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Simple Summary: In the mare, endometrosis is a disease characterized by excessive collagen fibers
deposition in the endometrium (uterus inner layer), which is responsible for infertility. The gold
standard method for endometrosis evaluation has been endometrial biopsy histopathological classifi-
cation. The use of blood biomarkers for endometrosis identification would be less invasive, and could
provide additional information regarding endometrosis diagnosis and fertility prognosis. Therefore,
this study aimed to identify possible blood biomarkers for endometrosis diagnosis and fertility
assessment on mares. Reproductive examination, endometrial biopsy histopathological classification,
and blood collection were performed. Endometrium and serum collagen type I (COL1) and type III
(COL3), and hydroxyproline concentrations were determined. In conclusion, serum COL3 concentra-
tion might be considered as a potential aid for the diagnosis of endometrosis and fertility prognosis
in the mare. In contrast, COL1 and hydroxyproline did not prove to be effective as biomarkers of
endometrial fibrosis in this species. Although it is very unlikely that a single blood biomarker could
replace a histopathological evaluation, serum COL3 may have clinical applications. Thus, it may
be useful to evaluate a group of mares as possible recipients in embryo transfer programs, where
performing endometrial biopsies of several mares is not feasible.

Abstract: Collagen pathological deposition in equine endometrium (endometrosis) is responsible
for infertility. Kenney and Doig’s endometrial biopsy histopathological classification is the gold
standard method for endometrosis evaluation, whereby blood biomarkers identification would be
less invasive and could provide additional information regarding endometrosis diagnosis and fertility
prognosis. This study aimed to identify blood biomarkers for endometrosis diagnosis (42 mares were
used in experiment 1), and fertility assessment (50 mares were used in experiment 2). Reproductive
examination, endometrial biopsy histopathological classification (Kenney and Doig) and blood
collection were performed. Endometrium and serum collagen type I (COL1) and type III (COL3), and
hydroxyproline concentrations were measured (ELISA). Serum COL3 cut-off value of 60.9 ng/mL
allowed healthy endometria (category I) differentiation from endometria with degenerative/fibrotic
lesions (categories IIA, IIB or III) with 100% specificity and 75.9% sensitivity. This cut-off value
enabled category I + IIA differentiation from IIB + III (76% specificity, 81% sensitivity), and category
III differentiation from others (65% specificity, 92.3% sensitivity). COL1 and hydroxyproline were not
valid as blood biomarkers. Serum COL3 cut-off value of 146 ng/mL differentiated fertile from infertile
mares (82.4% specificity, 55.6% sensitivity), and was not correlated with mares’ age. Only COL3 may
prove useful as a diagnostic aid in mares with endometrial fibrosis and as a fertility indicator.
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1. Introduction

Endometrosis, a term first introduced by Kenney in 1992 [1], is one of the causes of
infertility in mares. Endometrosis is mainly characterized by periglandular fibrosis of
the endometrium [2,3], which compromises the integrity and function of the endometrial
glands required for embryo survival in the preimplantation period and for placental
development [4]. The degree of endometrosis in mares increases with age [3,5,6], even
though it is thought not to be associated with the number of foalings [7–9]. Atypical
morphological and functional differentiation of periglandular endometrial stromal cells is
the first sign of endometrosis. The first stage of fibrosis is characterized by large, polygonal
periglandular stromal cells, which synthesize collagen fibers, whereas in advanced fibrosis,
without signs of collagen synthesis [10], there is a predominance of metabolic active or
inactive stromal cells, as well as myofibroblasts [8,10–13]. Myofibroblasts, which are
fibroblast-derived cells, have been recognized as the main source of type I collagen (COL1)
and of fibrogenic/inflammatory cytokines in fibrotic lesions [14,15]. The type of collagen
present in endometrosis characterizes the chronology of this condition. In repair and
fibrotic processes, collagen type III (COL 3) is the first to be expressed, followed by its
replacement by COL1 in the extracellular matrix (ECM) [16,17]. Most degenerative changes
typical for endometrosis can be diagnosed only through the histological evaluation of
an endometrial biopsy [7,9,18–26]. Endometrial biopsy has been the gold standard for
evaluation of the health of the mare’s uterus for over 50 years. Currently, the fertility
prognosis is based on the categorization scale of Kenney and Doig [19], together with
amendments of Schoon [3,5]. Even though it has been considered as a safe, practical,
and especially useful method [18,21], and as an essential part of the breeding standard
examination, it does not provide a 100% accurate information, as the biopsy sample taken
may not represent the state of the whole uterus. The search for an additional and less
invasive technique would be desirable. Therefore, the use of a blood biomarker should be
considered. One key consideration in the assessment of any biomarker is the biological
likelihood of its relationship to the pathological or physiological condition it measures. The
use of collagen fragments for the assessment of fibrotic disorders is now well established
in humans [27]. Blood biomarkers have been studied in horses to assess musculoskeletal
conditions such as osteochondrosis [28–31], and some types of collagens have been used in
humans for diagnostic purposes [27,32,33]; thus, the rationale of the present study was to
find a putative correlation between endometrial fibrosis and blood COL, to be used as a
diagnostic blood marker of endometrosis in mares. Due to the highly restricted distribution
of hydroxyproline in collagen and elastin, the hydroxyproline content generally reflects
the amount of collagen in samples. Therefore, since quantification of hydroxyproline has
been utilized for evaluating tissue fibrosis or collagen deposition [34–36], it was used in
this study. As the degree of endometrosis in mares increases with age [3,5,6], the age
effect was also studied. Thus, we hypothesized that COL1, COL3 or hydroxyproline could
be used as blood biomarkers of endometrial fibrosis in the mare. As such, we aimed
to investigate the concentrations of COL1, COL3 and hydroxyproline in blood serum
and endometria from mares with different endometrial categories, graded according to
the histopathological system of Kenney and Doig [19] in experiment 1, and with fertility
outcome in experiment 2.

