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ABSTRACT

Equine endometritis is one of the main causes of subfertility in the mare. Unraveling the molecular mechanisms
involved in this condition and pinpointing proteins with biomarker potential could be crucial in both diagnosing
and treating this condition. This study aimed to identify the endometritis-induced changes in the endometrial
proteome in mares and to elucidate potential biological processes in which these proteins may be involved.
Secondly, biomarkers related to bacterial endometritis (BE) in mares were identified. Uterine lavage fluid
samples were collected from 28 mares (14 healthy: negative cytology and culture, and no clinical signs and 14
mares with endometritis: positive cytology and culture, in addition to clinical signs). Proteomic analysis was
performed with a UHPLC-MS/MS system and bioinformatic analysis was carried out using Qlucore Omics Ex-
plorer. Gene Ontology enrichment and pathway analysis (PANTHER and KEGG) of the uterine proteome were
performed to identify active biological pathways in enriched proteins from each group. Quantitative analysis
revealed 38 proteins differentially abundant in endometritis mares when compared to healthy mares (fold
changes >4.25, and q-value = 0.002). The proteins upregulated in the secretome of mares with BE were involved
in biological processes related to the generation of energy and REDOX regulation and to the defense response to
bacterium. A total of 24 biomarkers for BE were identified using the biomarker workbench algorithm. Some of
the proteins identified were related to the innate immune system such as isoforms of histones H2A and H2B
involvement in neutrophil extracellular trap (NET) formation, complement C3a, or gelsolin and profilin, two
actin-binding proteins which are essential for dynamic remodeling of the actin cytoskeleton during cell migra-
tion. The other group of biomarkers were three known antimicrobial peptides (lysosome, equine cathelicidin 2
and myeloperoxidase (MPO)) and two uncharacterized proteins with a high homology with cathelicidin families.

Findings in this study provide the first evidence that innate immune cells in the equine endometrium undergo
reprogramming of metabolic pathways similar to the Warburg effect during activation. In addition, biomarkers of
BE in uterine fluid of mares including the new proteins identified, as well as other antimicrobial peptides already
known, offer future lines of research for alternative treatments to antibiotics.

1. Introduction

[2-4]. Despite the availability of different diagnostic tests, many mares
remain undiagnosed, particularly in subclinical cases.

Equine endometritis is one of the main causes of subfertility in the
mare. This condition diminishes conception rates and elevates the risk of
various complications including early embryonic death (EED), abortion,
placentitis, and the delivery of septic foals [1]. Previous research in-
dicates that approximately 11-35 % of mares have bacterial endome-
tritis (BE), resulting in significant economic losses for breeding farms

The mare undergoes post-mating physiological endometritis to
eliminate bacteria, seminal plasma, and non-viable sperm [1]. This
transient endometrial inflammatory response is resolved within 24-36 h
after insemination [5,6]. However, about 15-30 % of mares have diffi-
culty resolving the inflammation, developing what is known as persis-
tent post-breeding endometritis (PPBE) [7]. Mares susceptible to PPBE
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develop a uterine environment that predisposes the proliferation of
pathogenic or opportunistic microorganisms, thereby increasing the risk
of infection. Previously, it was believed that the uterine lumen of the
normal fertile mare was bacteriologically sterile [8,9]. However, recent
works in equines and other species using NGS techniques, such as 16s
rRNA gene analysis, have revealed that the uterus harbors commensal
bacteria [10-17]. Although the number of equine studies is limited, and
they predominantly focus on healthy mares [11-13,18], two recent
publications in mares and jennies have observed taxonomic differences
in the uterine microbiome between healthy individuals and those with
endometritis [14,19]. The uterine microbiome and its relationship to
endometritis or pregnancy outcome is also being investigated in women
and other mammals [10,20-23]. It is well known that BE is associated
with failure in uterine defense mechanisms and the proliferation of
pathogenic or opportunistic bacteria [6,24,25]. Nevertheless, these
findings concerning the possible existence of a uterine commensal
microbiota open further lines of research aimed at elucidating the
complexity of the uterine microbiome, its interactions with the host
immune system, and its potential role in the development of equine
endometritis.

The most common uterine bacteria isolated and related to endome-
tritis in mares include Streptococcus equi subspecies zooepidemicus,
Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus.
These pathogenic organisms may be latent, found deep within the
endometrial glands [26], introduced at mating, or ascend from the
caudal genital tract, leading to bacterial imbalance [2]. Furthermore,
the physiological inflammatory response following mating may be one
of the causes of latent bacteria activation [25].

The predominant immunological response of the equine endome-
trium is characterized by an innate immune response [27]. After
breeding, the endometrial epithelial cells and other sentinel cells
(macrophages, natural killer (NK) cells, dendritic cells and neutrophils),
recognize specific pathogen-associated molecular patterns (PAMPs) of
microorganisms, sperm, or specific proteins from seminal plasma
through pattern recognition receptors (PRRs), such as toll-like receptors
[28]. The most common PAMPs derived from microorganisms are
lipopolysaccharide (LPS) found in Gram-negative bacteria, as well as
peptidoglycan and lipoteichoic acid found in Gram-positive organisms
[24]. PRRs activate pro-inflammatory cytokines (interleukin-1 (IL1) («
and B), interleukin-6 (IL6), interleukin-8 (IL8) gamma interferon (IFNy),
tumoral necrosis factor (TNF)) that induce an influx of poly-
morphonuclear neutrophils (PMN) into the uterus [24]. Neutrophils are
the first immune cell line to respond after antigen recognition by innate
immunity. Upon activation, PMNs release lytic enzymes to destroy
pathogens via phagocytosis and degranulation. PMNs produce DNA
complexes that combine nuclear and cytoplasmic proteins with anti-
microbial properties to form neutrophil extracellular traps (NETs) [29].
The induction of NET formation by endometritis-causing bacteria has
been demonstrated in mares, serving as a complementary mechanism
for bacterial elimination [30].

