrosis, positive correlations
were observed in FLP between transcripts of ESR1 and HAS1 (p = 0.76; p = 0.02) and ESR1
and HAS2 (p = 0.58; p = 0.04) as strong and moderate, respectively. Moreover, in MLP
strong, moderate, and weak positive correlations were noted between transcriptions of
ESR1 and IL-6 (p = 0.78; p = 0.004), ESR1 and RelA (p = 0.53; p = 0.008), ESR1 and NK-xB1
(p =0.40; p = 0.02), and ESR1 and MCP-1 (p = 0.39; p = 0.004), whereas strong and mod-
erate negative correlations were observed between the mRNA levels of ESR1 and HAS1
(p =—0.78; p = 0.004) and ESR1 and HAS? (p = —0.66; p = 0.02), respectively (Table 2).

In the active nondestructive type of endometrosis, in MLP, strong and moderate
negative correlations were reported between transcriptions of PGR and MCP-1 (p = —0.75;
p = 0.01) and between ESR2 and NK-xB1 (p = —0.69; p = 0.03), respectively. A strong positive
correlation was noted between transcriptions of PGR and HAS3 (p = 0.75; p = 0.02). In the
active destructive type of endometrosis, a strong positive correlation was observed in FLP
between transcripts of ESR1 and HAS2 (p = 0.72; p = 0.02). Moreover, in FLP, strong and
moderate negative correlations were reported between transcripts of PGR and NK-xB1
(p=—0.78;p =0.03), ESR2 and RelA (p = —0.77; p = 0.004), and ESR2 and NK-xB1 (p = —0.66;
p = 0.01), respectively. No other Spearman’s correlation coefficient values were statistically
significant (p > 0.05) (Table 2).
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Table 2. Spearman’s correlation coefficient (p) between transcription levels of ovarian steroid recep-
tors (ESR1, ESR2, PGR) and transcription levels of selected proteins of the nuclear factor kB (NF-«kB)
signaling pathway (RelA, NK-xB1, NK-xB2, MCP-1, IL-6, HAS1, HAS2, HAS3) in equine endometrium
classified according to different histopathological types of endometrosis (E IN, E ID, E AN, E AD).
The value of p is reported for the follicular (FLP) and mid-luteal (MLP) phases of the estrous cycle. In
one cell in the table, both p values are reported as p for FLP; p for MLP.

RelA NK-xB1 NK-xB2 MCP-1 1L-6 HAS1 HAS?2 HAS3
EIN
ESR1 012, -021  —0.06;0.36 058,018  —0.12;-0.12 007,022 0.11; 0.45 —050; —033  —0.34;0.56
ESR2 014, —0.66* —043;-0.62  0.60;-0.14  0.10; —0.65*  0.29;0.02 0.35;0.12 ~043;053 034 —0.05
PGR 0.09; 0.16 ~023;031  077%-011  —021;-0.15 004 —0.66*  0.09;0.05 037, —0.65*  0.00;035
EID

®. __ ®. __
ESR1 ~ —055053* —027,040* —018;—066 —018;039% —018;078+ 0767 078  0.58% =066 50 019
ESR2 0.51;0.19 0.38; 0.14 0.45; 0.66 0.45; —0.36 0.45;0.55 —0.34;0.55 —0.11; 0.66 0.11; 0.64
PGR ~051;000  —006;054  —013;003  —0.13;027  —0.13;032 0.27;0.32 ~0.13;003  0.13;-0.27
E AN
ESRT ~ —012;-030 031,000  —031;-034 039033 ~031;031  —039;-011  039;-012  —0.03; —0.33
ESR2 —021;0.17 027, —0.69* —027,-048  0.44;0.10 ~027,022  —0.44; —0.03 0.44; 0.50 0.03; —0.10
PGR 0.53; 0.06 018,047  —018—021 O30T _g48,005 0.37;0.20 —037,031  —045;0.75*
EAD
ESR1 023;-023  —041;036 019 -007  —021;003  —037;0.15  0.10;-0.16 0.72 % 0.06 0.19; 0.48
_ *.

