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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-κB (NF-κB), a cell metabolism regulator, and its activation pathways take
part in it. The transcription of the profibrotic pathway genes of the NF-κB 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-κB-pathway, and fibrosis. Endometrial samples (n = 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-κB 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-κB pathway depending on the estrous cycle phase.

Keywords: NF-κB; 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
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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 (IIa), 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-α and
ER-ß), 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-α, 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-ß inhibits the uterotrophic effects of ER-α 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-α, but not ER-ß, was evidenced compared to
diestrus [21,29]. However, the expression of PR differed similarly to ER-α [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,
α-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-κB) pathway (RelA,
RelB, NF-κB1, and NF-κB2) [31,32] have previously been evidenced in the endometrotic
endometria. The NF-κB activation takes place through canonical and noncanonical signal-
ing pathways, which engage RelA/NF-κB1 and RelB/NF-κB2 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-κB subunits and the NF-κB-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-κB 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-κB1, NK-κB2, MCP-1, IL-6, HAS1, HAS2, and HAS3) involved in
the NF-κB 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 IIa, 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 IIa, 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 IIa 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 α (ESR1), (B) estrogen receptor ß (ESR2), and
(C) progesterone receptor (PGR) in the mares’ endometria. The endometrial samples were classified
as Kenney and Doig categories I (n = 20), IIa (n = 30), IIb (n = 30), or III (n = 20). Category I included
C group (n = 20) samples; category IIa included types E IN (n = 5), E ID (n = 10), E AN (n = 12),
and E AD (n = 3) samples; category IIb included types E IN (n = 11), E ID (n = 5), E AN (n = 5), and
E AD (n = 9) samples; and category III included types E IN (n = 4), E ID (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.

Figure 2. Transcription levels of (A) estrogen receptor α (ESR1), (B) estrogen receptor ß (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 IIa (n = 5), IIb (n = 11), and
III (n = 4) samples; type E ID included categories IIa (n = 10), IIb (n = 5), and III (n = 5) samples; type
E AN included categories IIa (n = 12), IIb (n = 5), and III (n = 3) samples; and type E AD included
categories IIa (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 IIa (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 IIa, 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 α (ESR1), (B) estrogen receptor ß (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), IIa (n = 30), IIb (n = 30), or III (n = 20). Category I included C group (n = 20)
samples; category IIa included types E IN (n = 5), E ID (n = 10), E AN (n = 12), and E AD (n = 3)
samples; category IIb included types E IN (n = 11), E ID (n = 5), E AN (n = 5), and E AD (n = 9)
samples; and category III included types E IN (n = 4), E ID (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 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 IIa (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 IIa than in categories IIb and III
(p < 0.0001), whereas in MLP the transcription of ESR2 was higher in category I than in
categories IIa, IIb, and III (p = 0.004). No differences were found between categories I and
IIa, as well as IIb and III in FLP, and neither between categories IIa, 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 IIa and III
(p = 0.0007). Nevertheless, in MLP the transcription of PGR was higher in category I than
in categories IIa, IIb, and III (p = 0.002). No differences were found between categories I
and IIb, but also IIa, IIb, and III in FLP, and likewise between categories IIa, IIb, and III in
MLP (Figure 3C).

2.3. Phases of the Estrous Cycle and Ovarian 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 ESR2 (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 ESR1 was higher in the control group than in types E
IN, E ID, 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 = 0.41) and in E IN (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).

Figure 4. Transcription levels of (A) estrogen receptor α (ESR1), (B) estrogen receptor ß (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 IIa (n = 5), IIb (n = 11), and III
(n = 4) samples; type E ID included categories IIa (n = 10), IIb (n = 5), and III (n = 5) samples; type E AN
included categories IIa (n = 12), IIb (n = 5), and III (n = 3) samples; and type E AD included categories
IIa (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. 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 (ρ = −0.72; p = 0.01). In category IIa, positive correlations were observed
between mRNA levels in both FLP and MLP. In FLP, a strong correlation between PGR and
RelA (ρ = 0.75; p = 0.002) and a moderate correlation between ESR2 and HAS2 (ρ = 0.63;
p = 0.01) were noted. In MLP, moderate correlations between ESR1 and IL-6 (ρ = 0.58;
p = 0.03) and between PGR and HAS2 (ρ = 0.61; p = 0.02) were found. Moreover, a moderate
negative correlation in MLP was observed between the transcript levels of PGR and NK-κB2
(ρ = −0.52; p = 0.04) (Table 1).

