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ABSTRACT

Sperm cryopreservation represents a powerful tool for horse breeding. To improve the efficiency of
artificial insemination in the horse using cryopreserved spermatozoa, an adequate understanding of the
underlying biophysical properties that affect sperm cryosurvival needs to be reached yet. In this pilot
study, we described isolation and analysis of the main fatty acids from sperms of stallions classified as
good and poor freezers (7 GF and 5 PF, according to sperm motility and viability, before and after
cryopreservation). Fatty acid profiles were only assessed in pre-thaw sperms. Eight main fatty acids were
identified, using gas chromatography, and their contents were expressed as percentage of the total lipid
content. We found that lauric, myristic and oleic acid (C12:0, C14:0 and C18:1n9c) turned out to be about
2-fold more abundant in the sperm cells of the GFs compared with PFs. Moreover, we described for the
first time the presence of a very high amount of a trans geometrical isomer of linoleic acid, linolelaidic
acid (C18:2n6t), in pre-thaw PF spermatozoa. Notably, we found in fresh sperms of PF stallions a ratio of
unsaturated fatty acids to saturated fatty acids which was twice that of those of GF group, suggesting a
positive effect of a high saturated-to-unsaturated fatty acid ratio for the “freezability” of equine sper-
matozoa. Finally, principal component analysis (PCA) confirmed the relationships between specific fatty
acids and cryotolerance of equine spermatozoa, also providing a graphical classification and additional
information about the dominant variables governing the classification process.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

entirely identified, but it seems that the composition of the fatty
acids of the spermatic membrane may have a crucial role [9].

The biological response of sperm cells to cryopreservation and
the fertility of frozen-thawed spermatozoa varies between species
[1-3]. Even within a given species, it varies from individual to in-
dividual, especially in the horse [4—8]. The sources of male-to-male
variability in the context of equine sperm cryotolerance are not
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Indeed, the specific fatty acid composition and the ratio of satu-
rated to unsaturated fatty acids appear to be particularly relevant for
the “freezability” of spermatozoa in horses, as well as in other
mammals [9,10]. However, several studies have produced complex,
and somewhat contradictory, results regarding the protective and/or
detrimental value of saturated and unsaturated fatty acids. In
particular, there is no unanimous agreement on the effect of unsat-
urated and polyunsaturated fatty acid levels on post-thaw viability
and motility of sperm cells [11]. Unsaturated fatty acids seem to be
essential to ensure the correct fluidity of the sperm membrane, a
property which is necessary to withstand thermal shock [12,13].
Moreover, the presence of carbon-carbon double bonds makes un-
saturated fatty acids more vulnerable than saturated ones to the
attack by freeze/thaw-induced reactive oxygen species, thus
compromising the integrity of the plasma membrane [14—17].
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In the present study, we investigated possible relationships
between post-thaw survival rate and fatty acid composition of the
sperm plasma membranes by using both univariate and principal
component analysis (PCA), a multi-variate statistical method
widely exploited for: (i) reducing the data size removing noise and
redundancy in the data, (ii) identifying related variables, and (iii)
revealing hidden patterns in the dataset, even in the presence of a
rather limited sample size [18—20].

2. Materials and methods
2.1. Stallions

A total of 12 stallions were used throughout the experiment. The
age of stallions varied from 4 to 8 years, while all were of proven
fertility and were subjected to semen collection regimen before the
experiment. Based on previously performed freezing trials for
stallions breeding evaluation, the animals were classified as “good
freezer” (GF) when post-thaw progressive motility was >30%, and
“poor freezer” (PF) when post-thaw progressive motility was <30%
[21]. All the stallions included in this research project were
approved for assisted reproduction and involved in breed mating
programs. For this reason, the animals were trained for semen
collection procedures and were all in competitive sports activities.
Semen collection, sperm analysis and freezing trials performed for
this project were also integral parts of the regular andrological visit
and were performed with the informed consent of the owner.