ESR2  —0.77%0.02 féﬁfB ' —023;054 042 —0.09* 011,072  —031;-043 015 -006  —0.15 —0.10
PGR ~020;005 —078%015 036,010  —007,-001  —051;0.04 0.10; 0.00 —0.02; —0.06  0.28;0.42

ESRI—estrogen receptor « gene; ESR2—estrogen receptor 8 gene; PGR—progesterone receptor gene; RelA—the
nuclear factor kB subunit RelA; NK-xB1—the nuclear factor kB subunit 1; NK-kB2—the nuclear factor kB subunit
2; MCP-1—monocyte chemoattractant protein-1 gene; IL-6—interleukin-6; HASI—hyaluronan synthase 1 gene;
HAS2—hyaluronan synthase 2 gene; HAS3—hyaluronan synthase 3 gene. E IN—type inactive nondestructive of
endometrosis; E ID—type inactive destructive of endometrosis; E AN—type active nondestructive of endometrosis;
E AD—type active destructive of endometrosis. Bolded values of p and asterisk reflect consistency between
selected transcript levels for p < 0.05.

3. Discussion

In comparison to the healthy endometrium, the transcription levels of ESR1, ESR2,
and PGR decreased with the severity of endometrial fibrosis, although for ESR2 this
decrease started at category IlIb. The results regarding the endometrial ESR1 and PGR
mRNA contents agree with the findings of Hoffman et al. [13], who reported a decrease
in the protein expression of ovarian steroid receptors with the fibrosis and the study of
Lehmann et al. [14] which showed a reduction in staining intensity for ER-o and PR in
the stromal cells present in fibrosis areas around endometrial glands, regardless of the
endometrium category. Concerning the histopathological types of equine endometrosis,
the transcription levels of ESR1, ESR2, and PGR were lower in inactive and active types
of destructive endometrosis in comparison to the healthy endometrium. Moreover, the
transcription level of ESR1 decreased similarly in inactive and active types of nondestructive
endometrosis, which is in agreement with previous findings in the fibrotic stroma [13,14].
In contradiction to the current findings, in the active nondestructive type of endometrosis,
a predominant increase in the ER-a and PR expression was reported [13,14], even though
only in the glandular epithelia that were not differentiated from the fibrotic stromal cells in
the current study.

In addition to the previous knowledge of the putative influence of fibrosis on ER-«
expression [13], the current results suggest a relationship between the destructiveness of
fibrosis and both ER-« and ER-f3 gene transcription. Nevertheless, the precise kinetics
and chronological succession of pathological events involving the increase in collagen
deposition and impairment of ovarian steroid receptors in mare endometrosis remain
unknown. It is worth noting that these data are in line with another study [13], where the
most severe decrease in the expression of ER-« and PR was observed in the destructive
fibrosis. As Hoffman et al. [13] and Lehamn et al. [14] did not investigate ER-3 expres-
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sion, to the best of our knowledge this is the first report comparing the transcription
level of ESR2 between consecutive Kenney and Doig endometrial categories [15] and
Hoffman et al. [13] histological types of equine endometrosis. Although in previous stud-
ies [13,14] an immunohistochemical examination was performed, in the present research,
only the transcription analyses were considered. As the transcripts only partially explain
the protein concentrations present in the tissue [42], and different processes can regulate
mRNA and protein production and degradation [43], some differences between tissue and
molecular expressions may be ascribed to post-transcriptional regulation.

It is well known that functional endometrial morphology, concerning proliferation
and secretion, is consistent with the follicular and luteal phases of the estrous cycle [3,44].
Therefore, cell proliferation and apoptosis in the equine endometrium should be considered
in two phases, stromal proliferation during the follicular phase, and epithelial proliferation
during the luteal phase, both in healthy [23,45] and fibrotic endometria. However, the
expression of ovarian steroid receptors in consecutive categories and histopathological
types of equine endometrosis has not yet been compared between the phases of the estrous
cycle at transcript levels.