In category IIb, a moderate negative correlation in MLP was reported between tran-
scriptions of PGR and HAS3 (ρ = −0.64; p = 0.006). In category III, moderate negative
correlations were observed in FLP for transcriptions of ESR2 and HAS1 (ρ =−0.69; p = 0.03),
ESR2 and HAS3 (ρ = −0.67; p = 0.008), PGR and HAS1 (ρ = −0.46; p = 0.04), and PGR and
HAS3 (ρ = −0.64; p = 0.03). Moreover, a moderate negative correlation in MLP was noted
between transcriptions of PGR and HAS1 (ρ = −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 (ρ) between transcription levels of ovarian steroid recep-
tors (ESR1, ESR2, PGR) and transcription levels of selected proteins of the nuclear factor κB (NF-κB)
signaling pathway (RelA, NK-κB1, NK-κB2, MCP-1, IL-6, HAS1, HAS2, HAS3) in equine endometrium
classified according to different categories (I, IIa, IIb, III). The value of ρ is reported for the follicular
(FLP) and mid-luteal (MLP) phases of the estrous cycle. In one cell in the table, both ρ values are
reported as ρ for FLP; ρ for MLP.

RelA NK-κB1 NK-κB2 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 IIa
ESR1 0.36; 0.18 −0.01; 0.35 0.30; −0.28 −0.22; 0.39 −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; −0.24 −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 0.30; −0.34 0.04; −0.11 0.14; −0.03 0.00; −0.34 −0.20; 0.25 −0.20; −0.17 −0.13; −0.03 −0.16; −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; 0.46 −0.69 *; 0.21 −0.44; 0.15 −0.67 *;
−0.16

PGR −0.40; 0.27 −0.14; 0.09 −0.34; 0.22 −0.45; −0.32 0.31; −0.21 −0.46 *;
−0.66 * −0.69; −0.05 −0.64 *; 0.45

ESR1—estrogen receptor α gene; ESR2—estrogen receptor ß gene; PGR—progesterone receptor gene; RelA—the
nuclear factor κB subunit RelA; NK-κB1—the nuclear factor κB subunit 1; NK-κB2—the nuclear factor κB subunit
2; MCP-1—monocyte chemoattractant protein-1 gene; IL-6—interleukin-6; HAS1—hyaluronan synthase 1 gene;
HAS2—hyaluronan synthase 2 gene; HAS3—hyaluronan synthase 3 gene. Bolded values of ρ 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-κB2 (ρ = 0.77; p = 0.01). Moreover, moderate negative correla-
tions were reported in MLP for transcriptions of ESR2 and RelA (ρ = −0.66; p = 0.02), ESR2
and MCP-1 (ρ = −0.65; p = 0.04), PGR and IL-6 (ρ = −0.66; p = 0.04), and PGR and HAS2
(ρ = −0.65; p = 0.007). In the inactive destructive type of endometrosis, positive correlations
were observed in FLP between transcripts of ESR1 and HAS1 (ρ = 0.76; p = 0.02) and ESR1
and HAS2 (ρ = 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 (ρ = 0.78; p = 0.004), ESR1 and RelA (ρ = 0.53; p = 0.008), ESR1 and NK-κB1
(ρ = 0.40; p = 0.02), and ESR1 and MCP-1 (ρ = 0.39; p = 0.004), whereas strong and mod-
erate negative correlations were observed between the mRNA levels of ESR1 and HAS1
(ρ = −0.78; p = 0.004) and ESR1 and HAS2 (ρ = −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 (ρ = −0.75;
p = 0.01) and between ESR2 and NK-κB1 (ρ =−0.69; p = 0.03), respectively. A strong positive
correlation was noted between transcriptions of PGR and HAS3 (ρ = 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 (ρ = 0.72; p = 0.02). Moreover, in FLP, strong and
moderate negative correlations were reported between transcripts of PGR and NK-κB1
(ρ = −0.78; p = 0.03), ESR2 and RelA (ρ =−0.77; p = 0.004), and ESR2 and NK-κB1 (ρ = −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 (ρ) between transcription levels of ovarian steroid recep-
tors (ESR1, ESR2, PGR) and transcription levels of selected proteins of the nuclear factor κB (NF-κB)
signaling pathway (RelA, NK-κB1, NK-κB2, 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 ρ is reported for the follicular (FLP) and mid-luteal (MLP) phases of the estrous cycle. In
one cell in the table, both ρ values are reported as ρ for FLP; ρ for MLP.