Detecting endometritis typically involves several diagnostic
methods, such as ultrasonography of the reproductive tract, endometrial
cytology, and culture [3,31,32]. B-mode ultrasound can be used to
detect clinical signs of endometritis, such as intrauterine fluid or
hyperedema; however, these signs may not always be present. Samples
for diagnosis are obtained using various techniques, including endo-
metrial double-guarded uterine culture swabs, cytobrush, biopsies, and
low-volume lavage [31-34].

In recent years, the use of “omics” techniques is enhancing our un-
derstanding of molecular and biological mechanisms responsible for
reproductive pathophysiology [19,35]. Proteomics has already been
used to analyze semen and in oviductal, uterine, and follicular fluids
[36-40]. Moreover, the uterine fluid proteome has previously been
analyzed in cycling healthy mares [41], in pregnant mares [40,42] and
in mares with endometritis and endometrosis [35]. Proteomic analysis
of low volume uterine lavage could enhance our understanding of BE
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pathophysiology and identify potential biomarkers of this condition.
Therefore, this study aimed to investigate changes to the uterine
proteome induced by BE, focusing on identifying proteins that are
overexpressed in this condition and elucidating the potential biological
processes in which these proteins may be involved. This may contribute
to clarifying the molecular mechanisms activated during uterine dys-
biosis. Secondly, the study aimed to identify potential biomarkers or
protein targets related to inflammatory processes of BE in mares.

2. Material and methods
2.1. Animals

A total of 28 mares (range: 4-18 years old) were included in this
study. The mares were privately owned animals present at the Veteri-
nary Teaching Hospital of the University of Extremadura during the
2021 and 2022 breeding seasons, either for insemination purposes or
due to fertility problems.

The mares were subsequently categorized into healthy mares group
(n:14) and bacterial endometritis mares group (n:14) based on the re-
sults obtained from ultrasound, cytology, and culture. Healthy mares
exhibited negative cytology (less than 2 neutrophils/field), negative
bacteriological culture (absence of bacterial colonies), and showed no
signs of uterine pathology (such as hyperedema or uterine fluid >2 cm).
Animals with positive cytology and culture, along with the presence of
signs of endometritis, were considered “bacterial endometritis mares”.
The animals were kept and handled according to the standards estab-
lished by European Union (Law 6/2913 June 11 and European Directive
2010/63/EU), and were all vaccinated and dewormed.

2.2. Sample collection and processing

Uterine lavage fluid samples were obtained during the estrus phase
when mares exhibited uterine edema grade of 3 out of 5, graded on a
scale from 0 (no edema) to 5 (hyper-edema), and a follicle larger than
35 mm was present. Prior to uterine lavage, the mare’s perineum was
meticulously cleansed using a mild soap, and sample collections were
conducted on mares in estrus. Uterine lavage was conducted with 500
mL of saline solution pre-warmed to 37 °C using a Foley catheter
attached to a conventional lavage system. The double-guarded tech-
nique was performed by protecting the circuit and our hand during the
passage through the vagina with a sterile rectal glove used as a sanitary
cover. Following the introduction of the saline, rectal massage was
performed for 2 min to ensure uniform distribution of the fluid
throughout the uterus. Subsequently, the lavage fluid was collected, and
under sterile conditions, it was transferred into three 50-mL Falcon tubes
(for cytology, culture, and lastly, for proteomic analysis) inside a
laminar flow hood. Immediate processing took place for cytology and
culture samples, while those designated for proteomic analysis were
stored at —80 °C until further processing.

2.3. Cytological analysis

The 50-mL Falcon tube of fluid assigned to cytological analysis was
centrifuged at 600g for 5 min, and samples were prepared as previously
described by Bohn et al. [31]. Subsequently, the samples were examined
under a microscope (Eclipse 80i, Nikon Europe B.V., Netherlands) at
400x magnification. Inflammatory cells (neutrophils) and epithelial
cells were identified and counted in ten different microscopic fields.
Cytological smears were categorized as non-inflammatory or negative
(0-1 neutrophils/field), moderate inflammation (2-5 neutrophils/field),
severe inflammation (>5 neutrophils/field) [3]. A total of two slides per
animal were examined.
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2.4. Endometrial bacteriological analysis

Samples from uterine lavage were sent to the Infectious Diseases
Laboratory at the University of Extremadura for isolation and identifi-
cation using conventional culture techniques. A 10-mL aliquot of each
sample was plated on blood agar (bioMérieux, Marcy 1'Etoile, France)
with duplicates, and on MacConkey agar (bioMérieux). The inoculum
was spread over the entire agar surface using a thin, bent glass rod. One
blood agar and one MacConkey plate were incubated with 8 % carbon
dioxide, that is, under aerobic conditions. The other blood agar plate
was incubated in an anaerobic chamber in an atmosphere of 80 % ni-
trogen, 10 % carbon dioxide and 10 % hydrogen. All plates were incu-
bated at 37 °C for 48 h. Isolations and bacterial identification were
performed at TO, T24, T48 and T72h. Bacteria were identified using
colony morphology, Gram staining and standard biochemical tests such
as catalase, oxidase, and glucose oxidation-fermentation tests. In addi-
tion, each isolate was characterized as either mandatory aerobic or
facultative anaerobic. Bacterial identification was performed using the
Phoenix® automated system (BD Diagnostics, Sparks, MD) according to
the manufacturer’s instructions. This system requires differentiation of
non-enterobacterial Gram-positive and enterobacterial Gram-negative
organisms, respectively, prior to analysis. Identification-pending bac-
terial colonies were suspended in Phoenix ID broth SP100, adjusting it to
0.5 on the McFarland standard (5 x 10° CFU) using the PhoenixSpec®
(BD) nephelometer. The suspension was then inoculated onto the system
panels (PID panels for Gram-positive and NID panels for Gram-negative
bacteria). Results were interpreted using the Phoenix system
(BDXpert®). To confirm the identification of the strains, the corre-
sponding API® strip (bioMérieux) (API 20NE for Gram-negative non-
fermentative bacilli, API STAPH for microorganisms belonging to the
genus Staphylococcus) was used according to the manufacturer’s
instructions.

