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a b s t r a c t

The membrane of spermatozoa, which contributes to cellular cryoresistance, contains numerous lipids
with a composition that directly affects membrane fluidity and the fertilization process. In light of var-
iations in the degree of sensitivity in equine seminal freezing, this study aimed to correlate equine semen
lipids with post-thawing characteristics of spermatozoa. We used ejaculates from 34 stallions, which
were evaluated (total motility � 60%), frozen and thawed and reevaluated for motility of spermatozoa,
membrane integrity and lipid peroxidation. Lipid extraction of the fresh semen samples was performed
by liquid-liquid extraction, and fingerprinting lipid analysis was conducted by matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS). Based on the characteristics of spermatozoa after
thawing, the animals could be separated into two groups: resistant (Good Freezers, n ¼ 5) and sensitive
(Bad Freezers, n ¼ 6) to freezing, and their MALDI-MS data were then compared. The Good Freezers
group showed a higher abundance of phosphatidylcholines (m/z 796.6, 846.6, 810.6, 854.6 and 732.6).
The ions of m/z 812.6, 832.6, 836.6 and 838.6 belonging to the phosphatidylcholine lipid class were also
positively correlated with motility of spermatozoa, whereas that of m/z 794.6 was negatively correlated
with lipid peroxidation in thawed semen. The Bad Freezer group, displayed higher abundance of one
phosphatidylcholines (m/z 806.6), as well as a sphingomyelins (m/z 703.5), which were negatively
correlated (univariate analysis) with kinetics of spermatozoa after thawing (m/z 703.5) and with
membrane integrity (m/z 792.6). The ion of m/z 717.5, assigned to phosphatidic acid, was negatively
correlated with lipid peroxidation. In general therefore, the phosphatidylcholines are associated with
higher quality of spermatozoa after thawing, especially in functional capacity, and that lipid semen
composition was found to influence the resistance of spermatozoa to cryopreservation and may interfere
with motility, membrane integrity and lipid peroxidation in stallions.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Equine spermatozoa present greater sensitivity than other do-
mestic species to the cryopreservation process, and individual
variations are also expressed [1,2]. A possible explanation for this
phenomenon is variations in the membrane lipid composition of
spermatozoa, whose bi-dimensional lipid layer organization is
known to be altered during freezing [3].
duç~ao Animal e Radiologia
ESP, Rua Prof. Doutor Walter
18-681, Botucatu, SP, Brazil.
za).
The lipid membrane composition of the spermatozoa has been
investigated in several species, such as swine [4,5], bulls [4], birds
[4,6], horses [4,7], mice [8] and humans [9] and has been charac-
terized by a variety of phospholipids and polyunsaturated fatty
acids (PUFAs) [7,10], which are necessary to maintain cellular
structure, membrane fluidity and functionality of spermatozoa
[11,12].

Simpson et al. [13] reported that plasma membranes of sper-
matozoa in boars have a significant amount of phosphatidylcho-
lines, which is involved in the highest level of cryoresistance.
Plasminogen combined with PUFAs, which provides antioxidant
properties to the membrane [6,14], has also been associated with
motility, concentration, morphology and viability of spermatozoa
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[15]. The increased variability in lipid concentrations between in-
dividuals of the same species [16] may therefore be associated with
the ability of spermatozoa to survive the freezing process.

Although several techniques are able to analyze the functional
capacity of spermatozoa, still few studies have been reported about
the correlation between the seminal lipids and the thawed char-
acteristics of spermatozoa of stallions, which could allow a better
understanding of the events that regulate fertilization capacity. The
present study aims therefore to relate the lipid composition of the
stallion's semen with quality after freezing of spermatozoa.

2. Materials and methods

2.1. Ethical aspects, animals and groups

The study was conducted in accordance with the ethical
guidelines recommended by the National Council for the Control of
Animal Experimentation and the College of Animal Experimenta-
tion and was approved by the Institutional Animal Care and
Experimentation Ethics Committee (Protocol Number 162/2016).

Thirty-four healthy stallions were used, aged between 7 and 15
years. The animals were housed in the Breeding Center and had
proven fertility (>50% pregnancy rate using fresh semen in the
breeding season). All the semen samples were collected during the
breeding season.