2. Materials and Methods
2.1. Experimental Design

The present work included two different experiments. In experiment 1, venous blood
and endometrial biopsies were obtained from the same mares for determination of COL1,
COL3 and hydroxyproline concentrations, both in serum and in endometrial tissue graded
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according to Kenney and Doig’s classification [19]. Experiment 2 was conducted in different
mares, after conclusion of experiment 1. Only venous blood samples were retrieved from
those mares, later determined as fertile or infertile. In experiment 2, only COL3 was
assessed based on experiment 1 results. All the procedures complied to welfare mandates,
authorized by the Ethic Committee for Research and Teaching (Comissão de Ética para a
Investigação e Ensino—CEIE) of the Faculty of Veterinary Medicine, from the University of
Lisbon, Lisbon, Portugal. They were performed by a veterinary doctor as part of a breeding
exam, requested by the mare owner’s, who consented on data use for research purposes.

2.2. Animals
2.2.1. Experiment 1

This study was carried out in the breeding season (from May to July) on a group of
42 Lusitano mares, ranging from 3 to 23 years old, from different stud farms, located in
Portugal (Ribatejo and Alentejo regions). All animals were kept outdoors and maintained
on pasture and had free access to water. Mares’ internal genitalia (ovaries, uterus, and
cervix) were examined by transrectal ultrasonography (Sonovet 600; rectal linear probe
7.5 MHz), to assess their reproductive status at the time of endometrial biopsy and blood
collection. During the breeding season, some of the mares used in this experiment changed
owners and location, and some were not used for reproduction. Therefore, follow-up
on fertility outcome was not possible. The age of the mares in category I ranged from
3 to 4 years (mean 3.5 ± 0.18; n = 13), in category IIA from 3 to 19 years (5.9 ± 2.01; n = 8),
in category IIB from 8–17 years (11.6 ± 1.28; n = 8) and in category III from 10–24 years
(mean 16.3 ± 1.26; n = 13). None of the mares had foaled recently. The endometrial biopsy
was withdrawn from the uterine body and in the estrous cycle before the first insemination
of the breeding season. Endometrial biopsies were collected with a biopsy alligator jaw
forceps (ref. 141965; Kruuse, Langeskov, Denmark). Immediately after endometrial biopsy
procurement, tissue was divided into two portions: one piece was immersed in 4% buffered
formaldehyde solution, and the other one in RNAlater® (R0901; Sigma-Aldrich, St. Louis,
MO, USA) that was further kept at −80 ◦C.

2.2.2. Experiment 2

Experiment 2 was performed, after accomplishment of experiment 1, and on different
mares. Therefore, only serum COL3 was assessed, based on the results from experiment 1.
In this experiment, 50 Lusitano cyclic mares (27 in follicular phase and 23 in luteal phase)
ranging from 3 to 25 years old, from the same stud farm, located in Portugal (Ribatejo
region), were used. All animals were kept outdoors and maintained on pasture and had
free access to water. None of the mares had recently foaled or had a foal at foot. Mares’ in-
ternal genitalia (ovaries, uterus, and cervix) were examined by transrectal ultrasonography
(Sonovet 600; rectal linear probe 7.5 MHz), to confirm their reproductive status at the time
of blood collection. Insemination of those mares was performed afterwards, during estrus,
with fresh semen from different stallions with proven fertility. Since uterine biopsy was not
performed in most of the mares, it was not possible to obtain data on endometrial category.
Mares were classified as fertile (n = 25; n = 12 in luteal phase; n = 13 in follicular phase)
when a gestation diagnosis was positive and confirmed by ultrasonography at 60 days post
insemination. Mares were classified as infertile (n = 25; n = 11 in luteal phase; n = 14 in
follicular phase) when a negative gestation diagnosis was made, after at least 3 attempts
(cycles) of insemination. The age of the fertile mares ranged from 3 to 21 years (7 ± 0.95),
and from 5 to 25 years (14.7 ± 1.2) in the infertile mares.