2.5. Proteomics analysis

2.5.1. Sample concentration

Proteomic analysis comprised samples obtained from 28 animals and
two technical replicates each (n:56). Due to the low protein concentra-
tion obtained in the uterine lavages, concentration of the samples was
performed using 5000Da cut-off 20 mL centrifugal concentrators (Spin-X
UF 20. Corning, Germany). Briefly, 20 mL of uterine lavage was added to
the upper part of the filter. Next, it was centrifuged at 4000g for 2h at
4 °C. After centrifugation, the concentrate was transferred to a cryovial
and stored at —80 °C until further analysis.

2.5.2. Protein quantification

Protein quantification was performed using the 2-D Quant Kit (GE
Healthcare, Sevilla, Spain) following the manufacturer’s instructions:
https://www.gelifesciences.co.jp/tech_support/manual/pdf/806486
22.pdf. Based on concentration results, 100 pg of protein was taken from
each sample.

2.5.3. In-solution trypsin digestion

As protein concentration differed between samples, Type 1 water
was added to each sample in order to reach a common starting volume of
300 pL. After that, 25 pL of 0.1 M ammonium bicarbonate buffer, pH 8.5
with 0.01 % of Surfactant (ProteaseMAX. Promega, USA) were added. In
this solution, the proteins were reduced by adding 1.5 pL of 200 mM
dithiothreitol (DTT) and incubated at 56 °C for 20 min. The proteins
were then alkylated by adding 3 pL of 200 mM iodoacetamide (IAA) and
were incubated for 45 min at room temperature in the dark. To
neutralize a possible excess of IAA, samples were then incubated at room
temperature in the dark for 30 min after adding 1 pL of 200 mM DTT.
Finally, protein digestion was performed by adding 2 pL of Trypsin
Proteomics Grade (Sigma) (Trypsin solution: 1 pg/pL in 1 mM HCI) and
left overnight at 37 °C. The reaction was stopped with 1 pL of 99 %
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formic acid and centrifuged for 5 min at 7000g. The supernatant was
transferred to a new 1.5-ml vial. Finally, samples were dried using a
speedvac (GYROZEN. 1 mbar, 2000 rpm, 3h, 35 °C). The dry samples
were re-suspended in 20 pL mass spectrometer mobile phase, consisting
of water/acetonitrile/formic acid (94.9:5:0.1).

2.5.4. UHPLC-MS/MS analysis

The separation and analysis of the samples were performed with a
UHPLC-MS/MS system consisting of an Agilent 1290 Infinity II Series
UHPLC (Agilent Technologies, Santa Clara,CA, USA) equipped with an
automated multisampler module and a high speed binary pump and
coupled to an Agilent 6550 Q-TOF Mass Spectrometer (Agilent Tech-
nologies) using an Agilent Jet Stream Dual electrospray (AJSDual ESI)
interface. Control of the UHPLC and Q-TOF was by using MassHunter
Workstation Data Acquisition software (Agilent Technologies, Rev.
B.06.01). The sample was injected onto an Agilent AdvanceBio Peptide
Mapping UHPLC column (2.7 uM, 150 x 2.1 mm, Agilent technologies),
thermostatted at 55 °C, at a flow rate of 0.4 mL/min. The gradient
program started with 2 % of B (buffer B:water/acetonitrile/formic acid,
10:89.9:0.1) that remained in isocratic mode for 5 min and then
increased linearly up to 45 % B over 40 min, increasing up to 95 % B
over 15 min and remaining constant for 5 min. After this 65 min run, the
system ran with the initial conditions (2 % of B) for 5 min to prepare the
column for the next run. The mass spectrometer was operated in positive
mode. The nebulizer gas pressure was set to 35 psi, whereas the drying
gas flow was set to 10 I/min at a temperature of 250 °C, and the sheath
gas flow was set to 12 I/min at a temperature of 300 °C. The capillary
spray, fragmentor, and octopole RF Vpp voltages were 3500 V, 340 V,
and 750 V, respectively. Profile data were acquired for both MS and MS/
MS scans in extended dynamic range mode. MS and MS/MS mass range
were 50-1700 m/z, and scan rates were 8 spectra/s for MS and 3
spectra/s for MS/MS. Auto MS/MS mode was used with precursor se-
lection by abundance and a maximum of 20 precursors were selected per
cycle. A ramped collision energy was used with a slope of 3.6 and an
offset of —4.8. The same ion was rejected after two consecutive scans.

2.5.5. Data processing

Data processing and analysis were performed using Spectrum Mill
MS Proteomics Workbench (Rev B.04.01, Agilent Technologies).