2.2. Isolation, analysis and freezing/thawing of sperm cells

Semen collection was carried out with a Missouri artificial va-
gina. The seminal material was collected from each subject twice, 3
days apart. The first collection was not examined, while the second
was used for the purpose of the study. Semen was analyzed in
terms of gel-free volume and concentration (Biirker's counting
chamber). Progressive motility was assessed by the computerized
image analyzer IVOS 12.3 (Hamilton Thorne Biosciences, Beverly,
MA, USA). The cell membrane integrity/cell viability was deter-
mined by using propidium iodide and SYBR-14 fluorescent staining
(LIVE/DEAD® Sperm Viability Kit, Molecular Probe, Eugene, OR,
USA). For fatty acid analysis, samples of freshly isolated sperma-
tozoa (100 x 10°) were resuspended in PBS, centrifuged twice at
500xg for 10 min, and the semen-free sperm cells were directly
used as described in 2.3.

For cryopreservation, gel-free semen diluted with a centrifuga-
tion extender (INRA Freeze, IMV Tech, France) to a concentration of
20 x 108 sperm/mL was centrifuged (500xg for 10 min) to separate
sperms from seminal plasma. Then, an aliquot of freezing extender
was used to resuspend the sperm-rich pellet obtained to reach a
final concentration of 100 x 10® sperm/mL. Finally, straws of 0.5 mL
were filled with seminal material, closed with PVC and frozen on
nitrogen vapor for 20 min, then kept in nitrogen (—196 °C) until
thawing for analysis [8,22]. After a period of storage in liquid ni-
trogen of at least 48 h, it was thawed in water at 38 °C for 30 s and
kept at this temperature for at least 10 min. Spermatozoa were
washed by centrifugation in PBS to remove extender. Subsequently,
progressive motility and vitality were assessed as described above.

2.3. Lipid extraction

Total lipids were extracted using a modification of the procedure
of Folch et al. [23] as described by Bitman et al. [24]. The method
was further modified using more extractions to improve the
recovery.

Briefly, after the washing step with PBS described in 2.2, fresh
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semen-free spermatozoa were resuspended in 6 mL 0.7% aqueous
sodium chloride and 18 mL chloroform-methanol (2:1, v/v). The
lipids on the cells were extracted with homogenizer Ultraturrax
(16,000 turn/min for 10 min). After removal of the lower phase
(first chloroform extract), 6 mL chloroform were added to the
remaining aqueous phase and the resulting mixture was homoge-
nized to obtain a second organic extract. Finally, the aqueous phase
was acidified with 0.1 M hydrochloric acid up to pH = 2 and re-
extracted with an additional 6 mL chloroform (third extract). The
organic extracts were dried over anhydrous sodium sulphate. Re-
covery tests on standard solutions showed that two extractions
were needed to recover 98—99% of total lipids. The volume of the
first extract was at best 11.5 mL and allows recovery of about 93%: if
a smaller chloroform volume was obtained, a corresponding
decrease in the recovery was observed but, in such case, the re-
covery of the second extraction increased.

2.4. Preparation of fatty acid methyl esters

A 2-mL aliquot of each chloroform extracts (containing the free
acid C11:0 as internal standard) or a 3-mL aliquot of the mixture of
the first two chloroform extracts were dry evaporated under a cold
gentle nitrogen flow. The residue was treated with 1 mL of 0.5 M
methanolic potassium hydroxide solution and heated in boiling
water under reflux for 20 min followed by addition of 1.5 ml BF3-
methanol (14:86, w/v) and finally heated for 15 min according to
the AOAC-IUPAC method [25]. After cooling, 2 mL of a saturated
sodium chloride solution was added and the methyl esters were
extracted twice with 2 mL hexane. The unified extracts were dried
on anhydrous sodium sulphate and analyzed by gas chromatog-
raphy. Whenever the fat content was very low, the hexane extracts
were reduced to 0.5 mL under nitrogen flow: air from methanolic
potassium hydroxide solution and from the tube was removed by
passing in a stream of nitrogen for a few minutes. The preparation
and extraction of fatty acid methyl esters were done in the same
conical tube (12 mL) with a ground-glass joint.

2.5. GC analyses

The gas chromatographic analysis was performed by a GC-
Autosystem XL (PerkinElmer, Norwalk, USA) gas chromatograph
equipped with a flame ionization detector. The injection was made
using a split 100:1 injector according to the following temperature:
220 °C. The column temperature program is the following: starting
period at 140 °C for 5 min, linear increase from 140 °C to 240 °C at
4 °C/min and finally a period at 240 °C for 10 min. The methyl esters
were separated with a capillary column Supelco SPT-2560
(100 m x 0.25 mm LD., 0.25 um thickness); carrier gas: helium.
The chromatographic peaks were analyzed with GC-Autosystem
workstation (Turbo GC Lite, PerkinElmer Nelson). Results were
expressed as percentage of each fatty acid methyl ester.