In the unaffected endometrium, the transcription of ESR1 was higher in FLP than in
MLP in contrast to transcription of PGR and ESR2, which was similar in both phases. Al-
though the transcription of ESR1 observed in this study is consistent with work conducted
by Silva et al. [21] and Hartt et al. [29], the PGR results are partially different. Likewise,
regarding the transcription of ESR1, some studies reported that PGR transcription was
higher in FLP than in MLP [29,46,47]. However, no differences in PGR mRNA levels be-
tween phases were found in the present study and others [21]. Moreover, our data on ESR2
transcription are convergent with Silva et al. report [21], which is one of the few studies
investigating the estrous cycle’s influence on ESR2 expression in equine endometrium.
Some discrepancies in the previous and current results may be explained by differences in
the methodology applied herein, and in the previous studies [21,29,46-48], of which Silva
and coworkers’ [21] methodology was the most similar to the one presented here.

In comparison to the unaffected endometrium, the transcription levels of ESR1, ESR2,
and PGR generally decreased with the severity of endometrial fibrosis in both phases of the
estrous cycle. The only two exceptions were for ESR2 in category Ila and PGR in category
IIb, both in the FLP, but not in the MLP, where their transcription levels did not differ from
category 1. Moreover, the differences in transcription of ESR1 between FLP and MLP, which
were referred to be detectable in healthy [21,29] and mildly affected endometria, became
undetectable in moderate and severe endometrosis. In contrast, the transcription of ESR2
in mare endometrium that was not affected by the phases of the estrous cycle [21] was
lower in FLP than in MLP in moderate and severe endometrosis. It might be suggested
that the transcription of endometrial steroid receptors is upregulated by estradiol and
downregulated by progesterone in equine healthy endometrium [23,24,29], which is prone
to dysregulation in the course of endometrosis.

After assigning endometrial samples to the FLP or MLP group, a decrease in the
transcription levels of ESR1 and PGR was shown in all histopathological types of equine
endometrosis, in comparison to healthy endometrium, in both phases of the estrous cycle.
Our results are in line with Hoffman et al. [13] and Lehamn et al. [14] immunohistochemistry
findings in stromal cells. The differences in the transcription of ESR1 between FLP and MLP
detectable in healthy endometrium were still present in both active types of endometrosis,
and the inactive nondestructive type, in contrast to inactive destructive endometrosis.
The absence of differences in the transcription of PGR in both healthy and qualitatively
affected endometrium may support the previous hypothesis that ER-dependent rather
than PR-dependent endometrial function deregulation may play a greater role in the
pathogenesis of endometrosis [13]. Interestingly, the transcription of ESR2 was lower in
FLP than in MLP in both destructive types of endometrosis, which was not seen in the
control group or any other histopathological types. One may note that the activation of ER-
oc and ER-88 has opposite effects on gene transcription [49]. Thus, ER-ff may downregulate
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ER functions, as ER-8 shows an inhibitory activity on ER-« transcriptional activity [50]
by forming heterodimers with ER-« [51,52]. Therefore, it can be suggested the estrogen
secreted during FLP interacts with both ER-« and ER-8, causing the classic ER-x-dependent
uterotrophic effects, and ER--dependent hindering of ER-« effects [26]. In both destructive
types of endometrosis, when ESR2 transcription is significantly low, the ER-fs-dependent
inhibitory activity might be reduced, and despite no increase in ESR1 transcription, the
final ER-a-dependent uterotrophic effects may be enhanced.