Briefly, raw data were extracted under default conditions as follows:
non-fixed or variable modifications were selected; [MH] + 50-10000
m/z; maximum precursor charge, +5; retention time and m/z tolerance,
60 s; minimum signal-to-noise (S/N) MS, 25; and finding 12C signals.
The MS/MS search against the appropriate and updated protein data-
base (in this case: Uniprot/Horse) was performed using the following
criteria: non-fixed modifications were selected and as a variable modi-
fication, carbamidomethylated cysteines and tryptic digestion, with five
maximum missed cleavages selected. ESI-QTOF instrument was selected
with a minimum matched peak intensity of 50 %, maximum ambiguous
precursor charge of +5, monoisotopic masses, peptide precursor mass
tolerance of 20 ppm, product ion mass tolerance of 50 ppm, and
calculation of reversed database scores. The autovalidation strategy
used the auto-threshold method, which optimizes the peptide score for a
1.2 % target FDR. Validated results were then restricted by a new
maximum target protein FDR of 0 %.

2.6. Bioinformatic analysis

2.6.1. Variance filtering and PCA

Data were normalized and log,-transformed using Qlucore Omics
Explorer (https://qlucore.com). After filtering out variables with a low
overall variance, principal component analysis (PCA) was used to
visualize the data set in a three-dimensional space to reduce the impact
of noise and for centering and scaling the remaining variables to zero
mean and unit variance. The projection score [43] was used to deter-
mine the optimal filtering threshold.


https://www.gelifesciences.co.jp/tech_support/manual/pdf/80648622.pdf
https://www.gelifesciences.co.jp/tech_support/manual/pdf/80648622.pdf
https://qlucore.com

E. Da Silva et al.

2.6.2. Identifying discriminating variables

Endometrial fluid variables with highest significant difference be-
tween healthy mares and those with clinical endometritis were identi-
fied using Qlucore Omics Explorer Ver 3.7 (https://qlucore.com). This
software works by fitting a linear model for each variable with

condition proteins of the uterine samples from healthy mares and
mares with endometritis. P-values were adjusted for multiple testing
using the Benjamini-Hochberg method [44] and variables with adjusted
P-values below 0.1 were used for further analysis. Then, to further
validate the potential biomarkers previously identified (uterine pro-
teins) we also used the Biomarker Workbench in Qlucore version 3.7.21;
this functionality allows the simultaneous analysis of multiple variables.
We consider potential biomarkers only if q values were below 0.05.

2.6.3. Enrichment analysis of pathways in the uterine proteome

PANTHER (http://www.pantherdb.org/pathway/pathwayList.jsp)
and KEGG pathway (https://www.genome.jp/kegg/) [45-47] analysis
was used to identify biological pathways likely to be active in the pro-
teins enriched in each group. The significance of the presence of the
protein list was queried against the equine proteome database using a
FDR <0.05 and Fisher’s exact test. g:Profiler was also used to perform
enrichment analysis [48].

3. Results
3.1. Cytology, culture and clinical examination

Out of the 28 mares included in the study, 14 showed no signs of
inflammation (Healthy group) and the remaining 14 animals exhibited
clear signs of endometritis (endometritis mares group) (Table 1). Among
the mares with endometritis, half of the mares presented a cytology
indicative of severe inflammation, with more than 5 neutrophils per
field, while the rest of the cytologies from this group ranged from 2 to 5
neutrophils per field. In most cases (6 out of 7), those mares with severe
inflammation in the cytology, presented uterine fluid accumulation as
well as hyperedema (Grade 5 out of 5). As shown in Table 1, this ul-
trasound finding was present only in one of the mares with moderate
inflammation. Regarding microbiological cultures, all the samples from
the mares with endometritis came out positive, with a clear predomi-
nance of Gram + bacteria (Table 1).

3.2. Endometritis-induced changes in the uterine proteome of mares

A total of 634 different endometrial proteins were identified and
quantified in this study. Filtering using standard deviation (S/Smax)
revealed 245 different proteins. A total of 106 proteins were common to
both groups, 92 proteins were exclusively detected in endometritis
mares and 45 proteins were exclusively detected in healthy mares. Venn
diagrams were used to identify the proteins present in healthy and mares
with endometritis, as well as the differentially expressed proteins be-
tween the two conditions (Fig. 1A-B). Differential expression of proteins
was assessed for healthy versus endometritis mares. The group of mares
with endometritis was associated with upregulation of 36 proteins.

Principal Component Analysis (PCA) showed a clear differentiation
in the endometrial proteome between healthy mares and mares with
endometritis (Fig. 2A). Volcano plots were constructed to obtain an
overview of uterine fluid proteins differentially expressed in both
groups, showing an increase in levels of proteins in mares with endo-
metritis (Fig. 2B).

3.3. More proteins were expressed in mares with endometritis

A two-group analysis was conducted to compare the protein profiles
of healthy mares and those with endometritis. Analysis revealed a total
of 38 proteins that were significantly differentially expressed in the two
groups, with fold changes >4.25 and g-value = 0.002. Fig. 3 displays a
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Results from endometrial cytology, culture and ultrasound evaluation of healthy
and endometritis mares.