2.6. Statistical analysis

Data were elaborated and analyzed statistically using the R
Statistical Package [26] within RStudio software (version February
1, 5033; https://rstudio.com/). The data were firstly tested for
normality (Wilk-Shapiro's test), and then analyzed by unpaired
Welch's t-test with Holm-Sidak correction for multiple compari-
sons. Correlation coefficients between fatty acids and post-thaw
sperm vitality were determined by the Pearson correlation test
using “FactoMineR” and “Hmisc” packages [27,28]. Principal
component analysis (PCA) was performed to reduce and group 8
individual fatty acids (expressed as % total fatty acid) and post-thaw
sperm vitality to more concisely explain and visualize overall
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variation. Prior to the PCA, data were standardized (variable de-
viations homogenized) to prevent the abundant components with
large variance from dominating the analysis. PCA was performed
using the “FactoMineR” package. Biplot graph was prepared using
the “ggplot2” package [29]. PCA was performed on the 9 variables
(i.e., eight fatty acids and post-thaw sperm vitality), which had
highly significant correlations. The assumptions for sphericity (or
the existence of the identity matrix) and sample adequacy [30]
were assessed by performing Bartlett chi-square and Kaiser-Meyer-
Olkin (KMO) tests, respectively, by using the “rela” package. The
Bartlett chi-square value of 88.43 was statistically significant
(P < 0.0001), indicating that sufficient correlations were present in
the matrix for analysis. The KMO value was close to 1.0
(KMO = 0.75), indicating that n = 12 with 9 variables was an
adequate sample size for the analysis. Finally, the determinant of
the correlation matrix was positive and extremely low (4.4 x 10~9),
indicating that groups of three or more variables had high in-
tercorrelations. Differences were considered to be significant at the
P < 0.05 level.

3. Results and discussion

Five stallions displayed semen with post-thaw viability/motility
lower than 30% over multiple collections and were considered as PF
(n = 5); instead, seven stallions reported a post-thaw viability/
motility higher than 30% and were classified as GF (n = 7). The main
semen parameters of the stallions are summarized in Table 1.
Notably, spermatozoa isolated from PF stallions exhibited less
sperm viability and motility than those of GF stallions even before
freezing, suggesting that less vital and mobile spermatozoa are also
more sensitive to cold shock. However, in PF sperms, freezing
caused reductions in vitality (from 40% to 8%, with a 32% reduction,
P < 0.001) and in motility (from 45% to 13%, with a 32% reduction,
P < 0.001) that were ~ two-fold higher than vitality (from 64% to
46%, with a 18% reduction, P < 0.001) and motility (from 68% to 51%,
with a 16% reduction, P < 0.001) observed in GF sperms.

3.1. Fatty acid profiles

The analysis of sperm membrane lipid composition identified a
total of 8 main fatty acids (Table 2). The lipid profiles of the two
groups appeared clearly different for half of the recognized fatty
acids. Lauric, myristic and oleic acid (C12:0, C14:0 and C18:1n9c)
turned out to be about 2-fold more abundant in the sperm mem-
branes of the GFs compared with PFs. Interestingly, a high amount
of trans fatty acid C18:2n6t (linolelaidic acid) was massively
detected in PF spermatozoa. The palmitic (C16:0) and stearic
(C18:0) saturated fatty acids and the palmitoleic (C16:1) and ole-
daidic (C18:1n9t) monounsaturated fatty acids were instead

Table 1
Main parameters of semen/spermatozoa before (pre-thawing) and after (post-
thawing) cryopreservation in samples from stallions classified as good and poor
freezers.

