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Simple Summary: Epididymal spermatozoa have great potential in current dog reproductive tech-
nologies. In the case of azoospermia or when the male dies, the recovery of epididymal spermatozoa
opens new possibilities for reproduction. It is of great importance to analyze the quality of the sperm
in such cases. Proteomic studies contribute to explaining the role of proteins at various stages of
epididymal sperm maturation and offer potential opportunities to use them as markers of sperm
quality. The present study showed, for the first time, mass spectrometry and bioinformatic analysis
of intracellular and membrane-associated proteins of canine epididymal spermatozoa. Additionally,
sonication was used for the separation of dog epididymal sperm morphological elements (heads,
tails and acrosomes). The results revealed the presence of differentially abundant proteins in both
sperm protein fractions significant for sperm function and fertilizing ability. It was also shown that
these proteins participate in important sperm metabolic pathways, which may suggest their potential
as sperm quality biomarkers.

Abstract: This study was provided for proteomic analysis of intracellular and membrane-associated
fractions of canine (Canis lupus familiaris) epididymal spermatozoa and additionally to find optimal
sonication parameters for the epididymal sperm morphological structure separation and sperm
protein isolation. Sperm samples were collected from 15 dogs. Sperm protein fractions: intracellular
(SIPs) and membrane-associated (SMAPs) were isolated. After sonication, sperm morphology was
evaluated using Spermac Stain™. The sperm protein fractions were analyzed using gel electrophoresis
(SDS-PAGE) and nanoliquid chromatography coupled to quadrupole time-of-flight mass spectrometry
(NanoLC-Q-TOF/MS). UniProt database-supported identification resulted in 42 proteins identified
in the SIPs and 153 proteins in the SMAPs. Differentially abundant proteins (DAPs) were found
in SIPs and SMAPs. Based on a gene ontology analysis, the dominant molecular functions of SIPs
were catalytic activity (50%) and binding (28%). Hydrolase activity (33%) and transferase activity
(21%) functions were dominant for SMAPs. Bioinformatic analysis of SIPs and SMAPs showed
their participation in important metabolic pathways in epididymal sperm, which may suggest their
potential as sperm quality biomarkers. The use of sonication 150 W, 10 min, may be recommended
for the separation of dog epididymal sperm heads, tails, acrosomes and the protein isolation.
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1. Introduction

The increasing popularity of dog breeding and the fact that this knowledge may
be transferred to endangered Canidae species provides reasons for many scientists to
place an increasing emphasis on understanding the specificity of canine reproduction [1].
Epididymal spermatozoa have great potential in current dog reproductive technologies. In
the case of azoospermia, or when the male dies, the recovery of the epididymal spermatozoa
opens up a new possibility for generating offspring [1,2]. The epididymal spermatozoa
may be obtained by various ex vivo or in vivo techniques and then frozen for later use in
assisted reproduction technologies [3,4]. Since the dog is also a good model for human
reproduction, the acquired knowledge may be used to understand problems in human
infertility and improve assisted reproduction methods [5,6].

The sonication is a method used to break cells to isolate their components [7]. It is a
physical method based on the phenomenon of cavitation, when the ultrasounds may also
affect cell membranes [8]. This method was successfully used to isolate sperm structures,
such as the sperm head [9,10], acrosome [11] and tail [12]. Sonication was also used for
protein extraction from ejaculated and epididymal spermatozoa of human and stallion
subjects [13–15]. Sonicated spermatozoa were found to be suitable for the preparation of
membrane fractions used to identify proteins that mediate sperm–egg interactions [16].

Proteomic studies contribute to explaining the role of proteins at various stages of epi-
didymal sperm maturation, capacitation, acrosomal reaction and sperm–egg fusion [17,18].
Bioinformatic analyses based on gene ontology provide insight into the protein localiza-
tion, distribution and participation in exact metabolic pathways [19]. Knowledge of the
functions of proteins offers potential opportunities to use them as markers of biological
value in reproductive processes or as future components of contraceptives [18,20]. The
search for marker proteins associated with the process of sperm preservation is of great
importance as it allows the identification of males or semen samples with greater or lesser
suitability in this regard [21,22]. Seminal plasma and ejaculated sperm proteome was
proposed by Aquino-Cortez et al. [23] and Araujo et al. [24,25]. However, according to the
authors’ knowledge, the proteomic study of dog epididymal spermatozoa was not shown
until now. Epididymal spermatozoa are different from those ejaculated because they are
covered only by epididymal fluid proteins and do not come into contact with accessory
glands-secreted proteins. To understand the epididymal sperm fertilizing potential and the
role of particular proteins in it, it would be necessary to provide proteome analysis together
with recognition of most important sperm metabolic pathways responsible for the quality
of the sperm.

Since there are no published reports in this field, it was hypothesized that intracellu-
lar and membrane-associated fractions of canine epididymal spermatozoa were differen-
tially composed and that the application of optimal sonication parameters could be estab-
lished for the separation of the morphological structures of epididymal spermatozoa and
protein isolation.

Therefore, the aim of this study was to (1) provide the proteomic analysis of intra-
cellular and membrane-associated fractions of canine (Canis lupus familiaris) epididymal
spermatozoa and (2) to find optimal sonication parameters for the epididymal sperm
morphological structure separation and sperm protein isolation.

2. Materials and Methods
2.1. Chemicals and Media

All chemicals of the highest purity were purchased from the Sigma Chemical Company
(St. Louis, MO, USA) unless otherwise stated.

2.2. Animals

The study was performed on 15 mixed-breed dogs (1 to 6 years old; mean 3.5 years)
with body weight from 12 to 33 kg (mean 21.5 kg) of unknown fertility. The dogs were
fed and kept in the same environmental conditions in the Shelter for Homeless Animals
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in Tomaryny (Poland). All of the dogs were presented for a routine orchiectomy by a
qualified veterinary doctor as a part of the program of preventing animal homelessness
and promoting adoption. The consent form was achieved from the director of the shelter.

2.3. Cauda Epididymal Semen Collection

The materials, i.e., the testis with epididymis, were placed in sterile plastic containers
in 0.9% NaCl solution and then in a thermobox at a temperature of 4 ◦C and delivered within
one hour to the laboratory of the Department of Animal Biochemistry and Biotechnology
(University of Warmia and Mazury in Olsztyn, Poland). Immediately after that, the gonads
were washed with DPBS (Dulbecco’s Phosphate-Buffered Saline, Gibco, Grand Island,
NY, USA). The cauda epididymal tissue was cut carefully with a sterile scalpel to avoid
sectioning the blood vessels. The effluent of the epididymal semen was aspirated from
the cauda epididymal tissue using an automatic pipette [26] with modifications. Samples
obtained from the cauda epididymis (right and left) of the same animal were pooled.

2.4. Spermatozoa Quality Assessment

The epididymal sperm concentration was determined using a Bürker chamber under
a light microscope (Olympus BX41TF, Tokyo, Japan). The concentration of epididymal
spermatozoa in the studied group of dogs ranged from 21.8 to 56.4 × 108 spermatozoa/mL,
(36.9 ± 2.3 × 108 spermatozoa/mL, mean ± SE).

The sperm samples were subsequently assessed using a computer-assisted semen analy-
sis (CASA-system, HTM-IVOS, 12.3, Hamilton-Thorne Biosciences, MA, USA). The procedure
was described previously by Mogielnicka-Brzozowska et al. [27]. The following software
settings recommended by the manufacturer for canine sperm analyses were used: frame
acquired—30, frame acquisition rate—60 Hz, minimum cell contrast—75, minimum cell
size—6 pixels, straightness threshold—75%, path velocity threshold—100 µm/s, low average
path velocity (VAP) cut-off—9.9 µm/s, low straight-line velocity (VSL) cut-off—20 µm/s,
static size gates—0.80–4.93, static intensity gates—0.49–1.68, static elongation gates—22–84.
The percentages of spermatozoa with total motility (TMOT, %) and progressive motility
(PMOT, %), were analyzed in each epididymal sperm sample.

2.5. Sample Preparation for the Sonication

For the sonication, the epididymal sperm concentration was established at 1 × 108

spermatozoa in 300 µL DPBS, and samples were stored at 4 ◦C no longer than two hours
until further analyses. The sperm samples were centrifuged at 800× g for 10 min, 4 ◦C
to remove epididymal fluid (EF). The remaining supernatant (EF) was removed, and the
sperm pellet was resuspended in 1 mL DPBS (Gibco) and again centrifuged at 800× g
for 10 min, 4 ◦C, to remove loosely bound proteins [28]. The remaining supernatant was
removed and discarded.

The epididymal spermatozoa samples were placed in an ice bath and subjected to
sonication using the Omni Sonic Ruptor 250 Ultrasonic Homogenizer (Omni International,
Kennesaw, GA, USA). The maximum sonication power was 250 W. The following sonica-
tion parameters were used for the experiment variants: C—control (without sonication);
S1—5 min, 50 W; S2—10 min, 50 W; S3—30 min, 50 W; S4—10 min, 150 W. The frequency of
the ultrasound in all the sonication variants was 60 kHz. Following sonication, the sperm
samples were centrifuged (8000× g for 10 min at 4 ◦C). The resulting supernatant contain-
ing sperm intracellular proteins (SIPs) was collected into another Eppendorf tube. To the
remaining sperm pellet, an aliquot of 1 mL of Radioimmunoprecipitation Assay Buffer (RIPA),
containing 50 mM Tris-HCl; 150 mM NaCl; 1% (v/v) Triton X-100; 0.5% sodium deoxycholate;
0.1% SDS; and ddH2O, pH 7.4 was added, and the sample was dissolved, incubated for 5 min
at 4 ◦C, and then vortexed and left overnight in buffer ([27,29]; with modifications). Protease
Inhibitor Cocktail (Sigma-Aldrich/P8340, St. Louis, MO, USA) was added both to the SIPs
and the remaining sperm pellet. The samples were then centrifuged at 8000× g for 10 min,
4 ◦C to obtain a clear lysate of the sperm membrane-associated proteins (SMAPs). The clear
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lysate was collected into another Eppendorf tube. The SIPs and SMAPs were frozen and kept
at −80 ◦C until further analyses.