2.3. Blood Sampling and Processing

Jugular venous blood was collected from all mares (experiment 1 and experiment 2),
at the time of ultrasound examination, into a dry vacutainer, coated with silica as the clot
activator (BD Vacutainer® 367896; Becton Dickinson, Winnersh, UK). Blood was centrifuged
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at 1540× g for 10 min and serum was separated, aliquoted, and stored at −80 ◦C, until COL
and hydroxyproline assays were performed.

2.4. Endometrium Biopsies Processing

Formaldehyde-fixed endometrium biopsy (experiment 1) was embedded in paraffin,
and 4µm-thick histological sections were stained with hematoxylin (05-06014E; Bio-Optica,
Milan, Italy) and eosin (HT1103128; Sigma-Aldrich) and were observed by light microscopy
(Leica DM500) at 400× magnification. Equine endometrial biopsies histopathological
features, such as the extent of inflammation and/or fibrosis, were the grounds for Kenney
and Doig’s classification [19]. Therefore, the endometrium was classified, as follows:
category I—when the endometrium presented a normal histology or with very mild, focal
inflammation or fibrosis; category IIA—when there was mild to moderate inflammation
and/or multifocal fibrosis with 1–3 layers of fibroblasts surrounding glands, or less than
2 fibrotic nests per 5 mm linear field; category IIB—when there was moderate inflammation
and/or multifocal–diffuse fibrosis with 4 or more layers of fibroblasts surrounding the
endometrial glands or 2–4 fibrotic nests per 5 mm linear field; category III— when there
was severe inflammation and/or extensive fibrosis with 5 or more fibrotic nests per 5 mm
linear field [19]. The endometrial biopsies were assigned to category I (n = 13; 6 in luteal
phase and 7 in follicular phase), to category IIA (n = 8; 4 in luteal and 4 in follicular phase),
to category IIB (n = 8; 4 in luteal and 4 in follicular phase) or to category III (n = 13; 6 in
luteal phase and 7 in follicular phase).

2.5. Collagen Determination

Quantification of COL was performed in endometrial biopsy tissue, kept in RNAlater®

(experiment 1) and in blood serum (experiments 1 and 2). For quantification of COL in
endometrial tissue, the Enzyme-Linked Immunosorbent Assay Kit for Collagen Type 1,
COL1 (CEA571Eq; Cloud-Clone Corp., Katy, TX 77494, USA) was used, and for Collagen
Type III, COL3 trimer form (CEA176Eq; Cloud-Clone Corp., Katy, TX 77494, USA) was
used. Endometrial tissue was macerated and processed according to the manufacturer’s
instructions. Briefly, 20 mg of endometrium were homogenized with a lysing solution (1 mL
solution/20–50 mg of tissue) and macerated using the TissueLyser II (QIAGEN GmbH,
40724 Hilden, Germany) for 4 cycles of 30 s each, at 75 Hz. After that, cell disruption was
performed using an ultrasonic homogenizer (Bandelin Sonopuls, Berlin, Germany) until
the solution was clear. Then, centrifugation was performed (10,000× g for 5 min). The
supernatant was collected, and the assay was performed according to the manufacturer’s
kit. The reaction was developed using the tetramethyl benzidine reaction (TMB) substrate,
and the absorbance was read using a microplate reader (FLUOstar Optima, BMG LabTech;
Baden-Württemberg, Germany) at the wavelength of 450 nm. The concentrations of
COL1 and COL3 in each sample were calculated using the standard curve. The detection
limit of COL1 and COL3 were 7.15 ng/mL and 4.98 ng/mL, respectively. For each COL
type, all samples were run in a single assay. For COL1, the standard curve ranged from
18.52 to 1500 ng/mL, and the intra-assay coefficient of variation (CV) was 8.9%. For COL3,
the standard curve ranged from 12.35 ng/mL to 1000 ng/mL, and the intra-assay CV
was 6.7%. Protein was extracted from the endometrial tissues as described in [37], and
quantification of total protein was performed by Bradford (5000006; Bio-Rad, Hercules,
CA, USA) method. Concentrations of COL1 or COL3 were expressed in nanogram (ng)
per microgram (µg) of total endometrial protein. Quantification of COL was also assessed
in serum of all mares (experiments 1 and 2), using the same ELISAs for COL1 and COL3,
as referred to above for the endometrium, and following the manufacturer’s protocol.
Serum samples were used directly with no need to undergo the same procedures for tissue
samples. Samples were run in duplicate in a single assay. In experiment 1, the intra-assay
CVs were 8.8% and 6.9% for serum COL1 and COL3, respectively. In experiment 2, the
intra-assay CV was 8.7% for serum COL3. Serum concentrations of COL1 or COL3 were
expressed as ng per mL.
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2.6. Hydroxyproline Determination