Parameter Good freezer (n = 7) Poor freezer (n = 5)
Age 59+ 1.1 6.2 +2.0

pH 7.10 £ 0.21 7.14 £ 0.19

Volume (mL) 559 + 184 76.3 +37.0
Concentration (x10° spz/mL) 215 + 81 151 £ 73

Motility pre-thawing (%) 679 + 6.9 45 + 5%

Vitality pre-thawing (%) 63.9+79 39.8 + 4.8*

Motility post-thawing (%) 514 + 5.6 13 + 10*

Vitality post-thawing (%) 459 + 6.4 74 + 7.8*

The results represent the mean + SD of five different samples from subjects analyzed
in duplicate. *P < 0.001.
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Table 2
Main fatty acids isolated from sperm cell membranes of good and poor freezers
stallions.

Fatty acid Good freezer (n = 7) Poor freezer (n = 5)
C12:0 (lauric acid) 20.7 + 20 13.6 + 1.0*
C14:0 (miristic acid) 218+ 1.0 13.7 + 2.0%
C16:0 (palmitic acid) 23.6 + 3.0 241 +3.0
C16:1n7c (palmitoleic acid) 5.0+ 0.5 54+ 0.7
C18:0 (stearic acid) 121 £ 0.7 119+ 0.5
C18:1n9t (elaidic acid) 35+05 32+03
C18:1n9c (oleic acid) 114 + 0.7 6.0 + 0.5*
C18:2n6t (linolelaidic acid) 1.6 + 2.0 22.0 + 2.0%
Saturated 78 £2.9 63.3 + 4.7%
Unsaturated 215+ 18 36.6 + 2.0*
Ratio unsaturated/saturated 0.28 + 0.03 0.58 + 0.04*

Each fatty acid is given as a percentage of the total. The results represent the
mean =+ SD of five different samples from subjects analyzed in duplicate. *P < 0.01,
*P < 0.001. The most significant correlations are marked in boldface (P < 0.001).

present in the same percentage between the two groups. Inciden-
tally, the sperm lipid composition reported here was consistent
with that of the neutral lipid fraction described in another study
[10], in which C14:0, C16:0, C18:0 and C18:1n9 were the predom-
inant fatty acids of equine spermatozoa. In addition, we also found
a significant amount of lauric acid (C12:0). Notably, our study re-
ports in PF stallions a ratio of unsaturated fatty acids to saturated
fatty acids which was twice that of the GF group. This finding
suggests that the negative impact of higher amounts of unsaturated
fatty acids in the plasma membrane on the resistance of stallion
spermatozoa could be due to cryopreservation-driven oxidative
stress and lipid peroxidation damage, as it has been described in
human studies [16,31,32].

The correlation analysis between the main fatty acids was car-
ried out with the aim of identifying those most correlated with the
post-thawing viability of the spermatozoa (Table 3). The 12:0, 14:0,
and 18:1n9c fatty acids were highly correlated among them and
with the percentage of live sperms after freezing and thawing.
Conversely, a nearly perfect negative correlation of trans-18:2n6
fatty acid with sperm post-thaw vitality was observed (r = —0.946;
P < 0.0001). Notably, Macias et al. [12] reported a significant
negative correlation of C16:0 and C16:1 with the percentage of
intact sperm membranes. Here, we observed a similar relationship,
which however did not reach significance, between the same fatty
acids with the post-thaw vitality of spermatozoa (Table 3).

The complex and strong correlation among some of the
analyzed fatty acids indicated that there was strong redundancy in
the dataset and supported the opportunity of using PCA to reduce
their dimensionality and complexity.

3.2. Principal component analysis

The whole dataset of the main 8 fatty acids isolated from the
stallion spermatozoa, along with their post-thaw vitality and
motility, was subjected to PCA to decrease the number of de-
scriptors associated with the initial variables, while still explaining
the maximum amount of variability present in the original data. A
new set of nine orthogonal variables (PCs) was generated by PCA.
The first and second principal components (i.e., PC1 and PC2)
accounted for 56% and 20%, of the variability in the data set,
respectively (Table 4). The remaining six generated PCs (i.e., PC3 to
PC9 did not explain significant variability in the data. Thus, the
most part of whole information of the data matrix could be
graphically represented by a biplot showing both PC1 and PC2
scores of individual stallion (as dots) and loadings (eigenvalues) of
the different variables (fatty acids and post/thaw vitality shown as
vectors or arrows) (Fig. 1). Each vector represents a variable, and the
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Table 3