The stallions were selected according to the cryoresistance of
their spermatozoa and placed into two groups: Good Freezers
(resistant to cryopreservation) with �75% upper quartile to total
(�52.3%) and progressive motility (�21.3%) and a rapid percentage
of spermatozoa (�35.3%); and Bad Freezers (sensitive to cryopres-
ervation), with �25% lower quartile to total (�37.5%) and pro-
gressive motility (�12.0%) and a rapid percentage of spermatozoa
(�20.5%) after thawing.

2.2. Semen collection and processing

The semenwas collected using an artificial vagina (Botupharma,
Botucatu, SP, Brazil), and the gel fractionwas removed using a nylon
filter. The concentration of spermatozoa was determined in a
Neubauer chamber and the semenwas diluted in a skimmilk-based
extender (Botu-sêmen®, Botupharma, Botucatu, SP, Brazil). Then,
the samples were centrifuged at 600g for 10 min [17], and the
spermatozoa were re-suspended in an egg yolk-based commercial
extender (Botucrio®, Botupharma, Botucatu, SP, Brazil) to a final
concentration of 200 � 106 spermatozoa/mL. The samples were
packed into 0.5 mL straws, maintained at 5 �C for 20min (Minitub®,
Tiefenbach, Germany) and placed 6 cm above liquid nitrogen for
another 20 min. Straws were immersed in liquid nitrogen and
stored at -196 �C [18]. The strawswere thawed at 37 �C for 30 s, and
the characteristics of spermatozoa reevaluated.

2.3. Kinetics of spermatozoa

Kinetics of spermatozoa was assessed using the computer-
assisted sperm analysis e CASA system (IVOS-12 Sperm Analyzer,
Hamilton Thorne Biosciences Inc., Beverly, MA, USA). CASA system
setups were from the Center for Study of Animal Reproduction
(CERAN, FMVZ, UNESP, Botucatu, Brazil) and included image cap-
ture (frames per sec: 60 Hz), image capture (No. of frames: 30), cell
detection (min contrast: 30), cell detection (min cell size: 30
pixels), defaults (cell size: 5 pixels), defaults (cell intensity: 40),
progressive cells (VAP: 70.0 m/s), progressive cells (STR: 80.0%),
slow cells (static, VAP cutoff: 30 m/s), slow cells (static, VSL cutoff:
20 m/s), illumination/intensity (3,600), illumination/photometer
(125), video source (dark field: 60 Hz), static intensity gates (min
and max: 0.48 and 1.45), static elongation gates (min and max:
0 and 97), chamber type (Makler, chamber depth 10.0 mm, stage
position 14.3 mm, Hamilton Thorne Research, Beverly, MA, USA),
temperature (38 �C) and automatic field selection.

The total (TM, %) and progressive motility (PM, %), average path
velocity (VAP, mm/s), straight-line velocity (VSL, mm/s), curvilinear
velocity (VCL, mm/s), oscillation coefficient (WOB) and rapid per-
centage of spermatozoa (RAP, %) were evaluated in fresh and
frozen/thawed samples.

2.4. Flow cytometry

The spermatozoa were evaluated by flow cytometry using the
BD LSR Fortessa (Becton Dickinson, Mountain View, CA, USA)
equipped with excitation lasers (blue 488-nm, 100 mW and emis-
sion filters 530/30 nm and 695/40 nm; red 640 nm, 40 mW with
emission filter 660/20 nm; and violet 405-nm, 100 mW, with the
emission filter 450/50 nm). At least 10,000 cells per sample were
analyzed and the data evaluated by BD software FACSDiva ™ soft-
ware v. 6.1.