MARE CYTOLOGY CULTURE ULTRASOUND
EVALUATION
Healthy mare non-inflammatory ~ Negative No inflammation
1 (0-2 neutrophils/ signs
field)
Healthy mare non-inflammatory ~ Negative No inflammation
2 (0-2 neutrophils/ signs
field)
Healthy mare non-inflammatory ~ Negative No inflammation
3 (0-2 neutrophils/ signs
field)
Healthy mare non-inflammatory ~ Negative No inflammation
4 (0-2 neutrophils/ signs
field)
Healthy mare non-inflammatory ~ Negative No inflammation
5 (0-2 neutrophils/ signs
field)
Healthy mare non-inflammatory =~ Negative No inflammation
6 (0-2 neutrophils/ signs
field)
Healthy mare non-inflammatory ~ Negative No inflammation
7 (0-2 neutrophils/ signs
field)
Healthy mare non-inflammatory =~ Negative No inflammation
8 (0-2 neutrophils/ signs
field)
Healthy mare non-inflammatory ~ Negative No inflammation
9 (0-2 neutrophils/ signs
field)
Healthy mare non-inflammatory ~ Negative No inflammation
10 (0-2 neutrophils/ signs
field)
Healthy mare non-inflammatory ~ Negative No inflammation
11 (0-2 neutrophils/ signs
field)
Healthy mare non-inflammatory ~ Negative No inflammation
12 (0-2 neutrophils/ signs
field)
Healthy mare non-inflammatory ~ Negative No inflammation
13 (0-2 neutrophils/ signs
field)
Healthy mare non-inflammatory ~ Negative No inflammation

14

(0-2 neutrophils/
field)

signs

Endometritis
mare 1

Endometritis

mare 2

Endometritis
mare 3

Endometritis

mare 4

Endometritis

mare 5

Endometritis

mare 6

Endometritis
mare 7

Endometritis
mare 8

Endometritis
mare 9

Severe
inflamation (>5
neutrophils/field)
Severe
inflamation (>5
neutrophils/field)

Severe
inflamation (>5
neutrophils/field)

Moderate
inflamation (2-5
neutrophils/field)
Severe
inflamation (>5
neutrophils/field)

Moderate
inflamation (2-5
neutrophils/field)
Moderate
inflamation (2-5
neutrophils/field)
Moderate
inflamation (2-5
neutrophils/field)
Severe
inflamation (>5
neutrophils/field)

Streptococcus spp

Streptococcus spp

Streptococcus spp

Streptococcus spp

Streptococcus spp

Klebsiella spp

E. coli

Proteus spp, E.

coli, Klebsiella spp

Streptococcus spp

Uterine fluid
accumulation >2 cm

Uterine fluid
accumulation >2
cm, hyperedema (5/
5)

Uterine fluid
accumulation >2
cm, hyperedema (5/
5)

Uterine fluid
accumulation >2 cm

Uterine fluid
accumulation >2
cm, hyperedema (5/
5)

Uterine fluid
accumulation >2 cm

Uterine fluid
accumulation >2 cm

Uterine fluid
accumulation >2 cm

Uterine fluid
accumulation >2

(continued on next page)
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Table 1 (continued)
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heat map of uterine proteome changes due to endometritis status
(Fig. 3).

MARE CYTOLOGY CULTURE ULTRASOUND
EVALUATION
;I)n hyperedema (5/ 3.4. Gene Ontology enrichment and pathway analysis
Endometritis Moderate Bacillus spp Uterine fluid
mare 10 inflamation (2-5 accumulation >2 cm To discern potential metabolic pathways or biological processes
neutrophils/field) associated with the identified proteins and elucidate their plausible
Endometritis  Moderate Streptococcus spp  Uterine fluid biological functions, enrichment analysis was conducted on both groups
mare 11 inflamation (2-5 accumulation >2 . . o . . .
o using gProfiler. The proteins identified underwent enrichment analysis
neutrophils/field) cm, hyperedema (5/ R o K
5) with Gene Ontology (GO) terms, specifically encompassing molecular
Endometritis Severe p-haemolytic Uterine fluid function (MF), biological process (BP), and cellular component (CC)
mare 12 inflamation (>5 Streptococcus accumulation >2 categories. Results are shown in Fig. 4AB. The biological processes in
neutrophils/field) ‘;')n hyperedema (5/ which these proteins were primarily involved were related to the gen-
Endometritis Moderate Staphylococcus Uterine fluid eration of energy and REDOX regulation (the glucose 6-phosphate
mare 13 inflamation (2-5 spp accumulation >2 cm metabolic process (GO: 0051156), pyruvate metabolic process (GO:
neutrophils/field) 0006090), generation of precursor metabolites and energy (GO:
E"d°melt;“‘s _Se;l’ere s g'haem"lync Uter‘nelﬂ"_‘d , 0006091), glycolytic process (GO: 0006096), pentose-phosphate shunt
mare inflamation (> treptococeus accumutation > (GO: 0006098) and NADPH regeneration (GO: 0006740)) and in bio-
neutrophils/field) cm, hyperedema (5/ K .
5) logical process related to the defense response to bacterium
(G0:0042742) and to other organisms (GO: 0098542). The cellular
components in which these proteins were located were the nucleosome,
extracellular space, azurophil granule and primary lysosome.

KEGG pathway analysis revealed that a subset of highly abundant
proteins in endometritis are involved in biological processes such as
neutrophil extracellular trap formation (KEGG:04613), carbon

I:I Pathological \:| Pathological
A - Healthy . Healthy

\:’ Differentially expressed

Fig. 1. (A)Venn diagram showing the exclusive and common proteins in healthy and endometritis mares, 106 proteins were present in both groups, 92 proteins were
found only in the group of endometritis mares and 45 proteins were present only in the group of healthy mares. (B)Venn diagram showing the proteins differentially
expressed between groups, 35 proteins were found in endometritis mares, only 2 proteins were found in healthy mares.

A

[H Healthy
[ pathological

2(4%)

Pathological vs healthy

2 o z : .
Difference (Log ; Fold Change) of Group Means

Fig. 2. (A) PCA (principal component analysis) revealing a clear difference between the proteome of healthy mares compared to endometritis mares. (B) Volcano
plots showing endometrial proteins differentially expressed in healthy and endometritis mares. More abundant proteins are shown on the right of the volcano plot,
proteins which are less abundant are shown on the left of the volcano plot. The difference in protein content (Log, fold change) is plotted against the significance of
the difference -Log 10 between the two conditions.
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metabolism (KEGG:01200), glycolysis/gluconeogenesis (KEGG: 00010)
and pentose-phosphate pathway (KEGG: 00030) (Fig. 4AB).