Based on previous [24] and current results, one may conclude that in both destructive
types of endometrosis, the ER-« abundance in the endometrial stroma is the highest in FLP.
With similar peripheral estrogen physiological concentrations, characteristic of the FLP,
mare endometrium with a higher ER-o abundance showed a stronger tissue effect, with
estrogen-dependent cellular proliferation, as reported in other species and tissues [27,53].
Such an activation may overinfluence stromal differentiation and induce stroma—-epithelium
interactions [24], the latter of which is disturbed in destructive endometrosis. In a healthy
endometrium, the effect of ovarian steroids on the glandular epithelia is mediated by
the surrounding stroma [14,54]. It is an intact basal lamina in the healthy endometrium
that ensures the complex paracrine interactions between the epithelia and the underly-
ing stroma [13,55], inhibiting the direct interaction between stromal cells, epithelial cells,
and the extracellular matrix (ECM). In destructive endometrosis, the damage of the basal
lamina [5,13,56] allows for the direct interactions between epithelial cell surface integrins
and the fibrotic ECM, and between stromal and epithelial cells [13]. Together with the
altered ER-« and PR expression in epithelial cells [13,14], and the lowered ESR2 tran-
scription, they may become crucial for both stromal and epithelial cell integrity causing
degeneration, endometrial glandular dilatation, and atypical differentiation of the affected
glands [13,14], especially since ESR2 transcription was similarly low in both moderate and
severe endometrosis. The current estrous cycle-dependent results support Hoffman and
collaborators’ [13] suggestion of advanced de-differentiation of the stromal cells within the
fibrotic foci. However, they also put forward a contradictory statement that fibrotic stromal
cells are unable to react to cyclic endocrine changes and become independent of hormonal
regulation. The present data suggest that in endometrosis, the histological features of
maldifferentiated stromal and glandular epithelia are asynchronous to the estrous cycle
phase, which supports previous research [13]. However, it suggests that the endometrium
becomes independent of estrous cycle regulation [13], whereas our study indicates that the
asynchrony of the endometrium may be still estrous cycle-dependent but might be caused
by a deregulation of ER functions related to the impairment of ER-« and ER-f activity.

In a previous study, Rebordao et al. [57] also suggested that the pathogenesis of equine
endometrosis might be somehow connected with the estrous cycle. This statement was
previously supported by our previous reports, where the transcription of NF-«kB pathway
genes regarding Kenney and Doig’s endometrial categories [31] and the histopathological
types of endometrosis [32] were investigated. The NF-«kB is known for stimulating ECM
deposition in various tissues [33,34,37,38,58] and mediating hyaluronan synthesis by fibrob-
lasts [59]. Therefore, the NF-kB-dependent activation of proinflammatory molecules may
play a role in gland deformation and damage and altered interactions between epithelial
cells and the fibrotic ECM [31,32]. As the histopathological type of endometrosis depicted
a larger modification of ECM, especially the increase in proteoglycans, fibronectin, and
laminin expression [13,15], we have suggested the active remodeling of ECM in FLP. With
the evolution of the concepts of equine endometrosis, it was shown that the ECM archi-
tecture and endometrial function are affected by the neutrophil extracellular traps (NETs),
pro-inflammatory cytokines, pro-fibrotic pathways, growth factors and epigenetics [12].

In our previous study, just in FLP equine endometrium, the transcriptions of RelA,
NF-xB1, IL-6, and HAS2 were higher in the active destructive type of endometrosis than
in the control group [31]. In the current study, we supported these findings with the
strong and moderate negative correlations reported just in E AD, for the transcription
between ESR2 and RelA or NF-xB1, respectively, as well as the strong correlation for the
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transcription between PGR and RelA, and between ESR1 and HAS2, negative and positive,
respectively. Moreover, in MLP an increase in RelA, NF-kB1, and MCP-1 transcription
was noted in E ID [32], which in the current study is supported by the weak to moderate
positive correlations with ESR1 transcription. Concerning Kenney and Doig’s categories of
endometrosis [15], in our previous study RelA, NF-kB1, NF-xkB2, HAS1, and HAS3 transcrip-
tions increased similarly with the degree of endometrial fibrosis, just in FLP [31], which
in the current study is supported by the correlation with ESR2 and PGR transcription but
only for HAST and HAS3. Although these results support the previous argument that
the endometrial fibrotic changes mediated by the canonical NF-«B pathway are estrous
cycle-dependent [31,32], the direction of these relationships and co-localization of corre-
sponding protein concentrations in the tissue require further research. However, it can be
suggested that the metabolic activity of fibroblasts in the equine endometrium affected
by endometrosis may also depend on deregulation by ovarian steroid hormones. Since
NF-«B inhibitors have been successfully studied in suppressing ECM deposition in various
tissues [60-62], further works are required to establish the clinical applicability of research
data on possible specific treatment of equine endometrosis.