RelA NK-κB1 NK-κB2 MCP-1 IL-6 HAS1 HAS2 HAS3

E IN
ESR1 0.12; −0.21 −0.06; 0.36 0.58; 0.18 −0.12; −0.12 0.07; 0.22 0.11; 0.45 −0.50; −0.33 −0.34; 0.56
ESR2 0.14; −0.66 * −0.43; −0.62 0.60; −0.14 0.10; −0.65 * 0.29; 0.02 0.35; 0.12 −0.43; 0.53 0.34; −0.05
PGR 0.09; 0.16 −0.23; 0.31 0.77 *; −0.11 −0.21; −0.15 0.04; −0.66 * 0.09; 0.05 0.37; −0.65 * 0.00; 0.35
E ID

ESR1 −0.55; 0.53 * −0.27; 0.40 * −0.18; −0.66 −0.18; 0.39 * −0.18; 0.78 * 0.76 *; −0.78
*

0.58 *; −0.66
* 0.58; −0.12

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 −0.51; 0.00 −0.06; 0.54 −0.13; 0.03 −0.13; 0.27 −0.13; 0.32 0.27; 0.32 −0.13; 0.03 0.13; −0.27
E AN
ESR1 −0.12; −0.30 0.31; 0.00 −0.31; −0.34 0.39; 0.33 −0.31; 0.31 −0.39; −0.11 0.39; −0.12 −0.03; −0.33
ESR2 −0.21; 0.17 0.27; −0.69 * −0.27; −0.48 0.44; 0.10 −0.27; 0.22 −0.44; −0.03 0.44; 0.50 0.03; −0.10

PGR 0.53; 0.06 0.18; 0.47 −0.18; −0.21 −0.37; −0.75
* −0.18; 0.25 0.37; 0.20 −0.37; 0.31 −0.45; 0.75 *

E AD
ESR1 0.23; −0.23 −0.41; 0.36 0.19; −0.07 −0.21; 0.03 −0.37; 0.15 0.10; −0.16 0.72 *; 0.06 0.19; 0.48

ESR2 −0.77 *; 0.02 −0.66 *;
−0.13 −0.23; 0.54 0.42; −0.09 * −0.11; 0.72 −0.31; −0.43 0.15; −0.06 −0.15; −0.10

PGR −0.20; 0.05 −0.78 *; 0.15 0.36; 0.10 −0.07; −0.01 −0.51; 0.04 0.10; 0.00 −0.02; −0.06 0.28; 0.42

ESR1—estrogen receptor α gene; ESR2—estrogen receptor ß gene; PGR—progesterone receptor gene; RelA—the
nuclear factor κB subunit RelA; NK-κB1—the nuclear factor κB subunit 1; NK-κB2—the nuclear factor κB subunit
2; MCP-1—monocyte chemoattractant protein-1 gene; IL-6—interleukin-6; HAS1—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 ρ 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 IIb. 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-α 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-α 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-α
expression [13], the current results suggest a relationship between the destructiveness of
fibrosis and both ER-α and ER-ß 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-α and PR was observed in the destructive
fibrosis. As Hoffman et al. [13] and Lehamn et al. [14] did not investigate ER-ß 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 IIa and PGR in category
IIb, both in the FLP, but not in the MLP, where their transcription levels did not differ from
category I. 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-
α and ER-ß has opposite effects on gene transcription [49]. Thus, ER-ß may downregulate
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ER functions, as ER-ß shows an inhibitory activity on ER-α transcriptional activity [50]
by forming heterodimers with ER-α [51,52]. Therefore, it can be suggested the estrogen
secreted during FLP interacts with both ER-α and ER-ß, causing the classic ER-α-dependent
uterotrophic effects, and ER-ß-dependent hindering of ER-α effects [26]. In both destructive
types of endometrosis, when ESR2 transcription is significantly low, the ER-ß-dependent
inhibitory activity might be reduced, and despite no increase in ESR1 transcription, the
final ER-α-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-α 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-α 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-α 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-α and ER-ß activity.