Pearson correlation coefficients among percentage levels of the main fatty acids from sperm membrane and their post-thaw vitality.
Variables C12:0 C14:0 C16:0 C16:1 C18:0 C18:1n9t C18:1n9c C18:2n6t Vitality
C12:0 1 0.888 -0.039 —0.459 0.065 0.239 0.936 —0.898 0.874
C14:0 1 -0.071 -0.433 0.051 0.255 0.927 —0.920 0.909
C16:0 1 0.301 -0.401 0.391 —0.206 0.046 —0.188
C16:1 1 -0.154 0.354 —0.388 0.307 —-0.418
C18:0 1 0.101 0.161 -0.122 0.250
C18:1n9t 1 0.278 —0.456 0.389
C18:1n9c 1 —0.956 0.947
C18:2n6t 1 —0.946
Vitality 1

The most significant correlations are marked in boldface (P < 0.001).

correlation of two variables is reflected by the angle between the
two corresponding vectors (numerically, is defined as the cosine of
the angle between their respective vectors on the plot). Variables
closest to one another and far from the plot origin are positively
correlated, while variables opposite one another on the plot are
negatively correlated. Moreover, the color scale and the length of
each vector are related to the contribution to the total variance,
namely, the longer/darker, the line, the higher is the variance.

From this graph it is apparent that C12:0, C14:0 and C18:1n9c
highly correlated to post-thaw sperm viability (acute angles be-
tween the respective vectors of similar size), whereas C16:1, C16:0,
and C18:1n9t showed good correlations to each other, but were
unrelated to sperm viability (orthogonal arrows). C18:0 contributed
weakly to PC2 (light gray small vector) and was uncorrelated to
sperm viability. Negative correlation between C18:2n6t and post-
thaw sperm viability can be seen by the opposite direction of the
corresponding variable vectors (Fig. 1).

Incidentally, we also verified that viability and motility (both in
fresh and in post-thaw sperms) were strongly correlated each other
by including motility in the PCA of fatty acid profile, and obtaining
very similar segregation of GFs and PFs (data not shown). This was
not surprising, since vitality and motility of spermatozoa are
strongly related parameters of the sperm functionality.

The biplot also revealed a clear clustering of stallions according
to their sperm cryotolerance. Indeed, the horses were assigned to
GF and PF groups, on the basis of the values of PC1 (the abscissa).
The PF stallions, represented by green dots in Fig. 1, were exclu-
sively concentrated in the left half-plane of the biplot (PC1
values < 0), while the GF stallions, represented by red dots, were
entirely clustered in the right half-plane of the biplot (PC1
values > 0). Therefore, PC1 clearly discriminated the stallions with
good from poor sperm quality, allowing to make accurate pre-
dictions of sperm cryotolerance. Since negative PC1 values

Table 4
Eigen analysis of the correlation matrix loadings of the significant principal com-
ponents (PCs).

Variables PC1 PC2 PC3
C12:0 0.94+ 0.04 -0.17
C14:0 0.95* 0.04 -0.15
C16:0 -0.15 0.8* -0.29
C16:1 -0.47 0.62¢ 035
C18:0 0.20 —0.40 0.81%*
C18:1n9t 0.34 0.75% 0.46
C18:1n9c 0.98* —-0.01 —-0.01
C18:2n6t —0.97* -0.17 —-0.03
Vitality 0.98* 0.01 0.10
SS loadings (Eigenvalue) 5.03 1.78 1.14
Variance (%) 55.91 19.83 12.66
Cumulative Variance (%) 55.91 75.74 88.40

P < 0.05, P < 0.01, *P < 0.001. The most significant correlations are marked in
boldface (P < 0.001).

correspond to low values of the C12:0, C14:0 and C18:1n9c and to
high values of C18:2n6t, it is arguable that these fatty acids may be
used as valuable predictors for the health of spermatozoa and their
ability to survive freezing-thawing process. These findings
confirmed PCA as a robust multivariate technique for predicting the
classification of equine sperms as PFs and GFs, by using the levels of
the main fatty acids isolated from fresh spermatozoa. Although, in
this case, the traditional univariate statistical analysis was more
than enough to highlight the significant variables involved in the
sperm cryotolerance, it is noteworthy that PCA is a useful statistical
approach for predicting patterns and providing a graphical read-
out to capture the whole information (i.e., significant variables,
their relative importance and their relationships) related to sperm
“cryopreservability”.