2.6. Morphology Assessment of Epididymal Spermatozoa Using Spermac Stain

The dog epididymal spermatozoa from each variant of the sonication (S1 to S4) were
prepared as smears on glass slides using 10 µL of each sample (1 × 108 spermatozoa) and
left to dry on a thermoblock (5 min, 37 ◦C). The control samples were prepared in the
same way. Spermac Stain™ (FertiPro, Beernem, Belgium) staining was then performed
according to the manufacturer’s recommendations with modifications. The morpholog-
ical defects caused by sonication in dog epididymal spermatozoa were examined under
bright light microscopy at the magnification of 1000× (Olympus BX41TF). Approximately
200 spermatozoa were counted in each sperm sample. The spermatozoa were classified
into two categories: undamaged (without secondary defects) or damaged (at least one
secondary defect), according to the World Health Organization guidelines [30]. During the
determination of the sperm head defects, attention was paid to the shape of the acrosome
and continuity of the membranes surrounding the sperm nucleus (Figure 1). The sperm
acrosome was found to be normal after dark green staining, and it formed a thin, smooth
border at the top of the sperm head (Figure 1A). According to the protocol of Spermac
Stain™ (FertiPro), the epididymal sperm fragments were stained as follows: the nucleus
(red), the equatorial region (pale green) and the midpiece and the tail (green). When as-
sessing the sperm tail, a detached tail was identified as a defect (Figure 1B). Two types of
sperm head defects were recognized: acrosome loss (Figure 1C) and a damaged acrosomal
membrane (Figure 1D).
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Figure 1. Morphological changes in dog (Canis lupus familiaris) cauda epididymal spermatozoa (n = 
15) after sonication stained with the Spermac stain (1000× magnification in light microscope). (A)—
normal epididymal sperm; (B)—damaged epididymal sperm, with detached head and detached tail; 

Figure 1. Morphological changes in dog (Canis lupus familiaris) cauda epididymal spermatozoa
(n = 15) after sonication stained with the Spermac stain (1000× magnification in light microscope).
(A)—normal epididymal sperm; (B)—damaged epididymal sperm, with detached head and detached
tail; (C)—damaged epididymal sperm showing acrosome loss; (D)—epididymal sperm showing
damaged acrosomal membrane. Arrows show the exact sperm structures.

2.7. Total Protein Content Measurement

The total protein content was measured using Bradford Reagent (Sigma–Aldrich/B6916)
in the control samples (without sonication) and in both the SIP and SMAP fractions sub-
jected to the various sonication variants: S1, S2, S3, S4.
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2.8. Polyacrylamide Gel Electrophoresis (SDS-PAGE)

For proteomic analysis, the SIPs and SMAPs isolated from the spermatozoa of individ-
ual dogs (n = 15) were pooled. Each pool was run in triplicate (technical replicate). The
SDS-PAGE procedure was described previously by Mogielnicka-Brzozowska et al. [27].
The molecular weight (MW) and the optical density (OD) of the stained protein bands
(PB) were determined using MultiAnalyst 1.1 software (BioRad, Laboratories, Hercules,
CA, USA).

2.9. Identification of Proteins by Mass Spectrometry
2.9.1. In-Gel Trypsin Digestion

The SDS-PAGE gel samples were processed according to the protocol described by
Shevchenko et al. [31]. Briefly, gel pieces with protein fractions (PFs) of SIPs and SMAPs
were washed in acetonitrile and 25 mM ammonium bicarbonate to remove Coomassie stain,
reduced in 10 mM dithiothreitol and alkylated with 55 mM iodoacetamide. Next, the gel
pieces were dehydrated with acetonitrile and dried in a vacuum centrifuge. Subsequently,
the gel pieces were rehydrated for 10 min at 4 ◦C in 10 mM ammonium bicarbonate con-
taining 13 ng/µL trypsin (Promega, Fitchburg, WI, USA). Gel samples were left overnight
at 37 ◦C for complete digestion. After digestion, the peptides were extracted by adding
100 µL of extraction buffer (1:2 [v/v] 5% formic acid/acetonitrile) to each tube. All of the
tubes were vortexed and incubated in a shaker for 15 min at 37 ◦C. Finally, the peptides
were desalted using C18 zip tips (Millipore, Burlington, MA, USA), vacuum-dried and
resuspended in water with 0.1% formic acid.

2.9.2. NanoUPLC-Q-TOF/MS Analysis

Waters Acquity liquid chromatography M-Class system (Waters Corp., Milford, MA,
USA) equipped with a Peptide BEH C18 analytical column (150 mm × 75 µm; 1.7 µm,
Waters Corp., Milford, MA, USA) and Symmetry C18 precolumn (180 µm × 20 mm; 1.7 µm,
Waters Corp., Milford, MA, USA) was utilized to separate digested samples.

Each sample was injected on the precolumn and then washed with 99% solvent A
(0.1% formic acid in water) at a flow rate of 5 µL/min for 5 min. After washing, the peptides
were transferred to an analytical column and separated. The flow rate of the mobile phase
was 300 nL/min. The total run time of the analytical gradient, including the column
equilibration step, was set at 75 min. The elution gradient steps were as follows: From 0
to 2 min, the concentration of buffer B (0.1% formic acid in acetonitrile) was 5%. Then at
15 min, its concentration was increased to 30%. Next at 45 min, buffer B concentration was
increased to 60% and then to 85% at 48 min. During the next 10 min, buffer B concentration
was at 85%, before being reduced to 5%, within a time interval of 58 min to 58.5 min.

A mass spectrometry (MS) analysis was performed using Synapt G2-Si (Waters Corp.,
Milford, MA, USA) with a nanoelectrospray ionization (nESI) source, operating under a
positive ion mode. The capillary voltage was set at 3.0 kV, and the cone voltage was set at
40 V. The cone gas flow was set at 40 L/h, and the source temperature was set at 100 ◦C.
The nanoflow gas flow was set at 0.2 Bar. Data were acquired for m/z 70 to m/z 1800
using data-independent mode (MSE). Leucine enkephalin (m/z 556.2771) was used as
a Lockspray. The lock mass was acquired every 45 s, and mass correction was applied
automatically during acquisition.

Raw chromatography files were analyzed with Byonic software (Protein Metrics,
Cupertino, CA, USA). The following settings were used for peak picking and identifica-
tion: trypsin digestion, max. two miss-cleavages, max. three charges, possible modifi-
cations: carbamidomethylated Cys; oxidation of Met and Trp; dioxidation of Trp; pyro-
Glu; de-carbamidomethylated Cys; oxidation of Pro; phosphorylation of Ser, Tyr, Thr;
(di)methylation of Lys and Arg; acetylation of Lys; trimethylation at Lys; sulfation of Cys,
Ser, Thr, Tyr. The detected peptides were compared to SWISSPROT dog proteome (CANLF)-
downloaded April 2021. False identifications were limited by comparison with common
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contaminants and decoys obtained by reverse amino acid sequencing of in silico-cleavage
peptide models.

2.10. Gene Ontology and Functional Annotation

Functional enrichment of the proteins of the sperm intracellular proteins (SIPs) and
sperm membrane-associated proteins (SMAPs) of the canine (Canis lupus familiaris) epi-
didymal sperm in Gene Ontology (GO) categories: molecular function, biological process,
protein class and pathways were obtained from PANTHER Classification System v. 16.0
(online tools, http://pantherdb.org, accessed on 23 November 2021). A Venn diagram
was constructed using web tool (http://bioinformatics.psb.ugent.be/webtools/Venn, ac-
cessed on 23 November 2021). GO plots were performed using GraphPad Prism software
(GraphPad Prism v. 9.2.0. for Windows, GraphPad Prism software, San Diego, CA, USA).

2.11. Statistical Analysis

The data analysis was carried out using Statistica version 13.1 (StatSoft, TIBCO Soft-
ware Inc., Palo Alto, CA, USA). The results of sonication variants are presented as means
with a standard error (mean ± SE). The percentages of sperm morphological defects and
protein separation were analyzed with ANOVA (Duncan’s multiple range test). Different
sonication variants were compared with their respective control and each by each. A
comparison of the OD values of the DAPs was also performed using Student’s t-test for
independent samples to determine statistically significant differences.

3. Results
3.1. Sperm Motility Assessment

The sperm cells showed a total motility (TMOT, %) range from 84.0 to 95.0%
( 90.9 ± 0.9%, mean ± SE), while the progressive motility (PMOT, %) ranged from 41.0
to 72.0% (54.7 ± 9.9%, mean ± SE).

3.2. Influence of Sonication on Epididymal Spermatozoa Morphology

The influence of the sonication on the morphological changes in dog epididymal sperma-
tozoa is shown in Figure 1.

Significant differences in the percentage of the total number of damaged spermatozoa
were found between the control sample (C) and samples subjected to different sonication
variants (S1, S2, S3, S4). After S4 treatment, 97.4 ± 0.8% (mean ± SE) of dog epididymal
spermatozoa were found to be damaged. The effect of a sonication power of 150 W applied
in variant S4 on the percentage of the total number of damaged spermatozoa was more
significant (p ≤ 0.05) than sonication power of 50 W in variants S1, S2 and S3 (Figure 2).

When comparing the occurrence of a detached tail in the spermatozoa samples,
it was noted that the highest percentage of the abovementioned defect (39.4 ± 9.6%)
(p ≤ 0.05) was found after the application of the last sonication variant (S4). The per-
centage of the detached tail in the S4 variant (with the parameters 10 min, 150 W) was
over 25% higher than the other tested variants (C, S1, S2, S3). There were no significant
differences between the control and the sonicated samples (S1, S2, S3) (p > 0.05) in the
percentage of the spermatozoa with a detached tail (Figure 2).

The use of a higher sonication power (150 W) resulted in more spermatozoa losing
their acrosomes. The control sample contained 27.3 ± 3.4% spermatozoa without acrosome,
but the use of sonication increased the occurrence of this defect to 62.4 ± 6.1% in the S4
variant (p ≤ 0.05) (Figure 2).

When comparing the percentage of damaged acrosomal membranes in the sperma-
tozoa samples, it was noted that the highest value of the defect occurred when the last
sonication variant (S4) was applied (31.8 ± 2.2%) (p ≤ 0.05). The percentages of damaged
sperm acrosome membrane in S1, S2, S3 were 14.3 ± 3.3%, 18.5 ± 2.2% and 24.6 ± 2.2%
(p > 0.05), respectively (Figure 2).

http://pantherdb.org
http://bioinformatics.psb.ugent.be/webtools/Venn
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3.3. Protein Content in Samples after the Sonication

After sonication, the cauda epididymal spermatozoa proteins were divided into two
fractions. The first fraction contained the sperm intracellular proteins (SIPs) that flowed
into the solution from the sperm cells that disintegrated during the sonication. The second
fraction contained the sperm membrane-associated proteins (SMAPs) obtained after the
protein extraction from the epididymal sperm residues remaining after the centrifugation
of sonicated samples.