Hydroxyproline content was measured in the endometrial tissue (experiment 1) and in
the serum (experiments 1 and 2) using Hydroxyproline Colorimetric Assay Kit (K555-100;
Biovision, Milpitas, CA, USA). As hydroxyproline is a major component of collagen and
comprises about 13.5% of its amino acid composition [38,39], it was used in this study
to evaluate total COL concentration in mare endometrium and serum. Briefly, 10 mg of
endometrium tissue was homogenized with 100 µL dH20 (100 µL dH20/10 mg of tissue)
and macerated using the TissueLyser II (QIAGEN GmbH; 40724 Hilden; Germany) for
4 cycles of 30 s, at 75 Hz. After that, 100 µL of HCL (1 µL HCL/1 µL of sample) were
added. For serum samples, 250 µL was used and equal volume of HCL was added. The
samples were then placed in a heater, at 119 ◦C, for 3 h. Afterwards, 4 mg of activated
charcoal/100 mL of sample (102186; Sigma-Aldrich; Merck KGaA; St. Louis, MO, USA) was
added to the serum samples, as a purification process, and then vortexed, and centrifuged.
For each sample of serum or tissue, 10 µL was used, and the protocol was carried out
following the manufacturer’s instructions. The hydroxyproline content in tissue and serum
samples was quantified colorimetrically by using the chloramine T method, according to
the manufacturers protocol, and absorbance was measured at 560 nm, using a microplate
reader (FLUOstar Optima, BMG LabTech; Baden-Württemberg, Germany). Hydroxyproline
concentration was quantified using a standard curve of high purity hydroxyproline and
expressed as ng of hydroxyproline per µg of total endometrial protein or as ng per µL
of serum.

The endometrial concentrations of COL1, COL3 or hydroxyproline were expressed
as ng/ug of total protein to normalize the parameters assessed in the tissues, as there
are no reference values for total protein for the equine endometrium. It is known that in
blood, there is a small physiological variation of total protein values. Therefore, serum
concentrations of COL1, COL3 or hydroxyproline were expressed in ng/mL, as reference
values for equine serum total protein are known.

2.7. Statistical Analysis

To establish whether data were normally distributed, variables were tested with
Shapiro–Wilk test in both experiment 1 and 2. In experiment 1, to detect differences
in COL1 concentration between endometrial categories, one way analysis of variance
(ANOVA) followed by Tukey’s multiple comparisons test were performed. Kruskal–Wallis
followed by Dunn’s multiple comparisons test were used to detect differences between age,
endometrial or serum COL3 concentrations, and endometrial categories. Mann–Whitney
test was used to assess differences in the following: (i) concentration of serum COL1,
endometrial or serum hydroxyproline among endometrial category; (ii) COL1 or COL3
concentration in serum, or endometrial hydroxyproline and age groups (3–9 years vs. over
9 years). Unpaired t-test was performed to evaluate putative differences in COL1 or COL3
concentrations in endometrial tissue and age groups (3–9 years vs. over 9 years) and in hy-
droxyproline concentration in serum and age groups (3–9 years vs. over 9 years). Spearman
correlation was used to assess the following relationships: between endometrial category
and (i) age, (ii) endometrial and serum COL1, COL3, and hydroxyproline; among age and
(i) endometrial COL1, COL3 and hydroxyproline, or (ii) serum COL1 and COL3. Spearman
correlation was also performed to assess the relationship between endometrial and serum
concentrations of (i) COL1, (ii) COL3, and (iii) hydroxyproline. Pearson correlation was
performed to evaluate the degree of association between age and serum hydroxyproline.
In experiment 2, unpaired t-test was performed to evaluate differences in COL 3 serum
concentration between (i) fertile and infertile mares, and between (ii) age of the mares.
Spearman correlation was performed to assess relationship between serum COL3 con-
centration and (i) fertility, and (ii) age of the mares. The area under receiver operating
characteristic curves was determined for COL3, and sensitivity and specificity were calcu-
lated. In experiment 1, category I endometrium (healthy) was compared with endometria
with degenerative/fibrotic changes (category IIA, IIB, and III), category I and IIA with IIB
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and III, and severe endometriosis (category III) with all other categories. In experiment 2,
fertile mares were compared with infertile mares. The statistical analyses were performed
by GraphPAD PRISM (Version 6.01, GraphPad Software, San Diego, CA, USA). Signifi-
cance was defined as p < 0.05. Results were expressed as mean ± standard error of the
mean (SEM).