A semen aliquot diluted in TALP-PVA (according to Parrish et al.
[19] modified: 100 mmol/L NaCl, 3.1 mmol/L KCl, 25.0 mmol/L
NaHCO3, 0.3 mmol/L NaH2PO4, 21.6 mmol/L DL-sodium lactate,
2.0 mmol/L CaCl2, 0.4 mmol/L MgCl2, 10.0 mmol/L Hepes - BSA free,
1.0 mg/mL polyvinyl alcohol-PVA and 25 mg/mL gentamicin) con-
taining 5� 106 spermatozoa/mL was added to a 70 nmol/L aqueous
solution of Hoechst 33342 (code 14533, Sigma-Aldrich Co., St Louis,
MO, USA) to identify cell events, excluding cellular debris. Then,
15 nmol/L propidium iodide (PI, P4170, Sigma-Aldrich Co., St Louis,
MO, USA) was also added for the identification of cells with plasma
membrane damage. Cells with membrane intact (MI) were PI
negative. Lipid peroxidationwas evaluated according to Guasti et al.
[20] by adding 1 nmol/L C11-BODiPY (D-3861; Thermo Fisher Sci-
entific, Waltham, MA, USA) diluted in DMSO. The cells with lipid
peroxidation (PERO) were considered positive for C11-BODiPY.
Samples were incubated in a water bath at 37 �C for 30 min and
then washed in TALP-PVA twice at 300g for 5 min, re-suspended
and evaluated by flow cytometry.

2.5. Lipid analysis by MALDI-MS

Samples containing 50� 106 fresh spermatozoa (in natura) were
stored at -196 �C for lipidomic analysis. Samples were subjected to
liquid-liquid extraction of the total lipids following the protocol
described by Bligh and Dyer [21], with modifications. An aliquot
was thawed at room temperature, re-suspended in 1 mL of saline
phosphate buffer (PBS) and homogenized for 3 min. The sample
was centrifuged at 12,000 g for 1 min at room temperature. Then,
the supernatant was discarded and the procedure was repeated
once more. Next, 500 mL of a chloroform-methanol solvent mixture
(1:2 v/v) and 150 mL of distilled water were added to the sediment,
and the tubes were then shaken vigorously for 2 min. Afterwards,
the sample was re-centrifuged at 5000 g for 3 min at room tem-
perature. The aqueous supernatant was discarded and the organic
phase (lower phase) was collected, dried for 60 min in a concen-
trator and stored at -196 �C.

Samples were re-suspended in 50 mL of a mixture of methanol-
chloroform (1:2 v/v) for MALDIeMS analysis. Each extract sample
(1 mL) was deposited on a spot on theMALDI target plate, allowed to
dry at room temperature and covered with the matrix solution
(1 mL of 2.5-dihydroxybenzoic acid, DHB, 30 mg/mL in methanol).
MALDI data were acquired using an Autoflex III MALDI time-of-
flight (TOF) mass spectrometer operated in the reflectron mode
and equipped with smartbeam™ laser technology (Bruker Dal-
tonics, Bremen, Germany). The MS data were acquired in the
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positive ion mode and in the m/z (mass-to-charge ratio) 700e1000
range, averaging 1000 consecutive laser shots and a frequency of
200 Hz. Raw mass spectra were processed using FlexAnalysis
Software (version 3.0, Bruker Daltonics, Bremen, Germany) and
submitted to multivariate analysis.

Lipid subclasses were attributed by comparison with literature
data [9,22e28] and/or in databases (http://www.hmdb.ca and
http://www.lipidmaps.org). The error mass calculation is directly
connected with mass accuracy, which enables the assured identi-
fication of molecules using the m/z values of the ions detected in
the mass spectrum.

2.6. Data analysis

The kinetics and flow cytometry variables of all samples were
described by the median, minimum, maximum, 25% and 75%
quartiles, mean, standard deviation and standard error. The vari-
able comparisons were performed by t-test (parametric variables)
or Mann-Whitney (non-parametric variables) based on
Kolmogorov-Smirnov test (K-S) results, which checked distribution.

For lipidomic analysis, the data normalizationwas performed to
remove ions that were present in less than three animals (Good
Freezers and Bad Freezers). The normalization (log normalization)
was conducted to adjust the differences between samples and
make the variables more comparable in order to obtain better re-
sults. Thus, the data became more homogeneous and the analysis
more accurate.