The protein contents in the SIP and SMAP fractions were interdependent (Figure 3). A
higher sonication power (150 W) resulted in more proteins being released from the sperm
cells. The control sample contained 0.05 ± 0.01 mg/mL SIPs. The use of sonication slightly
increased the content of SIPs in all sonication variants up to 0.17 ± 0.03 in the S4 variant.
The content of SMAPs in the control samples was 1.46 ± 0.01 mg/mL. The use of sonication
slightly decreased the content of SMAPs in all sonication variants up to 1.38 ± 0.02 mg/mL
in the S4 variant (Figure 3).

A comparison of the total protein content (as a sum of the SIPs and the SMAPs) of
samples subjected to variants S1, S2, S3, S4 and the control sample indicate that the total
protein content was not significantly influenced by sonication power or time (p > 0.05)
(Figure 3).

3.4. SDS-PAGE Analysis

The SDS-PAGE protein profiles of pooled SIPs and SMAPs were analyzed. The protein
profile of the SIPs of the dog cauda epididymal spermatozoa was characterized by the
presence of 21 PFs with molecular weights (MW) ranging from 10.6 to 163.2 kDa (Figure 4,
Line A).
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Figure 4. One-dimensional SDS-PAGE (12%). Line A: sperm intracellular proteins (SIPs) of dog
(Canis lupus familiaris) cauda epididymal spermatozoa (n = 15); Line B: sperm membrane-associated
proteins (SMAPs) of the dog cauda epididymal spermatozoa. Proteins were identified using mass
spectrometry in ranges 1–8 (Range 1 to 8) for SIPs and SMAPs. Differentially abundant protein
fractions were marked with letters from a to j. STD—molecular weight markers.

The values of MW of PFs on SDS-PAGE gels were averaged for all sonication variants
(C, S1, S2, S3, S4). Optical density (OD) analysis in PFs showed higher protein content
(p ≤ 0.001) for five PFs in the SIPs compared with corresponding PFs of the SMAPs. These
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were marked with letters from a to e, with the following MW and average optical density
(OD) values: (a) 69.0 kDa, 0.36 ± 0.012 OD; (b) 63.6 kDa, 0.32 ± 0.013 OD; (c) 20.2 kDa,
0.29 ± 0.008 OD; (d) 12.8 kDa, 0.28 ± 0.006 OD; (e) 11.9 kDa, 0.30 ± 0.007 OD (Table 1).

Table 1. Average optical density (OD) values (mean ± SE) of differentially abundant proteins (DAPs)
of the sperm intracellular proteins (SIPs) and the sperm membrane-associated proteins (SMAPs) of
dog (Canis lupus familiaris) cauda epididymal spermatozoa (n = 15). Different superscripts within
rows indicate statistically significant differences (p ≤ 0.001) between fractions. DAPs were marked
with letters from a to j. MW—average molecular weight.

DAPs
MW

(kDa)

Optical Density

SIPs SMAPs

a 71.8 0.36 ± 0.012 a 0.21 ± 0.006 b

b 65.0 0.32 ± 0.013 a 0.19 ± 0.005 b

c 20.5 0.29 ± 0.008 a 0.17 ± 0.007 b

d 12.8 0.28 ± 0.006 a 0.17 ± 0.005 b

e 11.9 0.30 ± 0.007 a 0.18 ± 0.005 b

f 57.5 0.22 ± 0.009 a 0.28 ± 0.006 b

g 50.0 0.18 ± 0.006 a 0.32 ± 0.008 b

h 38.6 0.17 ± 0.006 a 0.29 ± 0.014 b

i 18.0 0.18 ± 0.007 a 0.29 ± 0.006 b

j 10.9 0.20 ± 0.004 a 0.31 ± 0.013 b

The SDS-PAGE profile of the SMAPs of the dog epididymal spermatozoa was char-
acterized by the presence of 19 PFs with MW range from 11.3 to >250.0 kDa (Figure 4,
Line B).

The PF molecular weights were averaged for all sonication variants (C, S1, S2, S3,
S4). OD analysis in these PFs showed higher protein content (p ≤ 0.001) for five PFs in
the SMAPs when compared with the corresponding (showing the same MW) PFs of the
SIPs. They were marked with letters from f to j, with the following MW and OD values:
(f) 61.1 kDa, 0.28 ± 0.006 OD; (g) 50.4 kDa, 0.32 ± 0.008 OD; (h) 40.0 kDa, 0.29 ± 0.014 OD;
(i) 18.7 kDa, 0.29 ± 0.006 OD; (j) 11.3 kDa, 0.31 ± 0.013 OD (Table 1).

3.5. Mass Spectrometry Analysis

SDS-PAGE protein fractions were analyzed in Ranges 1–8, using NanoUPLC-Q-
TOF/MS and UniProt identifiers (Figure 4). Differentially abundant protein fractions
are shown in Tables 1 and 2.

Ten polypeptides with the highest scores were identified as DAPs in the SIPs frac-
tion: lactotransferrin (LTF), carboxylesterase 5A (CES5A), albumin (ALB), olfactomedin 4
(OLFM4), prostaglandin-H2 D-isomerase (PTGDS), glutathione peroxidase (GPX5), puta-
tive lipocalin-like protein (LCNL1), putative peptidyl-prolyl cis-trans isomerase (CSNK1G1),
intracellular cholesterol transporter (NPC2) and leucine-rich repeat neuronal protein 3
(LRRN3). Eight polypeptides were identified as DAPs in the SMAPs fraction: epididy-
mal secretory protein E1 (NPC2), lactotransferrin (LTF), cysteine-rich secretory protein 2
(CRISP2), WAP domain-containing protein (N/A/WAPdcp), actin, cytoplasmic 1 (ACTB),
ubiquitin-60S ribosomal protein L40 (UBA52), beta-N-acetylhexosaminidase (HEXB) and
acrosin-binding protein (ACRBP). UniProt database-supported identification resulted in
42 proteins identified in the SIPs and 153 proteins in the SMAPs. The proteins (13) present
in both SIPs and SMAPs were: ALB, GPI, UBA52, CRISP2, PTGDS, LTF, GPX5, ACRBP,
LCNL1, CES5A, OLFM4, NPC2, HEXB (Figure 5).
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Table 2. Differentially abundant proteins (DAPs) of the SMAPs and SIPs present in dog (Canis lupus
familiaris) cauda epididymal spermatozoa (n = 15). Proteins separated in SDS-PAGE were analyzed
with mass spectrometry (NanoUPLC-Q-TOF/MS) and identified by UniProt identifiers. The protein
score represents the quality of identification.

DAPs Protein Name
Swiss-Prot
Accession
Number

Gene
Symbol

Sequence
Coverage

(%)

Molecular
Weight
(kDa)

Peptide
Counts

(Unique)

Peptide
Counts

(All)

Protein
Score

SIPs

a
Lactotransferrin F1PR54 LTF 34.6 77.3 21 72 440

Carboxylesterase 5A Q6AW47 CES5A 15.1 63.6 6 44 226

b
Albumin P49822 ALB 9.5 68.6 4 25 337

Olfactomedin 4 F1PB68 OLFM4 4.6 54.4 1 6 236

c

Prostaglandin-H2
D-isomerase Q9XS65 PTGDS 28.3 21.1 5 25 212

Glutathione peroxidase F1PJ71 GPX5 16.7 25.3 3 20 282

d

Lipocalin_cytosolic_FA-
bd domain-containing

protein
E2R6E0 LCNL1 3.7 32.6 1 7 229

Peptidyl-prolyl
cis-trans isomerase F1PLV2 CSNK1G1 5.4 26.6 1 1 147

e

NPC intracellular
cholesterol transporter 2 Q28895 NPC2 12.1 16.1 1 33 247

Leucine rich repeat
neuronal protein 3 F1PYL2 LRRN3 1.6 79.6 1 2 135

SMAPs

f
Epididymal secretory

protein E1 F1PAR9 NPC2 33.3 20.2 4 29 470

Lactotransferrin F1PR54 LTF 17.4 77.3 12 22 335

g

Cysteine-rich secretory
protein 2 A0A5F4CCD CRISP2 13.5 35.4 2 5 302

WAP domain-containing
protein E2RCT1 N/A *

WAPdcp ** 14.7 13.0 1 3 303

h
Actin, cytoplasmic 1 O18840 ACTB 5.3 41.7 4 41 378

Ubiquitin-60S ribosomal
protein L40 P63050 UBA52 7.0 14.7 1 4 262

i

Epididymal secretory
protein E1 F1PAR9 NPC2 25.4 20.2 3 29 591

Beta-N-
acetylhexosaminidase F1Q1M8 HEXB 6.7 38.1 1 4 276

j

Epididymal secretory
protein E1 F1PAR9 NPC2 32.3 20.2 3 21 540

Acrosin-binding protein E2RNS8 ACRBP 1.9 61.3 1 3 231

* not available, ** protein name abbreviation in this publication.

The proteins of the SIPs and SMAPs with significant MS scores are listed in Supple-
mentary Tables S1 and S2, respectively.

3.6. Gene Ontology and Functional Annotation

Based on gene ontology (GO) enrichment, the dominant molecular functions of SIPs
were catalytic activity (50%), binding (28%) and molecular function regulator (10%). The
main biological processes shown for SIPs were the cellular process (26%), the metabolic
process (18%) and biological regulation (18%) (Figure 6A). Dominant molecular functions
of SMAPs were hydrolase activity (33%), transferase activity (21%) and catalytic activity,
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acting on a protein (17%). The biological processes dominant in SMAPs were the cellular
process (29%), biological regulation (14%) and the metabolic process (13%) (Figure 6B).
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Figure 6. Gene ontology (GO) enrichment of (A) sperm intracellular proteins (SIPs) and (B) sperm
membrane-associated proteins (SMAPs) of the dog (Canis lupus familiaris) cauda epididymal sper-
matozoa. Significant GO terms for molecular function (orange) and biological process (blue) are
presented. The analyses were made by the PANTHER Classification System (v. 16).

The protein classes recognized in SIPs after analysis of GO are mainly metabolite
interconversion enzyme (34%), transfer/carrier protein (15%) and protein modifying en-
zyme (9%) (Figure 7A). For SMAPs, a protein class analysis showed mainly metabolite
interconversion enzyme (25%), transporter (14%) and transmembrane signal receptor (11%)
(Figure 7B).



Animals 2022, 12, 772 12 of 21

Animals 2022, 12, x FOR PEER REVIEW 12 of 21 
 

The protein classes recognized in SIPs after analysis of GO are mainly metabolite 
interconversion enzyme (34%), transfer/carrier protein (15%) and protein modifying en-
zyme (9%) (Figure 7A). For SMAPs, a protein class analysis showed mainly metabolite 
interconversion enzyme (25%), transporter (14%) and transmembrane signal receptor 
(11%) (Figure 7B). 