4. Materials and Methods
4.1. Biological Material Collection

In the current study, the biological material consisted of equine internal genitalia and
blood collected from 100 Polish warmblood mares (aged from 3 to 25 years) at a commercial
abattoir in Poland. Biological sample collection was performed post-mortem, which does
not fall under the legislation for the protection of animals used for scientific purposes,
national decree-law (Dz. U. 2015 poz. 266) and EU law (2010-63-EU directive). Thus, no
Ethical Committee’s permission was needed for sample retrieval after slaughter (decision
of II Local Committee for Ethics in Animal Research WULS in Warsaw from 27 October
2021). Samples were obtained in the reproductive season from April to September.

Endometrial samples with a minimal size of 10 x 5 x 5 mm were collected from
the junction between the uterine body and one uterine horn. Samples were collected
immediately after evisceration. All samples were immersed in appropriate solutions, as
follows: ovaries in cold 0.9% NaCl (Polfa S.A., Lublin, Poland); one endometrial sample into
RNase-free Eppendorf tubes (Eppendorf AG, Hamburg, Germany) and immediately snap-
frozen in liquid nitrogen, and another endometrial sample into 10% neutral phosphate-
buffered formalin (Sigma-Aldrich, Poznan, Poland). Then, samples were transported
to the laboratory under specific conditions: ovaries at +4 °C, endometrial samples for
gene transcription analyses in liquid nitrogen, and endometrial samples for histological
examination at room temperature. In the laboratory, ovaries were sectioned and the
presence and diameter of follicles and/or corpus luteum were noted. Endometrial samples
for gene transcription analyses were stored at —80 °C, whereas endometrial samples for
histological examination were fixed in formalin for 24 h, moved to 70% ethanol (Sigma-
Aldrich, Poznan, Poland) for one week at room temperature, and then embedded in paraffin
(Sigma-Aldrich, Poznan, Poland) for standard histological staining procedures.

Blood samples were collected into dry tubes (BD Vacutainer®, Plymouth, UK), trans-
ported to the laboratory at +4 °C, and centrifuged (2000 x g, 5 min). The serum, free from
any apparent hemolysis, was aspirated and stored at —20 °C.

4.2. Phases of Estrous Cycle Determination

The phases of the estrous cycle were determined based on the concentration of ovarian
steroid hormones, 17 3-estradiol (E;) and progesterone (Py4), as well as on the macroscopic
examination of mares’ ovaries, according to da Costa et al. protocol [45]. The concentra-
tions of E; and P4 were determined by commercial radioimmunoassay with a sensitivity
1.36 pg/mL (curve range 2.52 pg/mL to 22.8 pg/mL) for E; (Estrus-Us-Ct, Cis Bioassays,
Codolet, France) with intra-assay coefficient of variation <6.9% and inter-assay coefficient
of variation <9.1%; and 0.05 ng/mL (curve range 0.12 ng/mL to 18.38 ng/mL) for P, with
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intra-assay coefficient of variation <5.6% and inter-assay coefficient of variation <8.8% (KIP
1458; DIAsource ImmunoAssays SA, Ottignies-Louvain-la-Neuve, Belgium). Mares were
assigned to the mid-luteal phase group (MLP; n = 50) when serum concentrations of E;
and P4 were <4 pg/mL and >1 ng/mL, respectively; and on both ovaries, none of the
follicles >35 mm in diameter and at least one corpus luteum was demonstrated. Mares
were included into the follicular phase group (FLP; n = 50) when serum concentrations of
E; and P4 were >4 pg/mL and <1 ng/mL, respectively; and there was at least one follicle
>35 mm in diameter in any of the ovaries and no corpus luteum.