The proteins involved in various biological processes, molecular
functions, or localized in different cellular compartments are depicted in
Fig. 4B.

Two of the 38 proteins were uncharacterized. BLAST analysis
showed that the protein F6RP73 had an 60.2 % homology to the cath-
elicidin antimicrobial peptide found in the Egyptian fruit bat and a 65.9
% homology with the neutrophilic granule protein-like of the sperm
whale, Physeter macrocephalus. The protein AOA3Q2HN88 shows an
88.9 % homology with myeloid cathelicidin 2 proteins from Equus
caballus and a 91.6 % homology with cathelicidin 1 protein from Equus
asinus.

3.5. Protein biomarkers for bacterial endometritis

A total of 24 proteins were found in endometrial fluid with
discriminant power for identification of mares with endometritis, using
the biomarker workbench algorithm in Qlucore omics explorer
(https://qlucore.com) (Table 2) to identify the proteins with the highest
potential as biomarkers (Table 2). Enrichment analysis using gProfiler
was also conducted on these proteins for biomarker identification.
Lysozyme, equine myeloid cathelicidin 2 and one of the uncharacterized
proteins (AOA3Q2HN88) were involved in the defense response to
bacterium (defense response to Gram-positive bacterium) and humoral
immune response. Peptidase S1 domain-containing protein, Comple-
ment C3 alpha chain and another uncharacterized protein (F6RP73)
were also involved in the defense response to bacterium and humoral
immune response. An isoform of histone (Histone H2A) was one of the
proteins with the highest fold changes and was involved in neutrophil
extracellular trap formation.

4. Discussion

In the current study, mares with BE exhibited a significantly higher
relative abundance of endometrial proteins compared to clinically
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healthy mares. From 38 proteins showing differential abundance, only
two proteins, actin and a putative actin-relative protein, exhibited
significantly higher expression levels in healthy mares. A previous study
suggests that this protein may play a vital role in preparing the porcine
endometrium for implantation [49]. All other proteins differentially
expressed in mares with BE were related to the innate immune system,
exhibited antimicrobial properties, or were associated with cellular
energy metabolism. A large number of upregulated proteins identified in
mares with BE were specific inflammatory proteins and antimicrobial
peptides, likely synthesized by both endometrial cells and the innate
immune system. One of the identified proteins exhibiting variations
between healthy mares and endometritis mares was serum amyloid A
protein (SAA). Previous research has examined the potential of systemic
levels of this acute-phase protein as a biomarker for endometritis.
However, the results have been inconclusive. Specifically, no significant
differences in circulating SAA levels have been detected in mares sus-
ceptible to endometritis or presenting with subclinical endometritis [50,
51]. Only Mette et al., reported heightened endometrial gene expression
of SAA and systemic SAA protein concentration in mares with experi-
mentally induced endometritis [52]. However, this increase was only
observed within a short timeframe post-inoculation, specifically within
24-48 h in blood samples. In the present study, mares with endometritis
showed a higher relative abundance of SAA protein in their uterine
fluids compared to healthy mares. However, this protein did not prove to
be a reliable indicator of BE in our study.

On the other hand, mares with bacterial infection showed an increase
in enzymes and proteins related to energetic metabolism and redox
regulation, particularly those playing a role in glycolysis and the pentose
phosphate pathway. The immune system requires a significant amount
of energy to perform proliferation, cytokine production and phagocy-
tosis [53]. When neutrophils and other immune cells are activated in
response to an infection or inflammatory stimulus, they undergo meta-
bolic reprogramming similar to the Warburg effect in tumors [54,55].
The Warburg effect is a shift in the metabolic pathways of energy pro-
duction in which pyruvate is metabolized to lactate in the cytoplasm via
lactate dehydrogenase (LDH), even in the presence of oxygen. LDH was
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one of the enzymes upregulated in the uterine fluid of mares with
endometritis in this study (fold change 220, g-value = 0.001). This
enzyme catalyzes the interconversion of pyruvate and lactate, concur-
rently converting NAD" to NADH and vice versa. LDH plays a vital role
in cellular energy production, especially in situations where there is
rapid energy demand or limited oxygen availability [56]. Although
glycolysis is metabolically less efficient than oxidative phosphorylation
in producing ATP, it is crucial for rapid energy production and the
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synthesis of macromolecules required for immune cell activation. To the
best of our knowledge, there are currently no studies demonstrating the
occurrence of this metabolic shift known as the Warburg effect in the
innate uterine immune system of mares. The upregulation of enzymes,
notably LDH, and other glycolysis-related enzymes like 2-phospho-p--
glycerate hydrolase and glucose-6-phosphate isomerase, identified in
the uterine fluid of mares with endometritis in our study, suggests that
the Warburg effect occurs in mares with uterine infection. Thus, these
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Discriminant proteins as biomarkers of endometritis as determined using the Biomarker Workbench algorithm function in Qlucore Omics Explorer (qlucore.com). The
accession number and name for each discriminant protein is given, the corrected p-value (q value) and the fold change (increased amount of protein in uterine lavages
from mares with endometritis are given). Enrichment analysis shows the biological process and pathway in which some proteins are involved.