The multivariate statistical analysis of MALDI-MS data was
performed in MetaboAnalyst 3.0 online free software [29]. The
groups were non-hierarchically clustered, with the samples divided
into a predetermined number of groups [30]. The principal
component analysis (PCA), inwhich the variable series is defined as
a principal component, was used for the description of sample
variation, determining the accuracy of group's division, and pre-
serving the more relevant divisions. The partial least squar-
esediscriminant analysis (PLS-DA) is a chemometric method that
was used to assign samples according to classes, indicating a
ranking and calculating variables' importance on projection score
(VIP score). The VIP score was considered as a � 1 [30]. The relative
abundance (relative intensity, which is the amount of an ion pro-
duced in relation to the amount of the most abundant ion) of lipid
species between Good Freezers and Bad Freezers groups was
identified using a t-test.

The correlation of the lipids, flow cytometry and kinetics vari-
ables was analyzed by the Pearson correlation test. The correlation
coefficient was classified as null (r ¼ 0), low (0 < r � 0.30), mod-
erate (0.30 < r � 0.70) and strong (0.7 < r � 1) according to Levine
et al. [31]. These analyses were performed by the GraphPad Prism
version 6.0 for Windows program (GraphPad software, LA Jolla,
California, USA; http://www.graphpad.com). A P value of�0.05was
considered statistically significant.

3. Results

From 34 stallions studied, 11 were classified as Good Freezers
(n ¼ 5) or Bad Freezers (n ¼ 6): other males were of median cry-
oresistance and were not included in the multivariate analysis.
Fresh spermatozoa characteristics were obviously greater than
thawed samples (Table S1) in all the stallions (n ¼ 34).

Fig. 1 shows representative MALDI-MS data for each experi-
mental group (Good and Bad Freezers). The lipid profiles of the
spermatozoa were characterized by the major ions of m/z 700.6 to
854.6.

Subsequently, MALDI-MS data were explored by multivariate
analysis to investigate differences between the Good Freezers and
Bad Freezers groups. First, a multivariate exploratory regression
was used, based on the principal component analysis (PCA), to
verify responsibility for the greater variance between the data. In
this type of analysis, the samples are grouped according to prior
information about the groups, only using the instrumental data
provided (Fig. 2A). The data set was also submitted for partial least
squares discriminant analysis (PLS-DA). This method of analysis
identifies specific similarities or differences through the organiza-
tion of major components that are correlated with variables of in-
terest in this case, the Good Freezers and Bad Freezers groups. As
expected, the same trend of separation between different groups
and the grouping of similar samples was observed in the plot
(Fig. 2B). In Fig. 2C, the VIP plot shows the ions responsible for the
discrimination of the experimental groups in the PLS-DA model.
Table 1 reports the tentative assignments of the VIP ions.

The PLS-DA (Fig. 2C) indicated 10 ions correlated with cryore-
sistance in Good Freezers and Bad Freezers groups, of which 6 of
those ions were found in lower abundance in the Bad Freezers (m/z
727, 732.6, 796.6, 810.6, 846.6 and 854.6) and higher abundance in
the Good Freezers. Although the VIP score threshold has been fixed
as � 1 (a � 1), we found a range 0.0e0.5, which indicates that the
main ions were those closer to 1 (m/z 846.6 and 796.6). Never-
theless, from a list of all ions, we can determine, through the PLS-
DA, at least 5 (a > 0.3) that the ions of m/z 846.6, 796.6, 727.0,
810.6 and 854.6 are the most relevant ones.

The MALDI-MS data were also correlated with characteristics of
fresh and thawed spermatozoa (Table 2 and Table S2). The ions of
m/z 703.5, 725.5, 812.6, 832.6, 836.6 and 838.6 have been high-
lighted as primary in this study since they correlated with several
characteristics of fresh and frozen semen. Interestingly, the ions of
m/z 832.6, 836.6 and 838.6 were only correlated with the charac-
teristics of thawed sperm. The ions of m/z 717.5 and 794.6 were
negatively correlated with lipid peroxidation. Similar results were
also observed with the ions of m/z 781.5 (fresh semen) and 792.6
(thawed semen) that negatively correlated with membrane
integrity.

4. Discussion

The process of freezing semen induces significant biophysical
and biochemical changes in the spermatozoa, including modifica-
tions of membranes and their components. Because of this changes,
lipid composition of the spermmembrane constitutes an important
factor in cryopreservation since its membrane integrity is altered
during this process [13,33]. In the present study, we investigated
the relationship between the lipids of the semen and the post-
thawing sperm characteristics of stallions.