4.3. Histopathological Examination of Mares” Endometria

Formaldehyde was flushed from samples with 70% ethyl alcohol. Samples were
paraffined with standard protocols and cut into 6 um sections with rotation microtome
Leica RM2255 (Kawa-Ska, Zalesie Gorne, Polska) and mounted on glass slides. Slides were
deparaffinized and rehydrated in a series of immersions in xylene and decreasing concen-
trations of ethanol (Sigma-Aldrich, Poznan, Poland). Then, samples were stained using
standard hematoxylin-eosin (HE) protocol (hematoxylin, 3801520E, Leica, Buffalo Grove,
IL, USA; eosin, HT1103128; SigmaAldrich, Poznan, Poland) and mounted under Canadian
balsam resin for histological evaluation (Sigma-Aldrich, Poznan, Poland). The HE-stained
slides were evaluated under a light microscope (Olympus BX43, Warsaw, Poland, mag-
nification 40x-1000x ). The presence of inflammation and the appearance or severity of
pathological degenerative changes were microscopically assessed. For RNA isolation, only
samples that did not appear actively inflamed in the macroscopic examination and did not
reveal any inflammatory cell infiltration in the histopathological examination were selected.

Equine endometrosis was recognized when the microscopic hallmark, the concen-
tric arrangement of stromal cells and/or collagen fibers around affected glands, was
observed [3,63]. The same endometrial samples (1 = 100) were independently classified
twice, (i) as belonging to category I, IIa, Ilb, or III of Kenney and Doig [15] according to the
degree of fibrosis [15], and (ii) as belonging to histopathological type E IN,E ID,E AN, or E
AD of Hoffmann and collaborators [13] according to specific pathological features [13].

The mares with healthy endometrial tissue were included in the category I (category
I; n = 20) of (i) Kenney and Doig’s classification and in the control group (C; n = 20)
of (ii) Hoffmann and collaborators’ classification. Whenever endometrosis was present,
samples were further graded regarding (i) Kenney and Doig’s categories and (ii) Hoffmann
and collaborators” histopathological types. Thus, the remaining 80 endometrial samples
were categorized twice. Firstly, endometrial samples (n = 80) were assigned to remaining
the three Kenney and Doig’s categories, as follows: (i) mild endometrosis (category Ila;
n = 30), (ii) moderate endometrosis (category IIb; n = 30), and (iii) severe endometrosis
(category III; n = 20). Secondly, endometrial samples (n = 80) were assigned to each of
the four Hoffmann and collaborators” histopathological types, as follows: (i) inactive-
nondestructive endometrosis (E IN; n = 20), (ii) inactive-destructive endometrosis (E ID;
n = 20), (iii) active-nondestructive endometrosis (E AN; n = 20), and (iv) active-destructive
endometrosis (E AD; n = 20).

A detailed distribution of samples between the two classification systems is presented
in Table 3.

Concerning Kenney and Doig’s classification, category Ila included types E IN (n = 5),
EID (n =10), E AN (n = 12), and E AD (n = 3) samples; category IIb included types E IN
(n=11), EID (n =5), E AN (n =5), and E AD (n = 9) samples; and category Il included
types EIN (n=4), EID (n =5), E AN (n =3), and E AD (n = 8) samples.

Concerning Hoffmann and collaborators’ classification, type E IN included categories
lla (n = 5), IIb (n = 11), and III (n = 4) samples; type E ID included categories Ila (1 = 10),
IIb (n = 5), and III (n = 5) samples; type E AN categories included Ila (n = 12), IIb (n = 5),
and III (n = 3) samples; and type E AD included categories Ila (n = 3), IIb (n = 9), and III
(n = 8) samples.
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Table 3. The distribution of samples between the two classification systems of (i) Kenney and Doig
and (ii) Hoffmann and collaborators.

C/1 IIa IIb 111 Totals
EIN 5 11 4 20
EID 10 5 5 20
E AN 12 5 3 20
E AD 3 9 8 20
Totals 20 30 30 20 100/80

Kenney and Doig’s classification: I—category I; Ila—category Ila; IIb—category IIb; Ill—category III; Hoffmann
and collaborators’s classification: C—control group; E IN—type inactive nondestructive of endometrosis; E
ID—type inactive destructive of endometrosis; E AN—type active nondestructive of endometrosis; E AD—type
active destructive of endometrosis.

