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Abstract
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Methods for estimating the in vitro fertility quality of a semen sample for use in artificial insemination have been investigated for 
a long time; however, for animals with high reproductive performance, these methods still have many shortcomings. Furthermore, 
there have been few reports on the peculiarities of swine sperm cells, especially regarding factors that influence fertility. Thus, some 
characteristics of sperm integrity and functionality may serve as indicators of reproductive performance in swine. The present study 
evaluated the morphophysiology of spermatozoa from swine with high and low in vivo farrowing rates. Animals with high fertility 
had higher mitochondrial functionality (p < 0.05), lower plasma membrane fluidity (p < 0.01) and higher total antioxidant capacity 
(p < 0.01). The last two parameters were positively correlated with in vivo fertility (r = 0.77, p = 0.0003; and r = 0.63, p = 0.0049; 
respectively). These findings indicate that certain parameters affect fertility and are potentially useful factors for evaluating semen 
and indicating the farrowing rate in swine.

Introduction
Intrauterine insemination and synchronizing ovulation in pigs 

aim to reduce the sperm concentration in each insemination dose 
to satisfy a greater number of females, without compromising the 
size of litters. Until now, animal fertility has been determined based 
on a traditional semen analysis that considers parameters such 
as sperm motility, concentration and morphology [33]. However, 
fertility is a complex and multifactorial phenomenon, especially in 
animals of proven fertility and prolificacy; and the physiological 
differences in these animals are poorly understood [11,12].

The characteristics required for spermatozoa to successfully 
traverse the female reproductive tract and bind to and fertilize 
oocytes include oxidative state, ionic concentration and cellular 
properties, such as cell membrane integrity and fluidity as well 

as acrosome reaction and DNA integrity [8,9,21, 43]. In addition, 
these factors are good indicators of the physiological state of sper-
matozoa and can provide valuable information regarding male fer-
tilizing capacity.

Basic knowledge of swine spermatozoa physiology still has nu-
merous gaps, which are a major obstacle for improving techniques 
aimed at increasing production, especially when considering ge-
netically selected animals and their use as a biological resource [5]. 
As noted in several studies, results with swine have been far less 
significant compared to those with other species [16,47]. Thus con-
ventional evaluation procedures of ejaculation allows identify only 
males with significant quality of commitment [21], no impairment 
of litter size depends on the use of compensatory doses with high 
sperm concentration.
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Therefore, it is crucial to understand the structural and func-
tional characteristics of swine spermatozoa and their relationships 
with the fertilization process. For that reason, the present study 
aimed to evaluate the structural and functional characteristics of 
boar sperm to predict boar fertility performance.

Methods
Experimental design

A retrospective study was performed based on the farrowing 
rate of 1520 females inseminated by 20 males (76 females per 1 
male). These females were from a commercial artificial insemina-
tion center (51°57’59”W, 29°30’07”S), and they were housed under 
the same environmental and sanitary conditions. Estrus detection 
was performed by the same trained professional in the presence of 
the male. Artificially insemination was performed in the intracervi-
cal region with a dose of semen containing 3 x 109 cells/ml from 
the rich fraction that had been diluted in Beltsville Thawing Solu-
tion (BTS). Two semen samples, collected in distinctive days, from 
these animals were analyzed for spermatozoa characteristics, and 
the relationships between sperm characteristics and fertility were 
tested in vivo (based in farrowing rates) and in vitro (using pen-
etration testing in homologous oocytes). All the chemical reagents 
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Sampling
The use of biological material in the present study was approved 

by the Ethics Committee for Animal Use (CEUA) of the Federal Uni-
versity Rio Grande.

Two distinct ejaculates from each of twenty Landrace males 
with proven fertility based on routine monitoring in a commer-
cial artificial insemination center (51°57’59”W; 29°30’07” S) were 
evaluated. Animals were fed twice daily and handled under the 
same environmental and sanitary conditions. Semen samples from 
the rich fraction were collected using the gloved hand method. Im-
mediately after collection, semen was diluted in isothermal condi-
tions (1:1 v/v) using BTS as described by Pursel and Johnson [40].