 
Figure 7. Protein classes in (A) sperm intracellular proteins (SIPs) and (B) sperm membrane-associ-
ated proteins (SMAPs) of the dog (Canis lupus familiaris) cauda epididymal spermatozoa. The pro-
tein class was analyzed by the PANTHER Classification System (v. 16). Each color represents per-
centage of protein participation in each protein class. 

The GO pathways showed mainly glycolysis (23%), the integrin signaling pathway 
(11%) and the Wnt signaling pathway (11%) for SIPs (Figure 8A). For the SMAPs, the main 
pathways were inflammation mediated by chemokine and cytokine signaling pathways 
(7%), the Wnt signaling pathway (7%) and the Alzheimer disease–presenilin pathway 
(5%) (Figure 8B). 

Figure 7. Protein classes in (A) sperm intracellular proteins (SIPs) and (B) sperm membrane-
associated proteins (SMAPs) of the dog (Canis lupus familiaris) cauda epididymal spermatozoa.
The protein class was analyzed by the PANTHER Classification System (v. 16). Each color represents
percentage of protein participation in each protein class.

The GO pathways showed mainly glycolysis (23%), the integrin signaling pathway
(11%) and the Wnt signaling pathway (11%) for SIPs (Figure 8A). For the SMAPs, the main
pathways were inflammation mediated by chemokine and cytokine signaling pathways
(7%), the Wnt signaling pathway (7%) and the Alzheimer disease–presenilin pathway (5%)
(Figure 8B).
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Figure 8. Pathways according to PANTHER Classification System (v. 16) for (A) sperm intracellular
proteins (SIPs) and (B) sperm membrane-associated proteins (SMAPs) of dog (Canis lupus familiaris)
cauda epididymal spermatozoa. Each color represents percentage of protein participation in each
protein class.
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4. Discussion

This is the first study presenting the isolation of intracellular and membrane-associated
proteins from canine epididymal sperm and showing the comparative analysis of proteomes
of the abovementioned fractions. Moreover, the present study showed the effect of sonica-
tion time and power on the percentage of damage in dog cauda epididymal spermatozoa
and the sperm protein isolation.

Based on the sonication results, it is difficult to compare the results obtained in this
study with the results of other scientists since different types of sonicators were used, as
well as sonication parameters such as maximum power or time, which depends on the
type and manufacturer of the equipment. However, it can be stated that sonication with
150 W, 10 min, can be used to isolate the head and tail of dog epididymal spermatozoa.
The results are consistent with studies by other authors in which sonication was used to
isolate the outer acrosomal membrane of goat ejaculated spermatozoa [11]. The acrosomal
membranes were separated without damaging their structure, which was confirmed by
electron microscopy. It has been shown that acrosomal membranes isolated in this way
may provide good material for an analysis of the activity of specific enzymes, such as
Ca2+ ATPase [11]. Some authors have also used sonication to separate the heads of human
sperm from the tails [12]. Similar effects were achieved by Yamamoto et al. [10], who used
sonication on ejaculated rat spermatozoa to remove sperm tails. In this study, a similar
effect of sonication on dog epididymal spermatozoa was demonstrated, in which treatment
with appropriate timing and power of sonication resulted in the effective separation of
sperm heads from sperm tails. Given that sonication does not lead to damage of the sperm
chromosomes, the separated sperm heads may be further used as material for in vitro
fertilization [9].

It was shown that the cytoplasm from the sperm cells broken by ultrasound may
leak out from the sperm cell [8]. In the current study, separate analysis was shown of the
sperm intracellular proteins (SIPs) and the sperm membrane-associated proteins (SMAPs)
obtained by protein extraction from the epididymal sperm residue. To date, an SDS-PAGE
analysis of the SIPs and SMAPs of dog epididymal spermatozoa has not been shown.
According to the authors’ knowledge, this is also the first study concerning a mass spec-
trometry analysis of the protein present in dog epididymal spermatozoa. Until now, mass
spectrometry has allowed the identification of epididymal spermatozoa proteins of ani-
mal species, among others, for stallions [13], bulls [32], boars [33] and mice [34]. In this
study, UniProt database-supported identification resulted in 42 proteins identified in the
SIPs and 153 proteins in the SMAPs. Thirteen proteins were present in both fractions:
ALB (albumin), GPI (Glucose-6-phosphatase isomerase), UBA52 (Ubiqiutin-60S ribosomal
protein L40), CRISP2 (Cysteine-rich secretory protein 2), PTGDS (Prostaglandin-H2 D-
isomerase), LTF (Lactotransferrin), GPX5 (Epididymal secretory glutathione peroxidase),
ACRBP (Acrosin-binding protein), LCNL1 (Lipocln cytosolic FA-bd domain-containing pro-
tein), CES5A (Carboxylesterase 5A), OLFM4 (Olfactomedin 4), NPC2 (Epididymal secretory
protein E1) and HEXB (Beta-N-acetylhexosaminidase). It is worth noting that the sperm
membrane-associated fraction was much more abundant in different proteins than sperm
intracellular fraction. According to proteins present in both SIPs and SMAPs, it is impos-
sible to state if they were just contamination formed during the sperm protein isolation
procedure (unavoidable) or if these proteins are really components of abovementioned
sperm compartments.

The current study showed the presence of DAPs on SDS PAGE gels in both the SIPs and
the SMAPs of dog epididymal spermatozoa (Figure 4, Table 2) and analyzed the potential
function of these proteins in reproduction. Some of them were found in spermatozoa
structures of different animal species: LTF, ALB, OLFM4, CSNK1G, LRRN3, CRISP2, ACTB,
UBA52, HEXB, ACRBP, GPX5, PTGDS and NPC2. Three of the DAPs, however, were found
only in different animal species’ reproductive tissues, such as a testis or epididymis. These
included CES5A, WAPdcp and LCNL1. However, it is known that the proteins present in
the epididymis may exert an impact on sperm functions [35].
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The functions of DAPs, which were found among others in sperm structures of
different animal species and humans, are discussed below.

Lactotransferrin (LTF) was found in both SIPs and SMAPs of canine epididymal
sperm. A high content of LTF was found in the canine seminal plasma [23], and its
function in reproduction is well known [27]. As it was demonstrated, LTF is present in
high concentrations and binds to sperm in the epididymis of boars and stallions and was
immunolocalized in rodent epididymis [36]. According to its binding ability to the sperm
membrane [36], it was found in high amounts in our study, and it may be postulated that
LTF also coats canine epididymal sperm plasma membrane during the sperm maturation
in epididymis and might exert protective function.

In the seminal plasma of different animal species, ALBs are quite abundant proteins,
and they play an important role in reproductive processes [22]. The ALBs can absorb lipid
peroxides, a feature that contributes to their protective effect on membrane stability and
sperm motility [37]. Albumins were found in mice sperm acrosome. They are synthesized
in the epididymis and aggregate in a high molecular mass glycoprotein complex involved
in sperm–egg fertilization [38].

Olfactomedin 4 (OLFM4) is an olfactomedin domain-containing glycoprotein [39].
OLFM-1, -2, -3, -4 are known to regulate cellular growth, differentiation and pathological
processes [40]. The absence of OLFM4 gene expression is associated with the progression of
human prostate cancer, but its role and the molecular mechanisms involved in this process
have not been completely understood [41]. OLFM4 was found in human spermatozoa [42].

Peptidyl-prolyl cis-trans isomerases (CSN) catalyze the isomerization between the cis
and trans forms of peptide bonds, which are associated with new polypeptide conforma-
tion [43,44]. In bulls, the CSN may exert a negative impact on spermatogenesis and sperm
maturation [45]. It was found in human and rat spermatozoa [46,47].

Leucine-rich repeat protein family (LRTP) have been found in the testis of humans
and mice [48]. A downregulation of the LRRN3 gene in sperm of high-fertility boars was
found [49], with LRRN3 being involved in Ras-MAPK signaling [50].

CRISP2 is a member of the cysteine-rich secretory protein (CRISP) family. Its expres-
sion is high in testis, and it is localized in sperm acrosome, sperm tail and the junction
between germ and Sertoli cells within the seminiferous epithelium [51–54]. CRISP2 is impli-
cated in cell-cell adhesion and is capable of steroid binding [55,56]. It can also specifically
regulate calcium flow through ryanodine receptors [57,58]. It is known that a decrease
in CRISP2 content in sperm is associated with male infertility in humans [59,60] and
horses [61].

ACTB is the major cytoskeleton protein which is responsible for cell volume reg-
ulation [62]. The localization of the ACT in the flagellar and acrosomal membrane of
spermatozoa suggests its role in sperm motility and capacitation [63–65].

UBA52 is a low molecular weight peptide that tags other proteins for proteasomal
degradation and is also involved in the regulation of other protein functions. Its role in
the elimination of defective spermatozoa during transit through the epididymis has been
described in humans and cattle [66,67]. Vernocchi et al. [68] indicated the presence of
ubiquitinated proteins in feline epididymal sperm.

HEXB is a lysosomal enzyme that hydrolyses acetylglucosamine and acetylgalac-
tosamine residues in glycoconjugates [69]. The b-hexosaminidase enzymatic ability to
remove N-acetylglucosamine residues from ZP glycoproteins maintains spermatozoa prop-
erties to penetrate human oocytes [70]. It is interesting that HEXB has the ability to bind
zinc-ions, which may influence sperm motility [71].

ACRBP is an acrosomal protein (also known as Sp32), and it is a binding protein
specific for the precursor (proACR) and intermediate forms of ACR [72,73]. ACRBP is
normally expressed exclusively in the human testis but is also expressed in a wide range of
different tumor types [74,75]. ACRBP influences acrosin activity and acrosome formation,
which is connected with sperm fertilizing ability [76].
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The glutathione peroxidase (GPX5) is highly expressed in the epididymis of mammals,
where it is secreted into the lumen, and its role is to protect sperm from lipid peroxidation.
The glutathione peroxidase was found, among others, in bull, boar and dog seminal
plasma [77–79]. Functional network analysis showed the participation of this protein in
important metabolic pathways in feline SP for GPX 5 and 6 isoforms [27]. GPX5 was found
in boar epididymal sperm [79].

PTGDS was found in the epididymal fluid and seminal plasma of rats [80] as well as
in the seminal plasma of dogs [27]. Prostaglandin (H2) D-isomerase, expressed in different
reproductive organs, binds to small nonsubstrate lipophilic molecules and may act as
a scavenger for harmful hydrophobic molecules as it is potentially involved in vesicle-
mediated transport and defense response [81]. Araujo et al. [24,25] described this protein
as a purebred dog sperm component.