In all groups representing the categories and histopathological types of equine en-
dometrosis, half of the samples were collected from mares in FLP (category I/C, n = 10;
category Ila, n = 15; category Ilb, n = 15; category IlI, n = 10; EIN, n = 10; EID, n = 10; E
AN, n =10; E AD, n = 10) and the other half in MLP (category 1/C, n = 10; category Ila,
n = 15; category Ilb, n = 15; category III, n = 10; EIN, n = 10; EID, n = 10; E AN, n = 10;
E AD, n = 10). In the same endometria, the transcription of selected genes involved in
the NF-«B signaling pathway (RelA; NK-xB1; NK-xB2; MCP-1; IL-6; HAS1; HAS2; HAS3)
was investigated. However, these whole results have been previously reported for both,
categories [31] and histological types of equine endometrosis [32]. The raw data of the
transcription of genes investigated in the present study were used in a previous one to
find the putative relationship between transcription of ovarian steroid receptor genes and
the NF-kB-dependent signaling pathway in the mare’s endometrium affected by equine
endometriosis.

4.4. Gene Transcription Evaluation in Mares” Endometria

Endometrial samples stored at —80 °C were mechanically disrupted in a liquid ni-
trogen environment. Then, 50 mg of each sample were homogenized in Lysing Matrix D
tubes (MP Biomedicals, Irvine, CA, USA), and total RNA was extracted using High Pure
RNA Tissue Kit (Roche, Rotkreuz, Switzerland) using a standard protocol. Afterward, a
DNase treatment was performed. The RNA concentration was determined using DS-11
FX spectrophotometer (DeNovix, Wilmington, DE, USA) with absorbance ratios A260/280
and A260/230 of approximately 2.0. Further analysis was allowed only for these samples
that have RNA content above 100 ng. None of the samples was excluded due to insulfficient
RNA content.

Real-time PCR (qPCR) amplification was performed using a TagMan™ RNAto-CT™
1-Step Kit (No 4392938, ThermoFisher, Swedesboro, NJ, USA) and a Quant-Studio™ 6 Flex
Real-Time PCR System (Applied Biosystems, Wilmington, DE, USA). The commercially
available equine-specific TagMan Gene Expression Assays (No 4448892 and 4441114, Ther-
moFisher, Swedesboro, NJ, USA) were used. Primers specific for the selected transcripts
ESR1, ESR2, and PGR, were designed using Primer-BLAST (NCBI; Table 4). Two refer-
ence genes, GAPDH (Ec03210916_gH) and HPRT1 (Ec03470217_m1), were also evaluated.
Real-time PCR reaction had a 10 mL volume and included 15 ng of total RNA, 5 mL of
TagMan® RTPCR Mix (2x), 0.25 mL of TagMan® RT Enzyme Mix (40x), 0.5 mL of TagMan
probe, and both PCR primers (ThermoFisher, Swedesboro, NJ, USA) for each gene of
interest. The PCR protocol included four steps, as follows: reverse transcription (15 min at
48 °C), enzyme activation (10 min at 95 °C), 40 cycles of denaturation (15 s at 95 °C), and
annealing/extension (1 min at 60 °C). Each sample was run in duplicate [31,32].
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Table 4. Forward and reverse primer sequences used for estrogen receptor o (ESR1) and estrogen
receptor 8 (ESR2), and progesterone receptor (PGR).

Gene Primer Sequence
Forward: 5'-TCCATGGAGCACCCAGGAAAGC-3

ESR1 Reverse: 3'-CGGAGCCGAGATGACGTAGCC-5

ESR? Forward: 5-TCCTGAATGCTGTGACCGAC-3'
Reverse: 3'-GTGCCTGACGTGAGAAAGGA-5

PGR Forward: 5-CTTCCCCGACTGCGCGTACC-3’

Reverse: 3'-TTGTGTGGCTGGAAGTCGCCG-5'

In each endometrial sample, transcription of the three studied genes (ESR1, ESR2, and
PGR) and two independent endogenous reference genes (GAPDH and HPRT1) was assessed
by gPCR. Each endometrial sample was triply categorized using estrous cycle criterion
and two endometrosis criteria (the Kenney and Doig’s classification and histopathological
types of equine endometrosis defined by Hoffman and collaborators). Raw data of genes
transcription were normalized using the geometric mean of mRNA detected from two
reference genes. The semi-quantitation of the target gene expression was performed in a
comparative CT method (AACT method), where the target gene expression in the samples
of category I/group C was considered as ACt Control Value [31,32].