Sample processing
Diluted samples were transported to the Laboratory of Animal 

Reproduction (School of Veterinary Medicine, Federal University 
of Pelotas, Capão do Leão, Rio Grande do Sul, Brazil) under con-
trolled temperature conditions (18 ± 2 ºC). For further processing, 
samples were submitted at 37°C for 10 min. Semen were evaluated 
for total sperm motility, all samples presented motility greater than 

70%, and it were evaluated in terms of plasma membrane integrity 
and fluidity, acrosome integrity, mitochondrial functionality, DNA 
integrity, and reactive oxygen species concentration. Additionally, 
the in vitro penetration test was performed.

An aliquot of each sample was stored (-80 °C) for further analy-
sis of total antioxidant capacity, intracellular ionic concentration, 
lipid peroxidation and protein carboxylation levels. 

Sperm motility
Total sperm motility was analyzed in a 20μl aliquot that was 

diluted 1:10 in Dulbecco’s phosphate-buffered saline (D-PBS) [45] 
(pH 7.2, mOsm 305). Samples were submitted at 37°C for 10 min 
and warmed glass slide (37°C) covered with a cover slip. Visual 
evaluations were performed using optical microscopy at high mag-
nification (400x). All the samples were analyzed by a single trained 
examiner.

DNA integrity
Spermatozoa DNA integrity was determined based on the prop-

erties of the metachromatic probe acridine orange using the sperm 
chromatin structure assay (SCSA) [18]. Analyses were performed 
by flow cytometry as described below.

Membrane integrity
Plasma membrane integrity was analyzed based on perme-

ability using a combination of propidium iodide (PI; 7.3 μM) and 
carboxy fluorescein diacetate (CFDA; 20μM). The working solution 
used for semen staining contained D- PBS, Hoechst 33342 (16.2 
μM), CFDA (50 μM) and PI (7.3 μM). Sperm cells were classified 
as normal/non-damaged (CFDA+/PI-) or nonviable/dead (CFDA+/
PI+; CFDA-/IP+; CFDA-/IP-). Analyses were performed by flow cy-
tometry as described below. Data are presented as the percentage 
of spermatozoa in each category [19,22].

Plasma membrane fluidity
Plasma membrane fluidity was analyzed using the hydrophobic 

fluorescent dye merocyanine 540 (M540), which binds preferen-
tially to lipid membranes that are loosely bound due to increased 
plasma membrane permeability. Samples were prepared in PBS 
containing M540 (2.7 mM stock solution) and Hoechst 33342 (16.2 
μM). Cells were sorted based on high versus low fluorescence. 
Analyses were performed by flow cytometry as described below. 
Data are presented as the percentage of spermatozoa in each cat-
egory [19,38].
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Acrosome reaction
Acrosome reaction was estimated using Arachis hypogaea ag-

glutinin lectin (PNA) coupled to fluorescein isothiocyanate (FITC). 
Samples were prepared in PBS containing PNA-FITC (20 μM), PI 
(7.5 μM) and Hoechst 33342 (16.2 μM) [19]. Sperm cells were clas-
sified as having unreacted acrosomes (PNA-/PI-) or reacted acro-
somes (PNA+/PI-; PNA-/PI+ and PNA+/PI+). Analyses were per-
formed by flow cytometry as described below. Data are presented 
as the percentage of spermatozoa in each category.

Mitochondrial functionality
Spermatozoa mitochondrial functionality was evaluated us-

ing Rhodamine 123. This dye is easily sequestered in mitochon-
dria and emits intense green fluorescence in active mitochondria 
(mitochondrial membranes with higher potential). Samples were 
prepared in PBS containing Rhodamine 123 (13.0μM) and Hoechst 
33342 (16.2 μM) [22]. Analyses were performed by flow cytometry 
as described below.