From 34 stallions studied,14.7% were classified as Good Freezers
and 17.6% as Bad Freezers, which indicates that ~70% of males used
in our study had medium seminal characteristics. This result is
similar to previous studies, which reported that approximately 60%
of stallions produce semen that can accept the freezing process
(medium), whereas 20% freeze well and 20% present poor post-
freezing quality [34]. The stallions that accept freezing or experi-
ence poor quality in their thawed semen also had reduced fertility,
which can be related to selection genetics [35].

Animals classified as freezing-resistant (the Good Freezers
group) had in general higher relative abundances of phosphati-
dylcholines, represented by ions of m/z 732.6, 810.6, 846.6 and
854.6. In a study conducted by Lessig et al. [36], higher abundance
of phosphatidylcholines was also found, followed by sphingomye-
lins in human and swine sperm membranes. Although phosphati-
dylcholines constitute the greater lipid fraction present in the cell
membrane, at approximately 23.2% in equine spermatozoa [10], the
high abundances of these phospholipids can also be due to a
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Fig. 1. Representative MALDI-MS of spermatozoa from Good Freezer (A) and Bad Freezer (B) groups.
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permanent positive charge in this lipid class with quaternary
ammonia groups [24] since MALDI-MS was conducted in the pos-
itive ion mode.

A positive correlation between phosphatidylcholines abun-
dance (m/z 812.6, 832.6, 836.6 and 838.6) and the spermmotility in
thawed spermatozoa was also noted. These results were similar to
those reported by Simpson et al. [13], in which the addition of
phosphatidylcholine to the extender prevented epididymal sperm
from suffering structural damage induced by cold shock and
maintained motility and oxygen consumption similar to ejaculated
boar spermatozoa, making them more resistant to cold shock than
those from the epididymis.

Spermatozoa are subjected to several injuries during
Fig. 2. A PCA (A) and PLS-DA (B) plot of the MALDI-MS data obtained from spermatoz
cryopreservation, and it is possible to presume that the phospha-
tidylcholine content in the sperm membrane is modified during
this process, which can compromise sperm function, particularly
since the phospholipids are associated with the acrosome reaction
in humans [37]. During ejaculation, there is also an interaction
between choline residues of membrane phospholipids with equine
seminal plasma proteins (HSP1-2), which seems to stimulate the
efflux of cholesterol and phospholipids through molecules such as
heparin involved in sperm capacitation [38,39]. Alterations in the
membrane lipid composition could impair this process.

The phosphatidylcholines plasmalogens represented by the ions
of m/z 796.6 [23] and m/z 794.6 [28] showed a higher relative
abundance in animals from the Good Freezers group and were
oa. (C) A VIP plot highlighting the ions responsible for the PLS-DA discrimination.



Table 1
Spermatozoa phospholipids responsible for the discrimination between Good Freezers and Bad Freezers groups by in multivariate analysis
identified for MALDI-MS.

m/z Lipid ion (CN:DB)a Reference

703.5 [SM (16:0) þ H]þ [9,23,25]
727.0 Not identified *
732.6 [PC (32:1) þ H]þ [22]
760.6 [PC (34:1) þ H]þ [9,28]
782.6 [PC (36:4) þ H]þ [22]
796.6 PC (37:4) þ H] and/or [PCp (38:3) þ H]þ and/or [PCe (38:4) þ H]þ [22,23]
806.6 [PC (38:6) þ H]þ [22]
810.6 [PC (38:4) þH]þ [22]
846.6 [PC (40:0) þ H]þ [23]
854.6 [PC (42:10) þ H]þ [27]

Identification based in lipid databases (http://www.lipidmaps.org and http://www.hmdb.ca) and early studies [9,22,23,25,27,28].
*Ions not identified in the databases.

a CN:DB, carbon number/double bound; PC, phosphatidylcholine; PA phosphatidic acid; SM sphingomyelin; PE phosphatidylethanolamine;
TAG triacylglycerol; PC with e and/or p refers to the subspecies plasmanyl e plasmenyl, respectively.
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negatively correlated with lipid peroxidation in thawed semen.
Note that plasmalogens are characterized by an ether linkage at
carbon 1 or 2 of the glycerol molecule and are generally combined
with PUFAs, mainly docosahexanoic acid and docosapentanoic acid
[40,41], and have been associated with cellular protection against
oxidative stress [42]. It is possible therefore that the greater relative
abundance of this lipid class in the animals of the Good Freezers
group is associated with a decrease in oxidative stress, improving
the spermatozoa characteristics post-cryopreservation. The PUFAs
are also directly related to the fusion of the oocyte and to fertilizing
capacity. In stallions, the addition of docosahexaenoic acid (22: 6 n-
3) in the diet showed improvement in the quality of cell charac-
teristics in cooled and frozen/thawed semen [43,44].