This study suffers from a number of important limitations: (i)
the reduced number of samples; (ii) the lack of isolation of healthy
spermatozoa from damaged spermatozoa; (iii) the lack of analysis
of the fatty acid profile of frozen-thawed sperm cells.

Regarding the first point, the small size sample design of our
study did not allow us to fully evaluate the intra- and inter-
individual variability in the fatty acid composition of spermato-
zoa. In fact, ours was a pilot study, and for this reason, we could use
one sample per stallion. To confirm the role of the bulk composition
in fatty acids in sperm functionality, it will be necessary to enrol
more animals.

Concerning the second point, we did not investigate the reason
for the differences in the number of damaged/dead spermatozoa
both in fresh semen of GFs and PFs. Nor did we try to isolate viable
cells from less viable ones to reduce possible artefacts due to the
different number of damaged cells in GF and PF stallions. In fact, the
study was conducted on all spermatozoa. Although the reason for
this lower vitality/motility was not studied, it still seems to be
associated with a particular profile of total fatty acids, and in
particular with high levels of linolelaidic acid, whose origin and
role will need to be further investigated.

In relation to the third point, having not analyzed the fatty acids
before and after freezing, we cannot establish whether, and how,
the freezing/thawing cycle can alter their profile. Although it is
known that freezing induces changes in the composition of mem-
brane lipids, due to the activation of phospholipases, as well as
other enzymes capable of hydrolyzing membrane lipids, such as
phospholipids and sphingolipids, the total fatty acid content is
unlikely to be affected by a physical process or hydrolytic enzymes.
On the other hand, the role of freezing on the possible change in the
ROS-induced peroxidation of the double bonds of mono- and bi-
unsaturated fatty acids that we described in our samples (i.e., acid
C16:1; C18:1n9t; C18:1n9c; C18:2n6t) is more likely. Based on this
aspect, the higher unsaturated/saturated ratio we found in fresh
sperms of PFs seems to suggest that their membrane lipids are
much more easily attacked by freezing/thawing-induced radicals
than those in the GFs. This could explain, at least in part, the
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Fig. 1. Biplot of stallions and the main variables for the first (PC1) and second (PC2) principal components. Each vector represents a variable (fatty acid or post-thaw sperm
vitality), and the correlation of two variables is reflected by the angle between the two corresponding vectors. The color scale and the length of each vector are related to the
influence —or loading— of the variable into that component. Ellipses and shapes (enveloping 95% confidence intervals) show two distinct groups of the stallions (GF, good freezer
and PF, poor freezer, as red and green dots, respectively). The percent variance captured by each PC is shown in parenthesis along each axis. Vit = post-thaw sperm vitality. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

reduced vitality of frozen/thawed spermatozoa isolated from PF
stallions.

Finally, the predictive value of the relative abundance of C12:0,
C14:0, C18:1n9c, C18:2n6t regarding equine sperm freezability
deserves to be further tested in other independent studies
involving a larger number of horses. Moreover, to confirm and
explore the specific role of these fatty acids, it should also be
necessary to analyze them before and after sperm freezing, as well
as modify the lipid composition of the membrane of spermatozoa,
both by in vitro approaches and/or by nutritional intervention. For
example, it is very likely that the levels of C18:2n6t in the total
lipids of PF spermatozoa could be due to specific diets, taken by
these stallions, and containing foods rich in this non-standard fatty
acid, that derives from industrial processes of hydrogenation of
vegetal oils [33,34]. Future studies should be dedicated to measure
the same fatty acids, possibly together with their probable perox-
idation products, in post-thaw samples (Fig. 2). This would allow
confirming the hypothesis that a high level of unsaturated fatty
acids, as well as of certain trans fatty acids, represents a detrimental
factor for the freezability and cryopreservation of spermatozoa,
through the formation of a higher level of organic hydroperoxides
[31].

Although more samples will be needed to fully validate these
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findings, this is the first time that the presence of linolelaidic acid
(C18:2n6t) is documented in the membranes of fresh equine
spermatozoa and that its content is strongly associated with the
reduced vitality/motility in fresh and post-thaw cells, as well as
with the lower sperm freezability. Finally, we found that a high
ratio of unsaturated to saturated fatty acids is associated with
reduced sperm functionality and resistance to freezing.
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