NPC intercellular cholesterol transporter 2, also called epididymal secretory protein
E1, was found in SIPs and SMAPs. In general, epididymal secretory protein E1 (CE1/NPC2)
is expressed based on canine genes similar to those known in humans [5]. The CE1 protein
is a highly abundant, conserved secretory protein [82]. The mRNA was found in large
amounts in the epididymal duct epithelium, while the protein was found in the duct
lumen [83]. Recently, CE1 has been identified as the second gene of Niemann-Pick type
C disease (NPC2) involved in cholesterol efflux from lysosomes [84]. It is interesting that
NPC2-based proteins were found in both the SIPs and SMAPs. This may suggest its
epididymal sperm membrane coating ability. Similar results were shown for the human
ejaculated spermatozoa in which an HE2 human homologue of CE1 was present on the
acrosome and equatorial region of the cells [85]. Araujo et al. [24,25] found NPC2 as a
purebred sperm component.

It may be concluded that proteins which showed high fraction-dependent (SIPs or
SMAPs) content play a very important role in canine epididymal sperm metabolism, mostly
by sperm protection.

This paper also discusses DAPs, which were not isolated earlier and established as
sperm components. In the current study, they were shown for the first time as such. These
proteins were mostly described as being produced in the epididymis.

An interesting protein with sperm quality diagnostic potential is carboxylesterase
(CES5A). It is known to be produced in the epididymis and is required for sperm capaci-
tation and male fertility in the rat [86]. Gene expression of CES was found in the rat and
rabbit epididymis [87] and rat testis [88]. It is hypothesized that CES plays a role in the
maturation of the sperm lipid membrane. The function of CES5A in sperm capacitation is
not fully understood as it does not seem to have direct interaction with spermatozoa in the
epididymal lumen but is instead thought to alter the lipid content of the luminal fluid and
then, indirectly, the lipid content of the sperm membrane [86,87].

Lipocalins (LCNL1) typically transport or store small molecules, including vitamins,
steroid hormones, odorants and various secondary metabolites [89]. Gene expression of
LCN2 was found in the mouse, ram and human epididymis [90–92]. Since LCN2 could
facilitate cell proliferation of castration-resistant prostate cancer via androgen receptor,
LCN2 could be a novel target in cancer therapy [93].

WAP (whey acidic protein) domain-containing protein possesses serine-type endopep-
tidase inhibitor activity and plays a role in biological processes such as antibacterial humoral
response and innate immune response in the dog [94]. mRNA expression for this pro-
tein was found in most regions of the canine epididymis [83]. However, its function in
reproduction and in canine spermatozoa was not established.

The proteins recognized as DAPs in this study and mostly described as epididymis-
produced probably might be coated on sperm plasma membrane or even inserted into
membrane structure during canine epididymal sperm maturation.

Some the DAPs recognized in our study such as ALB, PTGDS, LTF and NPC2 were
identified by mass spectrometry as components of purebred dog spermatozoa by Araujo
et al. [24,25]. There have been found 47 proteins in spermatozoa, 109 in seminal plasma and
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6 in both samples. Serum albumin, tubulins and acrosin binding protein were statistically
relevant. Gene ontology analysis has confirmed their role in numerous important cellular
biological processes.

According to the GO analysis, the proteins present in the SIPs were mainly involved in
glycolysis, the integrin signaling pathway and the Wnt signaling pathway. An obligatory
role for glycolysis in spermatozoa is to support its motility and capacitation process [95].
Integrin signaling pathway is involved in a broad range of processes engaged in sperm
activation and fertilization [96]. For SMAPs, the main metabolic pathways were inflam-
mation mediated by the chemokine and cytokine signaling pathway, the Wnt signaling
pathway and the Alzheimer disease–presenilin pathway. The chemokine and cytokine sig-
naling pathways contribute to testicular function and the maintenance of male reproductive
health [97]. Presenilins stabilize β-catenin in the Wnt signaling pathway and regulate cal-
cium homeostasis [98]. It was found that the presence of amyloid precursor protein (APP)
is an important element of the Alzheimer disease–presenilin pathway in human sperm and
testis [99,100]. The Wnt signaling pathway (showed as important for both SIPs and SMAPs)
is an ancient and evolutionarily conserved pathway that regulates crucial aspects of cell fate
determination, cell migration, cell polarity, neural patterning and organogenesis during
embryonic development [101]. The Wnt signaling pathway has been successfully linked
with the regulation of sperm maturation in the epididymis [102]. Post-transcriptional Wnt
signaling influences sperm, maintaining protein homeostasis, initiating sperm motility and
establishing a membrane diffusion barrier in the sperm tail [103].

As it was shown above, the protein present both in the canine epididymal sperm intra-
cellular and membrane-associated fraction participates in important metabolic pathways
regulating sperm functions and fertility. Taking into consideration the above results, some
proteins may potentially be used as sperm quality markers and disease diagnostic markers
of the male reproductive system.

5. Conclusions

The results of this study show that sonication for 10 min at 150 W can be considered
for the separation of dog epididymal sperm structures and for improved protein extraction.
Mass spectrometry identification and bioinformatic analysis of SIPs and SMAPs have been
shown for the first time in the present study. The results show the presence of DAPs in
both the sperm protein fractions, which are crucial for the functions of spermatozoa and
their fertilizing ability. Finally, it has been confirmed that these proteins are implicated in
important sperm metabolic pathways.
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(NanoUPLC-Q-TOF/MS).

Author Contributions: Conceptualization, A.Z. and M.M.-B.; methodology, A.Z., M.A.B., R.S., M.Z.
and M.M.-B.; software, A.Z. and M.A.B.; validation, A.Z.; formal analysis, A.Z.; investigation, A.Z.
and B.O.; resources, R.S., B.O. and M.M.-B.; data curation, A.Z. and M.A.B.; writing—original
draft preparation, A.Z.; writing—review and editing, A.Z., M.Z. and M.M.-B.; visualization, A.Z.;
supervision, M.M.-B.; project administration, M.M.-B.; funding acquisition, A.Z. and M.M.-B. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was financially supported by the University of Warmia and Mazury in Olsztyn
(research project No. 11.610.003-300). Anna Zmudzinska is a recipient of a scholarship from the
Programme Interdisciplinary Doctoral Studies in Bioeconomy (POWR.03.02.00-00-I034/16-00), which
is funded by the European Social Funds. Project financially supported by the Minister of Education
and Science under the program entitled “Regional Initiative of Excellence” for the years 2019–2022,
Project No. 010/RID/2018/19, amount of funding 12.000.000 PLN.

https://www.mdpi.com/article/10.3390/ani12060772/s1
https://www.mdpi.com/article/10.3390/ani12060772/s1


Animals 2022, 12, 772 17 of 21

Institutional Review Board Statement: The study was performed under the guidance of Directive
63/2010/EU and Journal of Laws of the Republic of Poland (2017) regarding the protection of
animals used for scientific or educational purposes. The exemption letter was obtained from Local
Ethics Committee for Animal Experimentation, Olsztyn, Poland (LKE/01/2022). The authors have
permission to conduct animal experimentations according to the Polish Laboratory Animal Science
Association (Numbers: 1432/2015; 1508/2015).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in the study are available upon request from the
corresponding author.

Acknowledgments: The authors would like to thank Jerzy Wisniewski and Piotr Mlynarz, Depart-
ment of Biochemistry, Molecular Biology and Biotechnology, Wroclaw University of Technology, for
participating in analyses and providing research equipment.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Luvoni, G.C.; Morselli, M.G. Canine epididymal spermatozoa: A hidden treasure with great potential. Reprod. Dom. Anim. 2016,

52, 197–201. [CrossRef] [PubMed]
2. Hassan, H.A.; Domain, G.; Luvoni, G.C.; Chaaya, R.; Van Soom, A.; Wydooghe, E. Canine and Feline Epididymal Semen—A

Plentiful Source of Gametes. Animals 2021, 11, 2961. [CrossRef] [PubMed]
3. Varesi, S.; Varnocchi, V.; Faustini, M.; Luvoni, G.C. Morphological and acrosomal changes of canine spermatozoa during

epididymal transit. Acta Vet. Scand. 2013, 55, 17. [CrossRef]
4. Chaveiro, A.; Cerqueira, C.; Silva, J.; Franco, J.; Moreira da Silva, F. Evaluation of frozen thawed cauda epididymal sperms and

in vitro fertilizing potential of bovine sperm collected from the cauda epididymal. Iran. J. Vet. Res. 2015, 16, 188–193. [PubMed]
5. Kirchhoff, C. The dog as model to study human epididymal function at a molecular level. Mol. Hum. Reprod. 2002, 8, 695–701.

[CrossRef] [PubMed]
6. Switonski, M. Dog as a model in studies on human hereditary diseases and their gene therapy. Reprod. Biol. 2014, 14, 44–50.

[CrossRef]
7. Toyoshima, M.; Sakata, M.; Ohnishi, K.; Tokumaru, Y.; Kato, Y.; Tokutsu, R.; Sakamoto, W.; Minagawa, J.; Matsuda, F.; Shimizu,

H. Targeted proteome analysis of microalgae under high-light conditions by optimized protein extraction of photosynthetic
organisms. J. Biosci. Bioeng. 2019, 127, 394–402. [CrossRef]

8. Qin, P.; Han, T.; Yu, A.C.H.; Xu, L. Mechanistic understanding the bioeffects of ultrasound-driven microbubbles to enhance
macromolecule delivery. J. Control. Release 2018, 272, 169–181. [CrossRef]

9. Tateno, H.; Kimura, Y.; Yanagimachi, R. Sonication per se is not as deleterious to sperm chromosomes as previously inferred. Biol.
Reprod. 2000, 63, 341–346. [CrossRef]

10. Yamamoto, T.; Yoneyama, M.; Imanishi, M.; Takeuchi, M. Flow cytometric detection and analysis of tailless sperm caused by
sonication or a chemical agent. J. Toxicol. Sci. 2000, 25, 41–48. [CrossRef]

11. Somanath, P.R.; Gandhi, K.K. Isolation and partial characterisation of the plasma and outer acrosomal membranes of goat
spermatozoa. Small Rumin. Res. 2004, 53, 67–74. [CrossRef]

12. Amaral, A.; Castillo, J.; Estanyol, J.M.; Ballesca, J.L.; Ramalho-Santos, J.; Oliva, R. Human sperm tail proteome suggests new
endogenous metabolic pathways. Mol. Cell. Proteom. 2013, 12, 330–342. [CrossRef] [PubMed]