BIOMARKERS
G- Accession Protein number q-value Fold Biological process KEGG
profiler number change
1 F6XYG7 Histone H2A 0.0004536176248714798 719 Neutrophil
extracellular trap
formation
2 AOAS5F5PKH1 Histone H2A 0.0004536176248714798 579
3 A0A3Q2GSM3 2-phospho-d-glycerate 0.0004536176248714798 488 Pyruvate metabolic process, Generation of
hydro-lyase precursormetabolites and energy
4 F7CU9%4 Lysozyme 0.000962590051494539 415 Defense response to bacterium, humoral
immune response, defense response to
Gram-positive bacterium
5 F7AED2 Lipocln cytosolic FA-bd dom  0.0013588126005079418 365
domain-containing protein
6 F7BXQ8 Histone H2A 0.00023682086713767544 336
7 AOAOK8TM67 Histone H2A 0.00023682086713767544 335
8 AOASF5PEW7 Histone H2A 0.00023682086713767544 335 Neutrophil
extracellular trap
formation
9 F6ZE54 Glucose-6-phosphate 0.000962590051494539 321 Pentose phospate
isomerase pathway
10 062841 Myeloid cathelicidin 2 0.0013588126005079418 240 Defense response to bacterium, humoral Neutrophil
immune response, defense response to extracellular trap
Gram-positive bacterium formation
11 F6RP73 Uncharacterized protein 0.0013588126005079418 225 Defense response to bacterium, humoral
immune response
12 B7XH73 1-lactate dehydrogenase 0.0013588126005079418 220 Glucolysis/
gluconeogenesis
13 F7BTW7 Complement C3 alpha 0.0061813048734928955 219 Defense response to bacterium, humoral Neutrophil
chain immune response extracellular trap
formation
14 F7BZ88 Myeloperoxidase 0.0013588126005079418 208 Defense response to bacterium, humoral Neutrophil
immune response extracellular trap
formation
15 AOA3Q2H1L4 Actin-depolymerizing factor ~ 0.0013588126005079418 190
16 Q28372 Gelsolin 0.0013588126005079418 190
17 AOA3Q2HZX9 Peptidase S1 domain- 0.005262645400986155 186 Defense response to bacterium, humoral Neutrophil
containing protein immune response extracellular trap
formation
18 F6S2F8 H1.2 linker histone, cluster 0.000962590051494539 176
member
19 F6PWV1 Histone H2B 0.003524056661897855 144
20 A0A3Q2ID58 Histone H2B 0.003524056661897855 143
21 AOA3Q2KXW2 H1.12 linker histone, cluster ~ 0.000962590051494539 137
member
22 AOA3Q2HNSS8 Uncharacterized protein 0.0013588126005079418 126 Defense response to bacterium, humoral Neutrophil
immune response, defense response to extracellular trap
Gram-positive bacterium formation
23 F7BBJO Rho GDP dissociation 0.003524056661897855 126
inhibitor beta
24 AOA3Q2I8H2 H1.3 linker histone, cluster 0.0009939060559883111 118

member

findings provide evidence that glycolysis is the primary pathway for
energy acquisition for the innate immune system in the endometrium of
mares. Considering that neutrophils have a low number of mitochon-
dria, this may explain their reliance on glycolysis for energy [57]. In
addition to ATP production, glycolysis in neutrophils also contributes to
the generation of nicotinamide adenine dinucleotide phosphate
(NADPH), which is essential to produce reactive oxygen species (ROS)
that neutrophils use to destroy phagocytized pathogens. During the
innate immune response, phagocytic cells utilize the pentose phosphate
pathway to generate NADPH wusing energy released from
glucose-6-phosphate metabolism [53]. In addition, NADPH is crucial for
the neutralization ROS and cellular redox homeostasis [58].

Among all the proteins that were differentially expressed in the
proteome of mares with BE, we identified 24 with significant discrimi-
nant. GO annotation of these biomarkers revealed significant involve-
ment of the identified proteins in biological processes associated with
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the defense response to bacteria. Furthermore, three of these proteins
were antimicrobial peptides (lysozyme, myeloid cathelicidin 2, and an
uncharacterized protein (AOA3Q2HN88) related to the defense response
to Gram-positive bacteria. These findings support our results as 10 out of
the 14 mares with bacterial endometritis presented positive culture for
Gram-positive bacteria (streptococcus and staphylococcus). Lysozyme was
one of the proteins identified at significantly higher concentrations in
mares with BE, and in agreement to a previous study [59] proving to be
an excellent biomarker of uterine infections (fold change: 415; g-value
= 0.00096). This enzyme is an antimicrobial peptide secreted by a va-
riety of cells including uterine epithelial cells, neutrophils, and macro-
phages [60,61], and exerts its activity through the hydrolysis of the -1,
4-linkages between N-acetyl-p-glucosamine and N-acetylmuramic acid
residues in the peptidoglycan of the Gram-positive bacterial cell walls
[61]. Previous studies have demonstrated the antimicrobial activity of
equine lysozymes against Gram-positive bacteria such as Streptococcus
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equi [62], Bacillus subtilis, and Staphylococcus spp. [63] and against the
Gram-negative bacteria such as Escherichia coli and Klebsiella pneumoniae
[59,63], which were also isolated in the uterine cultures from the group
of mares with endometritis in our study. Notably, the use of lysozymes as
a substitute for antibiotics is currently being investigated as a possible
solution to antibiotic resistance. Peptidoglycan-degrading enzymes,
such as lysozymes, are thought to be less susceptible to resistance due to
the recombinant nature of the protein [64,65].