3. Results
3.1. Experiment 1

The severity of fibrosis in mares’ endometrial biopsies histopathologically graded [19],
increased with age (p < 0.0001; Figure 1). A very strong correlation was found between
mares’ age and endometrial category (ρ = 0.8033; p < 0.0001).

Animals 2022, 12, x FOR PEER REVIEW 6 of 15 
 

hydroxyproline. In experiment 2, unpaired t-test was performed to evaluate differences 

in COL 3 serum concentration between (i) fertile and infertile mares, and between (ii) age 

of the mares. Spearman correlation was performed to assess relationship between serum 

COL3 concentration and (i) fertility, and (ii) age of the mares. The area under receiver 

operating characteristic curves was determined for COL3, and sensitivity and specificity 

were calculated. In experiment 1, category I endometrium (healthy) was compared with 

endometria with degenerative/fibrotic changes (category IIA, IIB, and III), category I and 

IIA with IIB and III, and severe endometriosis (category III) with all other categories. In 

experiment 2, fertile mares were compared with infertile mares. The statistical analyses 

were performed by GraphPAD PRISM (Version 6.01, GraphPad Software, San Diego, CA, 

USA). Significance was defined as p < 0.05. Results were expressed as mean ± standard 

error of the mean (SEM). 

3. Results 

3.1. Experiment 1 

The severity of fibrosis in mares’ endometrial biopsies histopathologically graded 

[19], increased with age (p < 0.0001; Figure 1). A very strong correlation was found be-

tween mares’ age and endometrial category (ρ = 0.8033; p < 0.0001). 

 

Figure 1. Age of the mares (mean ± SEM) with endometria assigned to different Kenney and Doig’s 

histopathological categories as I, IIA, IIB or III. Asterisks indicate statistical differences (* p < 0.05, ** 

p < 0.01, **** p < 0.0001). 

The COL1 protein concentration in the endometrial biopsy was higher in category 

III, when compared to category I (Figure 2a, p < 0.05). A moderate correlation was found 

between endometrial category and endometrial COL1 (ρ = 0.6024; p < 0.001). However, in 

serum, COL1 concentration was higher in category I, healthy endometrium, with respect 

to category IIB (Figure 2b), and a low negative correlation between endometrial category 

and serum COL1 was observed (ρ = −0.42; p < 0.05). Regarding COL3 in the tissue (Figure 

3c), it was higher in category IIB (p < 0.001), and III (p < 0.01), when compared to category 

I, and higher in category IIB, when compared to category IIA (p < 0.05). A moderate posi-

tive correlation was obtained between endometrial category and COL3 in the endometrial 

tissue (ρ = 0.6360; p < 0.0001). The high concentration of COL3 in category IIB, and III 

endometria was consistent with serum concentration, which was also higher in category 

IIB (p < 0.05), and III (p < 0.0001), with respect to category I (Figure 2d). There was a strong 

correlation between endometrial category and serum COL3 (ρ = 0.7048; p < 0.0001). A 

moderate correlation between endometrial COL3 and serum COL3 (ρ = 0.55; p < 0.001) 

was also observed. Hydroxyproline tissue concentration was elevated in category IIB and 

III, when compared to category I (p < 0.05) (Figure 2e), while in serum the concentration 

was higher in category I than in category III (p < 0.05) (Figure 2f). A positive correlation 

Figure 1. Age of the mares (mean ± SEM) with endometria assigned to different Kenney and Doig’s
histopathological categories as I, IIA, IIB or III. Asterisks indicate statistical differences (* p < 0.05,
** p < 0.01, **** p < 0.0001).