In a previous study, Rebordão 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-κB pathway
genes regarding Kenney and Doig’s endometrial categories [31] and the histopathological
types of endometrosis [32] were investigated. The NF-κB 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-κB-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-κB1, 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-κB1, 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-κB1, 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-κB1, NF-κB2, 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 HAS1 and HAS3. Although these results support the previous argument that
the endometrial fibrotic changes mediated by the canonical NF-κB 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-κB 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 × 5 × 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× 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 ß-estradiol (E2) and progesterone (P4), as well as on the macroscopic
examination of mares’ ovaries, according to da Costa et al. protocol [45]. The concentra-
tions of E2 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 E2 (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 P4 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 E2
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
E2 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 µm 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 40×–1000×). 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 (n = 100) were independently classified
twice, (i) as belonging to category I, IIa, IIb, 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 IIa;
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 IIa included types E IN (n = 5),
E ID (n = 10), E AN (n = 12), and E AD (n = 3) samples; category IIb included types E IN
(n = 11), E ID (n = 5), E AN (n = 5), and E AD (n = 9) samples; and category III included
types E IN (n = 4), E ID (n = 5), E AN (n = 3), and E AD (n = 8) samples.

Concerning Hoffmann and collaborators’ classification, type E IN included categories
IIa (n = 5), IIb (n = 11), and III (n = 4) samples; type E ID included categories IIa (n = 10),
IIb (n = 5), and III (n = 5) samples; type E AN categories included IIa (n = 12), IIb (n = 5),
and III (n = 3) samples; and type E AD included categories IIa (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/I IIa IIb III Totals

E IN 5 11 4 20
E ID 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; IIa—category IIa; IIb—category IIb; III—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 IIa, n = 15; category IIb, n = 15; category III, n = 10; E IN, n = 10; E ID, n = 10; E
AN, n = 10; E AD, n = 10) and the other half in MLP (category I/C, n = 10; category IIa,
n = 15; category IIb, n = 15; category III, n = 10; E IN, n = 10; E ID, n = 10; E AN, n = 10;
E AD, n = 10). In the same endometria, the transcription of selected genes involved in
the NF-κB signaling pathway (RelA; NK-κB1; NK-κB2; 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-κB-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 insufficient
RNA content.

Real-time PCR (qPCR) amplification was performed using a TaqMan™ 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 TaqMan 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
TaqMan® RTPCR Mix (2×), 0.25 mL of TaqMan® RT Enzyme Mix (40×), 0.5 mL of TaqMan
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 α (ESR1) and estrogen
receptor ß (ESR2), and progesterone receptor (PGR).

Gene Primer Sequence

ESR1 Forward: 5′-TCCATGGAGCACCCAGGAAAGC-3′

Reverse: 3′-CGGAGCCGAGATGACGTAGCC-5′

ESR2 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 qPCR. 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 (∆∆CT method), where the target gene expression in the samples
of category I/group C was considered as ∆Ct Control Value [31,32].

4.5. Statistical Analysis

Statistical analysis was performed using GraphPad Prism6 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-κB-dependent signaling pathway.

Data from 100 endometrial samples were presented as separate data series of Ex-
pression Fold Change (2−∆∆Ct) 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 (ρ) was calculated for all pairs of (iii) data
series represented ESR1, ESR2, and PGR as well RelA, NK-κB1, NK-κB2, MCP-1, IL-6, HAS1,
HAS2, and HAS3, for FLP and MLP separately. The value of ρ 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 ρ; ρ 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-κB1, NK-κB2,
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-κB 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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