Other antimicrobial proteins found to be good biomarkers for diag-
nosis of mares with endometritis were cathelicidins, the peptidase S1
domain-containing proteins and myeloperoxidase (MPO). Cathelicidins
are primarily synthesized in myeloid cells and stored in secretory
granules of neutrophils [66]. Cathelicidins exhibit microbicidal prop-
erties against Gram-negative and Gram-positive bacteria [67]. Of the
three equine cathelicidins characterized to date, our study found
increased levels of equine cathelicin 2 (eCATH-2) in uterine fluid from
mares with endometritis. We also identified two uncharacterized pro-
teins (AOA3Q2HN88, F6RP73) with high homology to different cath-
elicidins. Particularly, AOA3Q2HNS88 is 88.9 % homologous with the
myeloid cathelicidin 2 protein from Equus caballus and 91.6 % homol-
ogous with the cathelicidin 1 protein from Equus asinus. These proteins
may be a new type of equine cathelicidin that has not been described
before.

The peptidase S1 domain-containing proteins are a family of serine
proteases that play a crucial role in the proteolytic activation of various
proteins, including the cathelicidins. Both proteins were increased in
mares with endometritis, supporting their function in the innate im-
mune response against pathogens. These enzymes also cleave peptide
bonds and help neutralize pathogens engulfed by neutrophils during
phagocytosis.

Myeloperoxidase (MPO) is known as a marker for neutrophil acti-
vation. Previous studies in mares revealed that MPO is expressed by
epithelial cells under both physiological and pathological conditions
[68,69]. In the present study we found that mares with endometritis
exhibit significantly higher expression of MPO than healthy mares,
making it a useful biomarker for uterine infections (fold change: 208,
g-value = 0.001). This enzyme generates reactive oxygen species (ROS)
such as hypochlorous acid, which have potent antimicrobial properties
and is required for NET formation [70].

Some of the proteins associated with the innate immune system that
appear to be biomarkers of BE were two actin-binding proteins, profilin
and gelsolin, and complement C3a. Profilin and gelsolin are proteins
with an important role in the dynamic remodeling of the actin cyto-
skeleton during cell migration and phagocytosis [71]. Furthermore,
both proteins stimulate the activity of phosphatidylinositol 3-kinase, a
factor that plays a pivotal role in regulating diverse functions within the
immune system, including the activation of neutrophils, chemotaxis,
phagocytosis, and other critical processes [71].

The complement system is an important contributor to opsonization
activity in uterine secretions and inflammatory cell chemotaxis in the
primary immunological response of the endometrium [72]. Activation
of the complement system pathway in the case of BE generally involves
the classical pathway and/or the alternative pathway, depending on
several factors, including the type of bacteria involved. When the
complement system is activated, C3 convertase cleaves C3 into C3a, and
C3b [73]. A previous study found that mares with endometritis had
lower concentrations of complement C3 and C3b in their uterine lavage
fluid than healthy mares, suggesting that mares with this condition
could have a reduced capability for opsonization [35,74]. However, in
our study, we observed that mares with endometritis had a higher
abundance of the complement C3a chain in their uterine fluid (fold
change: 219, g-value = 0.006). One possible explanation for these re-
sults could be attributed to the solubility of C3a. C3a is a soluble
component that is released in the early stages of complement activation
and plays an important role chemotaxis, thereby increasing blood flow
and promoting inflammation [28,73]. Due to solubility, C3a can be
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found in biological fluids such as blood serum or uterine fluid in
response to complement activation. Conversely, C3b is a protein frag-
ment that typically binds to cell or pathogen surfaces, opsonizing them
[74]. This may be a potential reason for the lower concentration in the
uterine fluid of mares with endometritis compared to C3a.

Enrichment analysis of pathways (KEGG annotation) in the uterine
proteome of the mares of this study also revealed that many of the
abundant proteins identified in mares with infectious endometritis are
involved in NET formation. Neutrophils are the first immune cell line to
respond after antigen recognition by the innate immune system. These
cells develop multiple functions such as phagocytosis, the release of lytic
enzymes in response to pathogens, and form NETs. NETs are web-like
structures primarily composed of DNA, histones, and antimicrobial
proteins that emerge through a process known as NETosis [75]. The
induction of NET formation has both immunomodulatory and bacteri-
cidal effects, and their presence has been demonstrated in mares with
BE, suggesting a complementary mechanism for bacterial elimination
[30]. Interestingly, higher expression of several isoforms of histones
(H2A, H2B) and antimicrobial proteins were observed in mares with
endometritis of this study. Histones H2A and H2B are known to be
involved in NET formation, which facilitates chromatin decondensation
and the release of NETs [75]. In our study, we found that most mares
with BE had growth of gram-positive bacteria in their cultures, espe-
cially Streptococci, which trigger a strong immune local response in the
endometrium. This could explain the heightened presence of histonas in
the uterine fluid of our mares. Further research is required to determine
whether these biomarkers are reliable indicators of bacterial infections
induced by Gram-negative bacteria or those possessing a heightened
ability for immune evasion, such as E. coli.

5. Conclusions

In summary, proteins upregulated in the secretome of mares with BE
were associated with the innate immune system, cellular energy meta-
bolism or have antimicrobial properties. Findings of this study provide
the first evidence that innate immune cells in the equine endometrium
undergo reprogramming of metabolic pathways during activation
similar to the Warburg effect. Finally, several biomarkers were identi-
fied for diagnosing BE which were proteins related to the innate immune
system such as some isoforms of histones H2A and H2B with involve-
ment in NET formation, complement C3a, gelsolin and profiline. The
second group of biomarkers included three well-known antimicrobial
peptides (lysosome, equine cathelicidin 2 and MPO) along with two
uncharacterized proteins with a high homology with cathelicidin
families.

This study not only identifies new biomarkers for detecting BE in
mares, but also paves the way for further research by uncovering newly
identified proteins, as well as those already known to possess micro-
bicidal properties. These could be explored as postbiotics or alternative
antibiotic therapies.
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