4.5. Statistical Analysis

Statistical analysis was performed using GraphPad Prismé6 software (GraphPad Soft-
ware Inc., San Diego, CA, USA). Data analysis was performed in the following three
steps: (i) testing the differences between categories and histopathological types without
considering the phase of the estrous cycle; (ii) testing the differences between categories,
histopathological types, and phases considering the phase of the estrous cycle; (iii) cal-
culating the correlation coefficient between transcription of genes of the ovarian steroid
receptors and the NF-kB-dependent signaling pathway.

Data from 100 endometrial samples were presented as separate data series of Ex-
pression Fold Change (2724 of the qPCR ESR1, ESR2, and PGR data for each studied
category and histopathological type of equine endometrosis. Data series were tested inde-
pendently for univariate distributions using a Shapiro-Wilk normality test. As at least one
data series showed a non-Gaussian distribution, the comparisons between data series were
assessed using the Kruskal-Wallis test followed by the Dunn’s multiple comparisons test,
independently from the studied categories and histopathological types. The significance
level was established as p < 0.05.

Then, each studied category and histopathological type was divided into FLP and
MLP data series, and a Shapiro-Wilk normality test was performed for each new data
series. As at least one data series showed a non-Gaussian distribution, the comparisons
between data series were assessed using the Kruskal-Wallis test followed by the Dunn’s
multiple comparisons test, independently from the studied categories in FLP and MLP, as
well as histopathological types in FLP and MLP. The comparisons between the phases of the
estrous cycle were performed by Unpaired t-test with Welch'’s correction for Gaussian data
pairs or Mann-Whitney test for non-Gaussian data pairs. For both tests, the significance
level was established as p < 0.05.

Spearman’s rank correlation coefficient (p) was calculated for all pairs of (iii) data
series represented ESR1, ESR2, and PGR as well RelA, NK-xB1, NK-xB2, MCP-1, IL-6, HAS1,
HAS2, and HAS3, for FLP and MLP separately. The value of p reflected the consistency
when the P was considered significant (p < 0.05).

Numerical data in box plots are represented by minimum and maximum values, lower
and upper quartiles as well as medians. Numerical data in tables are reported as p; p in each
cell for FLP; MLP, together. All statistical analyses were performed using the GraphPad
Prism6 software (GraphPad Software Inc., San Diego, CA, USA).
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5. Conclusions

In comparison to the unaffected endometrium, the transcription of ESR1, ESR2, and
PGR decreased with the severity of endometrial fibrosis as well as in inactive and active
types of destructive endometrosis. In addition, when the effect of the phases of the estrous
cycle was considered, differences in the transcription of ESR1, ESR2, and PGR between
phases were observed in the specific categories and histopathological type of equine en-
dometrosis. The transcription of endometrial steroid receptors is subject to dysregulation
with the severity of equine endometrosis, especially in both destructive types of endomet-
rosis. Moreover, the ER-dependent rather than PR-dependent deregulation seems to play
a greater role in the pathogenesis of endometrosis. Therefore, the role of the so far not
assessed ESR2 should be investigated. It is worth noting that both in FLP and MLP specific
moderate and strong correlations between ESR1, ESR2, PGR and RelA, NK-xB1, NK-xB2,
MCP-1, IL-6, HAS1, HAS2, and HAS3 were evidenced, especially in both types of destruc-
tive endometrosis. Thus, the previous thesis that the endometrial fibrotic changes mediated
by the canonical NF-kB pathway are estrous cycle-dependent was upheld. However, the
specific relationship and co-localization of corresponding proteins in the endometrial tissue
require further research.
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