The COL1 protein concentration in the endometrial biopsy was higher in category III,
when compared to category I (Figure 2a, p < 0.05). A moderate correlation was found
between endometrial category and endometrial COL1 (ρ = 0.6024; p < 0.001). However, in
serum, COL1 concentration was higher in category I, healthy endometrium, with respect to
category IIB (Figure 2b), and a low negative correlation between endometrial category and
serum COL1 was observed (ρ = −0.42; p < 0.05). Regarding COL3 in the tissue (Figure 3c),
it was higher in category IIB (p < 0.001), and III (p < 0.01), when compared to category I,
and higher in category IIB, when compared to category IIA (p < 0.05). A moderate positive
correlation was obtained between endometrial category and COL3 in the endometrial tissue
(ρ = 0.6360; p < 0.0001). The high concentration of COL3 in category IIB, and III endometria
was consistent with serum concentration, which was also higher in category IIB (p < 0.05),
and III (p < 0.0001), with respect to category I (Figure 2d). There was a strong correlation
between endometrial category and serum COL3 (ρ = 0.7048; p < 0.0001). A moderate
correlation between endometrial COL3 and serum COL3 (ρ = 0.55; p < 0.001) was also
observed. Hydroxyproline tissue concentration was elevated in category IIB and III, when
compared to category I (p < 0.05) (Figure 2e), while in serum the concentration was higher
in category I than in category III (p < 0.05) (Figure 2f). A positive correlation was observed
between endometrial category and hydroxyproline concentration in endometrial tissue
(ρ = 0.6770; p < 0.001), but no correlation was observed for serum. No correlation was
found between endometrial and serum concentrations of COL1 or hydroxyproline. No
differences were found between estrous cycle phases (Figure S1).

Mares were also analyzed by age group. When mares were assigned to two different
age groups (22 mares, 3–9 years old; 20 mares, over 9 years old), COL1 concentration in
endometrium was the highest in the oldest mares, but the lowest in their serum (p < 0.05;
Figure 3a,b). A positive moderate correlation was found between the age of the mares and
endometrial COL1 (ρ = 0.45; p < 0.05), and a negative low correlation with serum COL1
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(ρ = −0.48; p < 0.01). Regarding COL3, its concentration was higher both in endometrial
tissues (p < 0.01), and in serum (p < 0.001) in the oldest animals (Figure 3c,d). There
was a low correlation between mares age, and endometrial COL3 (ρ = 0.36; p < 0.05), and
between mares age, and serum COL3 (ρ = 0.37; p < 0.05). Hydroxyproline concentration was
elevated in endometrial tissues (p < 0.05) in the oldest animals (Figure 3e), but not in serum
(Figure 3f). A low correlation between age and endometrial hydroxyproline was observed
(ρ =0.48; p < 0.05), but no correlation was found between age and serum hydroxyproline.
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Figure 3. Effect of mares age (3 to 9 years old vs. over 9 years old) on the concentrations of (a) type I
collagen (COL1) in endometrial tissue, (b) COL1 in serum, (c) type III collagen (COL3) in endometrial
tissue, (d) COL3 in serum, (e) hydroxyproline in endometrial tissue, and (f) hydroxyproline in serum.
Bars represent mean ± SEM. Asterisks indicate significant differences between age groups (* p < 0.05;
** p < 0.01; **** p < 0.0001).

The sensibility and specificity of serum COL3 were also determined (Figure 4). Serum
COL3 cut-off value of 60.9 ng/mL allowed the differentiation of healthy mares (category I)
from mares with endometrial degenerative/fibrotic lesions (categories IIA, IIB, and III),
with a specificity of 100% and a sensitivity of 75.9%, and the area under the curve (AUC)
was 0.90 (95% confidence interval (CI), 0.81 to 0.99; p < 0.0001). The same cut-off value also
allowed the differentiation between category I + IIA from IIB + III with a specificity of 76%,
a sensitivity of 81%, and an AUC of 0.85 (95% CI, 0.73 to 0.96; p = 0.0001), and it allowed
the differentiation of category III from all the other endometrial categories with a specificity
of 65%, a sensitivity of 92.3%, with an AUC of 0.85 (95% CI, 0.73 to 0.96; p = 0.0003). COL1
and hydroxyproline did not prove valid as blood biomarkers of endometrosis.
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Figure 4. Receiver operating characteristic curves (ROC) of type III collagen for differentiation of
the following: (a) healthy mares (category I endometrium—Cat I) from mares with endometrial
degenerative/fibrotic lesions (Cat IIA, IIB, and III); (b) Cat I + IIA endometrium from IIB + III
endometrium; (c) severe endometriosis (Cat III) from all the other endometrial categories. Cut-off
values are expressed in ng/mL (specificity, sensitivity).