13. Dias, G.M.; López, M.L.; Ferreira, A.T.S.; Chapeaurouge, D.A.; Rodrigues, A.; Perales, J.; Retamal, C.A. Thiol-disulfide proteins of
stallion epididymal spermatozoa. Anim. Reprod. Sci. 2014, 145, 29–39. [CrossRef]

14. Fanny, J.; Julien, S.; Francisco-Jose, F.G.; Sabiha, E.; Sophie, D.D.; Luc, B.; Hélène, B.; Nicolas, S.; Valérie, M. Gel electrophoresis of
human sperm: A simple method for evaluating sperm protein quality. Basic Clin. Androl. 2018, 28, 10. [CrossRef]

15. Guasti, P.N.; Souza, F.F.; Scott, C.; Papa, P.M.; Camargo, L.S.; Schmith, R.A.; Monteiro, G.A.; Hartwig, F.P.; Papa, F.O. Equine
seminal plasma and sperm membrane: Functional proteomic assessment. Theriogenology 2020, 156, 70–81. [CrossRef]

16. Baker, S.S.; Cardullo, R.A.; Thaler, C.D. Sonication of mouse sperm membranes reveals distinct protein domains. Biol. Reprod.
2002, 66, 57–64. [CrossRef] [PubMed]

17. Mann, T.; Lutwak-Mann, C. Secretory function of male accessory organs of reproduction in mammals. Physiol. Rev. 1951, 31,
27–55. [CrossRef]

18. Mogielnicka-Brzozowska, M.; Kordan, W. Characteristics of selected seminal plasma proteins and their application in the
improvement of the reproductive processes in mammals. Pol. J. Vet. Sci. 2011, 14, 489–499. [CrossRef]

19. Panner Selvam, M.K.; Finelli, R.; Agarwal, A.; Henkel, R. Proteomics and metabolomics—Current and future perspectives in
clinical andrology. Andrologia 2021, 53, e13711. [CrossRef]

20. Gobello, C.; Castex, G.; Corrada, Y. Serum and seminal markers in the diagnosis of disorders of the genital tract of the dog: A
mini-review. Theriogenology 2002, 57, 1285–1291. [CrossRef]

http://doi.org/10.1111/rda.12820
http://www.ncbi.nlm.nih.gov/pubmed/27757988
http://doi.org/10.3390/ani11102961
http://www.ncbi.nlm.nih.gov/pubmed/34679980
http://doi.org/10.1186/1751-0147-55-17
http://www.ncbi.nlm.nih.gov/pubmed/27175174
http://doi.org/10.1093/molehr/8.8.695
http://www.ncbi.nlm.nih.gov/pubmed/12149399
http://doi.org/10.1016/j.repbio.2013.12.007
http://doi.org/10.1016/j.jbiosc.2018.09.001
http://doi.org/10.1016/j.jconrel.2018.01.001
http://doi.org/10.1095/biolreprod63.1.341
http://doi.org/10.2131/jts.25.41
http://doi.org/10.1016/j.smallrumres.2003.07.008
http://doi.org/10.1074/mcp.M112.020552
http://www.ncbi.nlm.nih.gov/pubmed/23161514
http://doi.org/10.1016/j.anireprosci.2013.12.007
http://doi.org/10.1186/s12610-018-0076-0
http://doi.org/10.1016/j.theriogenology.2020.06.014
http://doi.org/10.1095/biolreprod66.1.57
http://www.ncbi.nlm.nih.gov/pubmed/11751264
http://doi.org/10.1152/physrev.1951.31.1.27
http://doi.org/10.2478/v10181-011-0074-z
http://doi.org/10.1111/and.13711
http://doi.org/10.1016/S0093-691X(02)00628-3


Animals 2022, 12, 772 18 of 21

21. Jobim, M.I.M.; Trein, C.; Zirkler, H.; Gregory, R.M.; Sieme, H.; Mattos, R.C. Two-dimensional polyacrylamide gel electrophoresis of
equine seminal plasma proteins and their relation with semen freezability. Theriogenology 2011, 76, 765–771. [CrossRef] [PubMed]

22. Schafer-Somi, S.; Palme, N. Seminal plasma characteristics and expression of ATP-binding cassette transporter A1 (ABCA1) in
canine spermatozoa from ejaculates with good and bad freezability. Reprod. Dom. Anim. 2016, 21, 232–239. [CrossRef] [PubMed]

23. Aquino-Cortez, A.; Pinheiro, B.Q.; Lima, D.B.C.; Silva, H.V.R.; Mota-Filho, A.C.; Martins, J.A.M.; Rodriguez-Villamil, P.; Moura,
A.A.; Silva, L.D.M. Proteomic characterization of canine seminal plasma. Theriogenology 2017, 95, 178–186. [CrossRef] [PubMed]

24. Araujo, M.S.; Oliveira Henriques Paulo, O.L.D.; Paranzini, C.S.; Scott, C.; Codognoto, V.M.; de Paula Freitas Dell’Aqua, C.;
Papa, F.O.; de Souza, F.F. Proteomic data of seminal plasma and spermatozoa of four purebred dogs. Data Brief 2020, 30, 105498.
[CrossRef] [PubMed]

25. Araujo, M.S.; Oliveira Henriques Paulo, O.L.D.; Scott, C.; Paranzini, C.S.; Codognoto, V.M.; de Paula Freitas Dell’Aqua, C.; Papa,
F.O.; de Souza, F.F. Insights into the influence of canine breed on proteomics of the spermatozoa and seminal plasma. J. Proteom.
2022, 257, 104508. [CrossRef]

26. Blash, S.; Melican, D.; Gavin, W. Cryopreservation of epididymal sperm obtained at necropsy from goats. Theriogenology 2000, 54,
899–905. [CrossRef]
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45. Westfalewicz, B.; Dietrich, M.; Słowińska, M.; Judycka, S.; Ciereszko, A. Seasonal changes in the proteome of cryopreserved bull
semen supernatant. Theriogenology 2019, 126, 295–302. [CrossRef] [PubMed]

46. Pini, T.; Parks, J.; Russ, J.; Dzieciatkowska, M.; Hansen, K.C.; Schoolcraft, W.B.; Katz-Jaffe, M. Obesity significantly alters the
human sperm proteome, with potential implications for fertility. J. Assist. Reprod. Genet. 2020, 37, 777–787. [CrossRef]

47. Carvalho, M.G.; Silva, K.M.; Aristizabal, V.H.V.; Ortiz, P.E.O.; Paranzini, C.S.; Melchert, A.; Amaro, J.L.; Souza, F.F. Effects of
Obesity and Diabetes on Sperm Cell Proteomics in Rats. J. Proteome Res. 2021, 20, 2628–2642. [CrossRef]

http://doi.org/10.1016/j.theriogenology.2011.04.010
http://www.ncbi.nlm.nih.gov/pubmed/21601917
http://doi.org/10.1111/rda.12671
http://www.ncbi.nlm.nih.gov/pubmed/26848092
http://doi.org/10.1016/j.theriogenology.2017.03.016
http://www.ncbi.nlm.nih.gov/pubmed/28460673
http://doi.org/10.1016/j.dib.2020.105498
http://www.ncbi.nlm.nih.gov/pubmed/32322629
http://doi.org/10.1016/j.jprot.2022.104508
http://doi.org/10.1016/S0093-691X(00)00400-3
http://doi.org/10.1016/j.theriogenology.2019.09.003
http://doi.org/10.9775/KVFD.2015.13887
http://doi.org/10.1111/and.12919
http://doi.org/10.1038/nprot.2006.468
http://doi.org/10.1186/s40104-016-0128-2
http://www.ncbi.nlm.nih.gov/pubmed/27895910
http://doi.org/10.1016/j.jprot.2014.09.031
http://www.ncbi.nlm.nih.gov/pubmed/25452132
http://doi.org/10.1095/biolreprod.112.104208
http://www.ncbi.nlm.nih.gov/pubmed/23115268
http://doi.org/10.1530/REP-18-0589
http://www.ncbi.nlm.nih.gov/pubmed/31176304
http://doi.org/10.1093/biolreprod/83.s1.516
http://doi.org/10.1371/journal.pone.0103566
http://doi.org/10.1007/s10555-016-9624-2
http://doi.org/10.1038/labinvest.2011.148
http://doi.org/10.1038/srep16974
http://doi.org/10.1186/1477-7827-11-48
http://www.ncbi.nlm.nih.gov/pubmed/23688036
http://doi.org/10.1038/nchembio.2007.35
http://www.ncbi.nlm.nih.gov/pubmed/17876319
http://doi.org/10.1038/cddis.2013.410
http://www.ncbi.nlm.nih.gov/pubmed/24176846
http://doi.org/10.1016/j.theriogenology.2018.12.015
http://www.ncbi.nlm.nih.gov/pubmed/30599420
http://doi.org/10.1007/s10815-020-01707-8
http://doi.org/10.1021/acs.jproteome.0c01044


Animals 2022, 12, 772 19 of 21

48. Xue, J.-C.; Goldberg, E. Identification of a Novel Testis-Specific Leucine-Rich Protein in Humans and Mice. Biol. Reprod. 2000, 62,
1278–1284. [CrossRef]

49. Alvarez-Rodriguez, M.; Martinez, C.; Wright, D.; Barranco, I.; Roca, J.; Rodriguez-Martinez, H. The Transcriptome of Pig
Spermatozoa, and Its Role in Fertility. Int. J. Mol. Sci. 2020, 21, 1572. [CrossRef]

50. Fukamachi, K.; Matsuoka, Y.; Ohno, H.; Hamaguchi, T.; Tsuda, H. Neuronal leucine-rich repeat protein-3 amplifies MAPK
activation by epidermal growth factor through a carboxyl-terminal region containing endocytosis motifs. J. Biol. Chem. 2002, 277,
43549–43552. [CrossRef]

51. Foster, J.A.; Gerton, G.L. Autoantigen 1 of the guinea pig sperm acrosome is the homologue of mouse Tpx-1 and human TPX1
and is a member of the cysteine-rich secretory protein (CRISP) family. Mol. Reprod. Dev. 1996, 44, 221–229. [CrossRef]

52. O’Bryan, M.K.; Loveland, K.L.; Herszfeld, D.; McFarlane, J.R.; Hearn, M.T.; de Kretser, D.M. Identification of a rat testis-specific
gene encoding a potential rat outer dense fibre protein. Mol. Reprod. Dev. 1998, 50, 313–322. [CrossRef]

53. Reddy, T.; Gibbs, G.M.; Merriner, D.J.; Kerr, J.B.; O’Bryan, M.K. Cysteine-rich secretory proteins are not exclusively expressed in
the male reproductive tract. Dev. Dyn. 2008, 237, 3313–3323. [CrossRef] [PubMed]