The higher abundance of sphingomyelin represented by the ion
of m/z 703.5 present in the Bad Freezers and their negative corre-
lation with sperm motility after thawing can be attributed to the
absence of double bond fatty acids in their molecular structure. The
relationship of these lipids with lower membrane integrity is
possibly due to the presence of saturated fatty acids in the molec-
ular structure, which is associated with higher membrane stiffness
[12,45]. Sphingomyelins have also been associated with the in-
duction of apoptosis and generation of ceramides [46,47].

According to Post et al. [48], when membrane destabilization
occurs, phosphatidylethanolamines are redistributed and exposed
to the cellular environment, signaling cell death. It is plausible
Table 2
Spermatozoa phospholipids responsible for the discrimination between Good Freezers a

m/z Lipid ion (CN:DB)a

700.6 [PC (30:3) þ H]þ

703.5 [SM (16:0) þ H]þ

717.5 [PA (36:5) þ 2H þ Na]þ

725.5 [SM (16:0) þ Na]þ

728.6 [PC (32:3) þ H]þ, [PEp (36:2) þ H]þ, [PEe (36:3) þ H]þ

748.6 [PCe (34:0)þ H]
760.6 PE (18:0/20:0)
781.5 Not identified
792.6 [1- palmityl-2-docosahexaenoyl-GPC þ H]þ

794.6 [PE (40:5) þ H]þ, [PCp (38:4) þ H]þ, [PCe (38:5) þ H]þ and
812.6 [PC (38:3) þ H]þ and/or PS (38:4) þ H]þ and/or [1-palmite
828.0 Not identified
832.6 [PC (40:7) þ H]þ and/or [PC (38:4) þ Na]þ

830.6 [PCp (40:0) þ H]þ, [PCe (40:1) þ H]þ, [PC (38:5) þ H]þ

836.6 [PC (40:5) þ H]þ

838.6 [PC (40:4) þ H]þ

Identification based in lipid databases (http://www.lipidmaps.org and http://www.hmdb
*Ions not identified in the databases.

a CN:DB, carbon number/double bound; PC, phosphatidylcholine; PA phosphatidic acid
and/or “p” refers to the subspecies plasmanyl e plasmenyl, respectively.
therefore that the greater abundance of this lipid in the Bad
Freezers group and its negative correlation with membrane integ-
rity (represented by the ion of m/z 792.6) is associated with a
possible apoptosis process in the post-thawed spermatozoa.

Phosphatidic acid plays a key role in lipid metabolism since it is
an essential substrate for the enzymes involved in glycer-
ophospholipid and triacylglycerol biosynthesis [49] and is associ-
ated with cell signaling and membrane transport. Its negative
correlation (represented by ion of m/z 717.5) with the lipid perox-
idation seems to suggest therefore that this lipid may be related to
increased sperm resistance to the cryopreservation process. In rats,
it has been shown that its acid phosphatidic enzyme, phospholi-
pase A1, apparently regulates the organization of mitochondria
during spermatogenesis, in which its deficiency causes loss of
spermmotility due to flagella modification and high levels generate
defects in formation of spermatozoa [50].

In summary, phosphatidylcholines and plasmalogens were
associated with improved characteristics in thawed spermatozoa.
Further studies on the lipid composition of semen should therefore
be conducted to allow the characterization of seminal quality and
its potential use as a fertility biomarker. Our results also motivates
studies that would provide insight into the supplementation of
lipid components to semen or feeding media in order to make the
spermatozoa more resistant to the cryopreservation process.
nd Bad Freezers groups by in univariate analysis via MALDI-MS.
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