3.2. Experiment 2

There were higher COL3 serum concentrations in infertile mares when compared to
fertile mares (p < 0.05; Figure 5a). Higher COL3 in the older mares’ serum (>9 years) was
also observed (p < 0.01; Figure 5b). There was a low correlation between serum COL3 and
fertility of the mares (ρ = 0.35, p < 0.05), and no correlation was observed between serum
COL3 and mare’s age. Mare’s age was higher in the infertile group (14.68 years ± 1.2),
when compared to the fertile group (7 years ± 0.95; p < 0.0001) (Figure 5c), and there was a
moderate correlation between fertility and the age of the mares (ρ = 0.68, p < 0.0001). There
were no differences with respect to the phase of the estrous cycle (Figure S2).
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Figure 5. (a) Effect of fertility on serum type III collagen (COL3); (b) effect of age on serum COL3;
(c) effect of age on fertility. Bars represent mean ± SEM. Asterisks indicate significant differences
between fertility or age groups (* p < 0.05; ** p < 0.01, **** p < 0.0001).

The mares were then analyzed separately in each group (fertile and infertile) to assess
the age effect (3–9 years old vs. over 9 years old) on serum COL3 concentrations. In both
fertile and infertile groups, there were no differences between mare’s age and serum COL3
(Figure S3). Additionally, no correlation was found between age and serum COL3 in both
fertile and infertile mares (r = 0.128, p > 0.05; and r = −0.009, p > 0.05, respectively). The
sensibility and specificity of serum COL3 were also determined. Serum COL3 cut-off value
of 146 ng/mL allowed the differentiation of fertile from infertile mares, with a specificity
of 82.4%, a sensitivity of 55.6%, and the AUC was 0.72 (95% CI, 0.55 to 0.89; p = 0.029)
(Figure 6).
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4. Discussion

In humans, many studies are being conducted to find diagnostic and prognostic
fibrotic biomarkers for cardiac [40,41], renal [42], and hepatic fibrosis [37,38,43], among
many others [32]. Biomarkers may be used for early detection of otherwise subclinical
disease, diagnostic assessment of an acute or chronic clinical syndrome, risk stratification of
patients with a suspected or confirmed diagnosis, prognosis, and selection of an appropriate
therapeutic intervention, and monitoring the response to therapy [41]. As an example,
a study in abdominal aortic aneurysm in humans, higher amounts of hydroxyproline,
COL1, and COL3 were found in samples of patients compared with healthy controls,
and a positive correlation was found between tissue and serum concentrations of COL1,
and COL3 [39]. Therefore, we aimed to identify blood biomarkers for the diagnosis of
endometrosis and fertility in mares. Uterine biopsy is an invasive procedure and evaluation
of blood biomarkers could facilitate the diagnosis of endometrosis, and/or to predict
fertility, and provide additional information.

In the present work, up-regulation of COL1 protein production in mare endometrium,
as the severity of histopathological lesions increased, according to Kenney and Doig’s
classification, was noted, as previously shown [44]. This raise was also seen in COL3 and
hydroxyproline concentrations in the endometrium, suggesting that both collagens are
being produced when fibrosis increases. Nevertheless, it has been previously described
that COL1 fibers are replaced by COL3 fibers with fibrosis, in the equine endometrium, and
in several human organs, such as in liver and heart [15–17]. However, other studies suggest
that COL3 appears to regulate COL1 fibril formation in many human organs [45,46]. In
humans and animals [47], COL1 exists in higher amounts, accounting for over 90% of bone
protein, being also very high in skin and other soft tissues. Therefore, the use of COL1 as a
blood biomarker should be interpreted with caution, as it may be related to pathologies of
other organs [33]. In contrast to COL1, the expression of COL3 is restricted to soft tissues,
and correlates to the number of myofibroblasts in fibrotic tissue [48]. Consequently, the
accuracy for the presence of fibrotic processes in soft tissues is greater for COL3 (and other
minor collagens), as compared to COL1 [48]. In fact, type III procollagen peptides have
been regarded as good prognostic biomarkers for liver fibrosis in humans [49,50]. However,
it should be emphasized that COL3 is not an endometrial specific biomarker, since its
plasma elevation can occur due to other organ diseases [51]. The increase in COL1 and
COL3 production in the endometrium was substantiated by a raise in hydroxyproline con-
centration (major component of COL) in tissues with severe endometrosis, and advanced
fibrosis (categories IIB and III). Due to the highly restricted distribution of hydroxyproline
in collagen and elastin, the hydroxyproline content generally reflects the amount of collagen
in samples. In the serum, there was a significant decrease in COL1 between category I
and IIB, and in hydroxyproline in category III compared to category I. Since COL1 is the
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most abundant fibrillar collagen, making up about 95% of the total collagen in animal
tissue [47], hydroxyproline in the mare also displayed the same patterns of COL1, both in
endometrium and in serum, when endometrosis was present. In addition, no correlation
was found between endometrial and serum concentrations of COL1 or hydroxyproline.
Thus, neither of them seems viable as a biomarker of endometrial fibrosis, and therefore,
they should be ruled out. In our study, only COL3 data suggest it may be related to fibrosis,
increasing both in serum and endometrium with fibrosis. Indeed, a moderate correlation be-
tween endometrial and serum COL3 concentration was observed, and a strong correlation
was noted between endometrial category and serum COL3.