54. Lim, S.; Kierzek, M.; O’Connor, A.E.; Brenker, C.; Merriner, D.J.; Okuda, H.; Volpert, M.; Gaikwad, A.; Bianco, D.; Potter, D.; et al.
CRISP2 Is a Regulator of Multiple Aspects of Sperm Function and Male Fertility. Endocrinology 2019, 160, 915–924. [CrossRef]
[PubMed]

55. Maeda, T.; Sakashita, M.; Ohba, Y.; Nakanishi, Y. Molecular cloning of the rat Tpx-1 responsible for the interaction between
spermatogenic and Sertoli cells. Biochem. Biophys. Res. Commun. 1998, 248, 140–146. [CrossRef] [PubMed]

56. Choudhary, V.; Schneiter, R. Pathogen-related yeast (PRY) proteins and members of the CAP superfamily are secreted sterol-
binding proteins. Proc. Natl. Acad. Sci. USA 2012, 109, 16882–16887. [CrossRef] [PubMed]

57. Gibbs, G.M.; Scanlon, M.J.; Swarbrick, J.; Curtis, S.; Gallant, E.; Dulhunty, A.F.; O’Bryan, M.K. The cysteine-rich secretory protein
domain of Tpx-1 is related to ion channel toxins and regulates ryanodine receptor Ca2+ signaling. J. Biol. Chem. 2006, 281,
4156–4163. [CrossRef]

58. Guo, M.; Teng, M.; Niu, L.; Liu, Q.; Huang, Q.; Hao, Q. Crystal structure of the cysteine-rich secretory protein stecrisp reveals that
the cysteine-rich domain has a K+ channel inhibitor-like fold. J. Biol. Chem. 2005, 280, 12405–12412. [CrossRef]

59. Jamsai, D.; Reilly, A.; Smith, S.J.; Gibbs, G.M.; Baker, H.W.; McLachlan, R.I.; de Kretser, D.M.; O’Bryan, M.K. Polymorphisms in
the human cysteine-rich secretory protein 2 (CRISP2) gene in Australian men. Hum. Reprod. 2008, 23, 2151–2159. [CrossRef]

60. Zhou, J.H.; Zhou, Q.Z.; Lyu, X.M.; Zhu, T.; Chen, Z.J.; Chen, M.K.; Xia, H.; Wang, C.Y.; Qi, T.; Li, X.; et al. The expression of cysteine-
rich secretory protein 2 (CRISP2) and its specific regulator miR-27b in the spermatozoa of patients with asthenozoospermia. Biol.
Reprod. 2015, 92, 28. [CrossRef]

61. Gottschalk, M.; Metzger, J.; Martinsson, G.; Sieme, H.; Distl, O. Genome-wide association study for semen quality traits in German
Warmblood stallions. Anim. Reprod. Sci. 2016, 171, 81–86. [CrossRef]

62. Pedersen, S.F.; Hoffmann, E.K.; Mills, J.W. The cytoskeleton and cell volume regulation. Comp. Biochem. Physiol. Part A Mol. Integr.
Physiol. 2001, 130, 385–399. [CrossRef]

63. Cabello-Agüeros, J.F.; Hernández-González, E.O.; Mújica, A. The role of F-actin cytoskeleton-associated gelsolin in the guinea pig
capacitation and acrosome reaction. Cell Motil. Cytoskelet. 2003, 56, 94–108. [CrossRef] [PubMed]

64. Breitbart, H.; Cohen, G.; Rubinstein, S. Role of actin cytoskeleton in mammalian sperm capacitation and the acrosome reaction.
Reproduction 2005, 129, 263–268. [CrossRef] [PubMed]

65. Naresh, S. Effect of cooling (4 ◦C) and cryopreservation on cytoskeleton actin and protein tyrosine phosphorylation in buffalo
spermatozoa. Cryobiology 2016, 72, 7–13. [CrossRef] [PubMed]

66. Sutovsky, P.; Hauser, R.; Sutovsky, M. Increased levels of sperm ubiquitin correlate with semen quality in men from an andrology
laboratory clinic population. Hum. Reprod. 2004, 19, 628–638. [CrossRef] [PubMed]

67. Baska, K.M.; Manandhar, G.; Feng, D.; Agca, Y.; Tengowski, M.W.; Sutovsky, M.; Yi, Y.J.; Sutovsky, P. Mechanism of extracellular
ubiquitination in the mammalian epididymis. J. Cell. Physiol. 2008, 215, 684–696. [CrossRef]

68. Vernocchi, V.; Morselli, M.G.; Varesi, S.; Nonnis, S.; Maffioli, E.; Negri, A.; Tedeschi, G.; Luvoni, G.C. Sperm ubiquitination in
epididymal feline semen. Theriogenology 2014, 82, 636–642. [CrossRef]

69. Takada, M.; Yonezawa, N.; Yoshizawa, M.; Noguchi, S.; Hatanaka, Y.; Nagai, T.; Kikuchi, K.; Aoki, H.; Nakano, M. pH-Sensitive
Dissociation and Association of β-N-Acetylhexosaminidase from Boar Sperm Acrosome. Biol. Reprod. 1994, 50, 860–868.
[CrossRef]

70. Miller, D.J.; Gong, X.; Shur, B.D. Sperm require beta-N-acetylglucosaminidase to penetrate through the egg zona pellucida.
Development 1993, 118, 1279–1289. [CrossRef]

71. Wysocki, P.; Orzołek, A.; Strzezek, J.; Koziorowska-Gilun, M.; Zasiadczyk, Ł.; Kordan, W. The activity of N-acetyl-b-
hexosaminidase in boar seminal plasma is linked with semen quality and its suitability for cryopreservation. Theriogenology 2015,
83, 1194–1202. [CrossRef]

72. Baba, T.; Michikawa, Y.; Kashiwabara, S.; Arai, Y. Proacrosin activation in the presence of a 32-kDa protein from boar spermatozoa.
Biochem. Biophys. Res. Commun. 1989, 160, 1026–1032. [CrossRef]

73. Baba, T.; Niida, Y.; Michikawa, Y.; Kashiwabara, S.; Kodaira, K.; Takenaka, M.; Kohno, N.; Gerton, G.L.; Arai, Y. An acrosomal
protein, sp32, in mammalian sperm is a binding protein specific for two proacrosins and an acrosin intermediate. J. Biol. Chem.
1994, 269, 10133–10140. [CrossRef]

http://doi.org/10.1095/biolreprod62.5.1278
http://doi.org/10.3390/ijms21051572
http://doi.org/10.1074/jbc.C200502200
http://doi.org/10.1002/(SICI)1098-2795(199606)44:2&lt;221::AID-MRD11&gt;3.0.CO;2-5
http://doi.org/10.1002/(SICI)1098-2795(199807)50:3&lt;313::AID-MRD7&gt;3.0.CO;2-M
http://doi.org/10.1002/dvdy.21738
http://www.ncbi.nlm.nih.gov/pubmed/18924239
http://doi.org/10.1210/en.2018-01076
http://www.ncbi.nlm.nih.gov/pubmed/30759213
http://doi.org/10.1006/bbrc.1998.8918
http://www.ncbi.nlm.nih.gov/pubmed/9675100
http://doi.org/10.1073/pnas.1209086109
http://www.ncbi.nlm.nih.gov/pubmed/23027975
http://doi.org/10.1074/jbc.M506849200
http://doi.org/10.1074/jbc.M413566200
http://doi.org/10.1093/humrep/den191
http://doi.org/10.1095/biolreprod.114.124487
http://doi.org/10.1016/j.anireprosci.2016.06.002
http://doi.org/10.1016/S1095-6433(01)00429-9
http://doi.org/10.1002/cm.10135
http://www.ncbi.nlm.nih.gov/pubmed/14506707
http://doi.org/10.1530/rep.1.00269
http://www.ncbi.nlm.nih.gov/pubmed/15749953
http://doi.org/10.1016/j.cryobiol.2015.12.004
http://www.ncbi.nlm.nih.gov/pubmed/26725212
http://doi.org/10.1093/humrep/deh131
http://www.ncbi.nlm.nih.gov/pubmed/14998962
http://doi.org/10.1002/jcp.21349
http://doi.org/10.1016/j.theriogenology.2014.06.002
http://doi.org/10.1095/biolreprod50.4.860
http://doi.org/10.1242/dev.118.4.1279
http://doi.org/10.1016/j.theriogenology.2014.12.025
http://doi.org/10.1016/S0006-291X(89)80105-6
http://doi.org/10.1016/S0021-9258(17)37000-X


Animals 2022, 12, 772 20 of 21

74. Ono, T.; Kurashige, T.; Harada, N.; Noguchi, Y.; Saika, T.; Niikawa, N.; Aoe, M.; Nakamura, S.; Higashi, T.; Hiraki, A.; et al.
Identification of proacrosin binding protein sp32 precursor as a human cancer/testis antigen. Proc. Natl. Acad. Sci. USA 2001, 98,
3282–3287. [CrossRef] [PubMed]

75. Whitehurst, A.W.; Xie, Y.; Purinton, S.C.; Cappell, K.M.; Swanik, J.T.; Larson, B.; Girard, L.; Schorge, J.O.; White, M.A. Tumor
antigen acrosin binding protein normalizes mitotic spindle function to promote cancer cell proliferation. Cancer Res. 2010, 70,
7652–7661. [CrossRef]

76. Kanemori, Y.; Koga, Y.; Sudo, M.; Kang, W.; Kashiwabara, S.; Ikawa, M.; Hasuwa, H.; Nagashima, K.; Ishikawa, Y.; Ogonuki, N.;
et al. Biogenesis of sperm acrosome is regulated by pre-mRNA alternative splicing of Acrbp in the mouse. Proc. Natl. Acad. Sci.
USA 2016, 113, 3696–3705. [CrossRef]

77. Waheed, M.M.; Gouda, E.M.; Khalifa, T.A. Impact of seminal plasma superoxide dismutase and glutathione peroxidase on
cryopreserved buffalo spermatozoa. Anim. Reprod. Sci. 2013, 142, 126–130. [CrossRef]

78. Neagu, V.R.; García, B.M.; Rodríguez, A.M.; Ferrusola, C.O.; Bolaños, J.M.G.; Fernández, L.G.; Tapia, J.A.; Peña, F.J. Determination
of glutation peroxidase and superoxide dismutase activities in canine seminal plasma and its relation with sperm quality and
lipid peroxidation post thaw. Theriogenology 2011, 75, 10–16. [CrossRef]

79. Barranco, I.; Tvarijonaviciute, A.; Perez-Patiño, C.; Vicente-Carrillo, A.; Parrilla, I.; Ceron, J.J.; Martinez, E.A.; Rodriguez-Martinez,
H.; Roca, J. Glutathione Peroxidase 5 Is Expressed by the Entire Pig Male Genital Tract and Once in the Seminal Plasma Contributes
to Sperm Survival and In Vivo Fertility. PLoS ONE 2016, 11, e0162958. [CrossRef]

80. Tilburg, M.; Sousa, S.; Lobo, M.D.P.; Monteiro-Azevedo, A.C.O.M.; Azevedo, R.A.; Araújo, A.A.; Moura, A.A. Mapping the major
proteome of reproductive fluids and sperm membranes of rams: From the cauda epididymis to ejaculation. Theriogenology 2021,
159, 98–107. [CrossRef]

81. Zhou, Y.; Shaw, N.; Li, Y.; Zhao, Y.; Zhang, R.; Liu, Z.J. Structure-function analysis of human l-prostaglandin D synthase bound
with fatty acid molecules. FASEB J. 2010, 24, 4668–4677. [CrossRef]

82. Froman, D.P.; Amann, R.P.; Riek, P.M.; Olar, T.T. Acrosin activity of canine spermatozoa as an index of cellular damage. J. Reprod.
Fert. 1984, 70, 301–308. [CrossRef] [PubMed]

83. Pera, I.; Ivell, R.; Kirchhoff, C. Regional variation of gene expression in the dog epididymis as revealed by in-situ transcript
hybridization. Int. J. Androl. 1994, 17, 324–330. [CrossRef] [PubMed]

84. Naureckiene, S.; Sleat, D.E.; Lackland, H.; Fensom, A.; Vanier, M.T.; Wattiaux, R.; Jadot, M.; Lobel, P. Identification of HE1 as the
second gene of Niemann-Pick C disease. Science 2000, 290, 2298–2301. [CrossRef]

85. Osterhoff, C.; Kirchhoff, C.; Krull, N.; Ivell, R. Molecular cloning and characterization of a novel human sperm antigen (HE2)
specifically expressed in the proximal epididymis. Biol. Reprod. 1994, 50, 516–525. [CrossRef]

86. Ru, Y.F.; Xue, H.M.; Ni, Z.M.; Xia, D.; Zhou, Y.C.; Zhang, Y.L. An epididymis-specific carboxyl esterase CES5A is required for
sperm capacitation and male fertility in the rat. Asian J. Androl. 2015, 17, 292–297. [CrossRef]

87. Zhang, L.; Hu, Z.; Zhu, C.; Liu, Q.; Zhou, Y.; Zhang, Y. Identification and characterization of an epididymis-specific gene, Ces7.
Acta Biochim. Biophys. Sin. 2009, 41, 809–815. [CrossRef] [PubMed]

88. Han, L.; Yang, Z.; Wang, L.-J.; Yan, H.-Y.; Zhang, Y.; Han, X.-Y.; Yao, Y.-P.; Dang, X.; Zhang, Y.-H.; Guo, X.-M.; et al. Expression of
the Ces5a gene in the rat testis. Zhonghua Nan Ke Xue 2019, 25, 867–873.

89. Salier, J.P. Chromosomal location, exon/intron organization and evolution of lipocalin genes. Biochim. Biophys. Acta 2000, 1482,
25–34. [CrossRef]

90. Suzuki, K.; Yu, X.; Chaurand, P.; Araki, Y.; Lareyre, J.-J.; Caprioli, R.M.; Orgebin-Crist, M.-C.; Matusik, R.J. Epididymis-specific
lipocalin promoters. Asian J. Androl. 2007, 9, 515–521. [CrossRef]

91. Thimon, V.; Koukoui, O.; Calvo, E.; Sullivan, R. Region-specific gene expression profiling along the human epididymis. Mol.
Hum. Reprod. 2007, 13, 691–704. [CrossRef]

92. Wu, C.; Wang, C.; Zhai, B.; Zhao, Y.; Zhao, Z.; Yuan, Z.; Fu, X.; Zhang, M. Study on the region-specific expression of epididymis
mRNA in the rams. PLoS ONE 2021, 16, e0245933. [CrossRef] [PubMed]

93. Ding, G.; Wang, J.; Feng, C.; Jiang, H.; Xu, J.; Ding, Q. Lipocalin 2 over-expression facilitates progress of castration-resistant
prostate cancer via improving androgen receptor transcriptional activity. Oncotarget 2016, 7, 64309–64317. [CrossRef] [PubMed]

94. Lindblad-Toh, K.; Wade, C.M.; Mikkelsen, T.S.; Karlsson, E.K.; Jaffe, D.B.; Kamal, M.; Clamp, M.; Chang, J.L.; Kulbokas, E.J.,
III; Zody, M.C.; et al. Genome sequence, comparative analysis and haplotype structure of the domestic dog. Nature 2005, 438,
803–819. [CrossRef] [PubMed]

95. Hereng, T.H.; Elgstoen, K.B.P.; Cederkvist, F.H.; Eide, L.; Jahnsen, T.; Skalhegg, B.S.; Rosendal, K.R. Exogenous pyruvate
accelerates glycolysis and promotes capacitation in human spermatozoa. Hum. Reprod. 2011, 26, 3249–3263. [CrossRef]

96. Merc, V.; Frolikova, M.; Komrskova, K. Role of Integrins in Sperm Activation and Fertilization. Int. J. Mol. Sci. 2021, 22, 11809.
[CrossRef]

97. Loveland, K.L.; Klein, B.; Pueschl, D.; Indumathy, S.; Bergmann, M.; Loveland, B.E.; Hedger, M.P.; Schuppe, H.-C. Cytokines in
Male Fertility and Reproductive Pathologies: Immunoregulation and Beyond. Front. Endocrinol. 2017, 8, 307. [CrossRef]

98. Zhang, S.; Zhang, M.; Cai, F.; Song, W. Biological function of Presenilin and its role in AD pathogenesis. Transl. Neurodegener.
2013, 2, 15. [CrossRef]

99. Fardilha, M.; Vieira, S.I.; Barros, A.; Sousa, M.; Da Cruz e Silva, O.A.B.; Da Cruz e Silva, E.F. Differential distribution of
Alzheimer’s amyloid precursor protein family variants in human sperm. Ann. N. Y. Acad. Sci. 2007, 1096, 196–206. [CrossRef]

http://doi.org/10.1073/pnas.041625098
http://www.ncbi.nlm.nih.gov/pubmed/11248070
http://doi.org/10.1158/0008-5472.CAN-10-0840
http://doi.org/10.1073/pnas.1522333113
http://doi.org/10.1016/j.anireprosci.2013.09.008
http://doi.org/10.1016/j.theriogenology.2010.07.004
http://doi.org/10.1371/journal.pone.0162958
http://doi.org/10.1016/j.theriogenology.2020.10.003
http://doi.org/10.1096/fj.10-164863
http://doi.org/10.1530/jrf.0.0700301
http://www.ncbi.nlm.nih.gov/pubmed/6420555
http://doi.org/10.1111/j.1365-2605.1994.tb01263.x
http://www.ncbi.nlm.nih.gov/pubmed/7744512
http://doi.org/10.1126/science.290.5500.2298
http://doi.org/10.1095/biolreprod50.3.516
http://doi.org/10.4103/1008-682X.143314
http://doi.org/10.1093/abbs/gmp075
http://www.ncbi.nlm.nih.gov/pubmed/19779645
http://doi.org/10.1016/S0167-4838(00)00144-8
http://doi.org/10.1111/j.1745-7262.2007.00300.x
http://doi.org/10.1093/molehr/gam051
http://doi.org/10.1371/journal.pone.0245933
http://www.ncbi.nlm.nih.gov/pubmed/33493206
http://doi.org/10.18632/oncotarget.11790
http://www.ncbi.nlm.nih.gov/pubmed/27602760
http://doi.org/10.1038/nature04338
http://www.ncbi.nlm.nih.gov/pubmed/16341006
http://doi.org/10.1093/humrep/der317
http://doi.org/10.3390/ijms222111809
http://doi.org/10.3389/fendo.2017.00307
http://doi.org/10.1186/2047-9158-2-15
http://doi.org/10.1196/annals.1397.086


Animals 2022, 12, 772 21 of 21

100. Silva, J.V.; Yoon, S.; Domingues, S.; Guimarães, S.; Goltsev, A.V.; da Cruz e Silva, E.F.; Mendes, J.F.F.; da Cruz e Silva, O.A.B.;
Fardilha, M. Amyloid precursor protein interaction network in human testis: Sentinel proteins for male reproduction. BMC
Bioinform. 2015, 16, 12. [CrossRef]

101. Komiya, Y.; Habas, R. Wnt signal transduction pathways. Organogenesis 2008, 4, 68–75. [CrossRef]
102. Cheng, J.-M.; Tang, J.-X.; Li, J.; Wang, Y.-Q.; Wang, X.-X.; Zhang, Y.; Chen, S.-R.; Liu, Y.-X. Role of WNT signaling in epididymal

sperm maturation. J. Assist. Reprod. Genet. 2018, 35, 229–236. [CrossRef] [PubMed]
103. Koch, S.; Acebron, S.P.; Herbst, J.; Hatiboglu, G.; Niehrs, C. Post-transcriptional Wnt signaling governs epididymal sperm

maturation. Cell 2015, 163, 1225–1236. [CrossRef] [PubMed]

http://doi.org/10.1186/s12859-014-0432-9
http://doi.org/10.4161/org.4.2.5851
http://doi.org/10.1007/s10815-017-1066-4
http://www.ncbi.nlm.nih.gov/pubmed/29152689
http://doi.org/10.1016/j.cell.2015.10.029
http://www.ncbi.nlm.nih.gov/pubmed/26590424

	Introduction 
	Materials and Methods 
	Chemicals and Media 
	Animals 
	Cauda Epididymal Semen Collection 
	Spermatozoa Quality Assessment 
	Sample Preparation for the Sonication 
	Morphology Assessment of Epididymal Spermatozoa Using Spermac Stain 
	Total Protein Content Measurement 
	Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
	Identification of Proteins by Mass Spectrometry 
	In-Gel Trypsin Digestion 
	NanoUPLC-Q-TOF/MS Analysis 

	Gene Ontology and Functional Annotation 
	Statistical Analysis 

	Results 
	Sperm Motility Assessment 
	Influence of Sonication on Epididymal Spermatozoa Morphology 
	Protein Content in Samples after the Sonication 
	SDS-PAGE Analysis 
	Mass Spectrometry Analysis 
	Gene Ontology and Functional Annotation 

	Discussion 
	Conclusions 
	References