A ROC curve is an established method for evaluating the clinical viability of a
biomarker [27]. The sensibility and specificity of COL3 was most effective to differen-
tiate mares from category I from all other categories, when compared to the ability to
differentiate category I + category IIA from category IIB + III, or to identify mares with
severe endometrosis (category III) among all the other endometrial categories. Serum COL3
was also higher in infertile mares, when compared to fertile mares, and a low positive cor-
relation was observed between serum COL3 and infertile mares. Sensibility and specificity
of COL3 was more accurate in differentiating healthy mares from mares with endometrial
fibrosis, than for separating fertile mares from infertile mares. This might be explained
by the fact that infertility in mares may be due to several causes other than endometrosis,
and because both fertile and infertile groups of mares may include mares with different
endometrial categories.

Old age has been associated with increased endometrial inflammation, increased
embryo-loss rate, and subsequently reduced pregnancy rate in the mare [52]. Although the
age factor is not by itself the cause of endometrosis, in this study the endometrial fibrosis
assessed by histopathological examination, was higher in older mares (category IIB and III)
compared to the youngest ones, and a strong correlation between age and severity of the
disease was found. This agrees with previous work [2,7,8,13,53]. Aging of the mares has
also been related to increased fibrosis in the oviduct [54], which might be an additional
cause of infertility/sub-fertility in this species. Furthermore, there was an increase in both
types of collagens under study and hydroxyproline in the endometrium with mares aging,
suggesting that the age factor plays an important/significant role and should not be dis-
missed. Regarding serum concentrations, COL1 was higher, and COL3 was lower in young
mares, when compared to older mares, and no differences were found in hydroxyproline.
Higher serum COL1 concentrations in younger horses, and lower in older horses, have
been previously described [55]. Most of those studies refer to equine musculoskeletal
pathologies, and the described high serum COL1 concentrations appear to be ascribed to
the ongoing bone formation in young horses. Therefore, serum COL1 is more likely to
represent bone and cartilage status than endometrosis. Hence, the age factor may interfere
with its use as an endometrial fibrosis biomarker. In the present study, the highest serum
COL1 concentrations observed in mares with healthy endometrium (category I), and the
lowest ones in mares with endometrial fibrosis, might be explained by the inclusion of
younger mares in category I, and of older ones in categories IIB and III. The infertile mares
were older than the fertile mares, and a moderate positive correlation was observed be-
tween age and infertility. However, no correlation was observed between serum COL3 and
mare’s age.

To the best of our knowledge no other studies were carried out on serum COL3,
to evaluate endometrial fibrosis and fertility in mares. As stated above, it should be
emphasized that COL3 is not an endometrial specific biomarker, and alterations in its
concentration can occur due to other organ diseases (51). Therefore, further studies are
necessary to study the possible involvement of COL3 in other organs. Additionally, many
collagen biomarkers detect a specific type of COL, but do not distinguish between newly
formed and older matrix-deposited COL, or between COL formation and degradation [35],
as in this study. Hence, the investigation of COL turnover, by determination of its synthesis
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and degradation products, could give a more precise information regarding the stage of
fibrosis, and should be further investigated.

5. Conclusions

In conclusion, serum COL3 concentration might be considered as a potential aid for
the diagnosis of endometrial fibrosis and fertility prognosis in the mare. In contrast, COL1
and hydroxyproline did not prove to be effective as putative biomarkers of endometrial
fibrosis in this species. Although it is very unlikely a single blood biomarker could replace
a histopathological evaluation, serum COL3 may have clinical applications. As such, it may
be used to evaluate a group of mares as possible recipients in embryo transfer programs,
where performing endometrial biopsies of several mares is not feasible.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ani12141854/s1, Figure S1: Effect of equine estrous cycle phases (Folicular phase—FP and
Luteal phase—LP) on the concentration of (a) type I collagen (COL1) in endometrial tissue; (b) COL1
in serum; (c) type III collagen (COL3) in endometrial tissue; (d) COL3 in serum; (e) hydroxyproline in
endometrial tissue; and (f) hydroxyproline in serum. Bars represent mean ± SEM. Figure S2: Effect
of equine estrous cycle phases (Folicular phase—FP and Luteal phase—LP) on the concentration
of serum COL3. Bars represent mean ± SEM. Figure S3: Effect of mares age (3 to 9 years old vs.
over 9 years old) on the serum concentrations of type III collagen (COL3) in (a) fertile mares and
(b) infertile mares. Bars represent mean ± SEM.
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