Reactive oxygen species (ROS)concentration
The ROS concentration was measured using 2’,7’-dichlorofluo-

rescein diacetate (H2DCFDA), which is oxidized to dichlorofluo-
rescein (DCF) in the presence of ROS, thus emitting fluorescence 
(excitation: 488 nm; emission: 530 nm). Samples were prepared 
in PBS containing H2DCFDA (1 μM) and Hoechst 33342 (16.2 μM) 
[17]. The median intensity of green fluorescence was used for the 
analysis. Analyses were performed by flow cytometry as described 
below.

Flow cytometry 
All the samples were incubated for 30 min with the fluoro-

chrome-containing solutions at 37 ºC; thereafter, the samples were 
diluted to a concentration of 107 with modified D-PBS (calcium-
free) for the analysis. Analyses were performed using an Attune 
Acoustic Focusing Flow Cytometer (Life Technologies). The green 
fluorescence emitted by FITC, H2DCFDA, Rhodamine 123, carboxy 
fluorescein and the metachromatic probe acridine orange was read 
using the BL1 photodetector (530/30 nm filter). The orange fluo-
rescence from the merocyanine 549 metachromatic probe acridine 
orange was read using the BL2 photodetector (574/26 nm filter). 
The red fluorescence of PI was read using the BL3photodetector 
(640 LP filter). Fluorescence data are presented on a log scale. Data 
were analyzed using Attune Cytometer version 2.1.0 (Life Technol-
ogies). Ten thousand events were collected per sample at a flow 
rate of 200 cells/s using forward and side light scatter to exclude 

debris and aggregates. An analysis of one sample of cells stained 
with Hoechst 33342 was performed using the VL1 photodetector 
(450/40 nm filter). Non-sperm events (debris) were eliminated 
based on the scatter plots [38,39]. The matrix compensation volt-
ages were as follows: direct laser light incidence (FSC), 2.7; laser 
light perpendicular incidence (SSC), 3.6; BL1, 2.6; BL2, 2.2; BL3, 
2.6; and VL1, 1.2.

Oocyte penetration test
In vitro fertility was analyzed using oocytes from ovaries of 

prepubertal gilts collected in a local abattoir. Ovaries were placed 
in an isothermal bottle and transported to the laboratory, where 
they were punctured using a vacuum device (Aspire Max). Material 
was frozen at -20° C and 30 oocytes per dose were analyzed as de-
scribed by Corcini., et al. (2011). After, it were visualized under an 
epifluorescence microscope (Olympus BX 103 51, América INC, São 
Paulo - Brasil) using violet light. The number of spermatozoa per 
oocyte and the number of penetrated oocytes (in vitro penetration 
rate) were assessed.

Total antioxidant capacity
Sperm cells were separated from the seminal plasma and ex-

tender by centrifugation (8000x g for 10 min). Total antioxidant 
capacity against peroxide radicals generated by thermal decompo-
sition of 2,2’-azobis (2- methylpropionamidine) dihydrochloride 
(ABAP) at 37°C was determined as described by Amado [4]. Fluo-
rescence (excitation: 488 nm; emission: 529 nm) was measured us-
ing a fluorometer (Victor, Perkin-Elmer, USA).

Thiobarbituric acid reactive substances
The extent of lipid peroxidation was measured by quantifying 

thiobarbituric acid reactive substances (TBARS) according to the 
protocol described by Oakes and Van Der Kraak [37]. TBARS con-
tent was expressed as equivalents of malondialdehyde (MDA) in 
3x106 sperm cells/ml. Fluorescence (excitation: 515 nm; emission: 
553 nm) was measured using a fluorometer (Victor, Perkin-Elmer, 
USA).

Protein carbonyl concentration
Protein oxidative damage was evaluated based on the concen-

tration of carbonyl compounds. Samples were diluted to a con-
centration of 1x107sperm cells/ml, and measurements were per-
formed as described by Levine., et al. [29]. Absorbance readings 
were obtained at 370 nm, and data are presented as nmol carbon-
yl/107 cells. 
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Intracellular ionic concentration
Sperm cells were separated from the seminal plasma and ex-

tender by centrifugation (8000xgfor 10 min). Calcium, magnesium, 
potassium and sodium concentrations were measured by Atomic 
Absorption Spectroscopy in flame mode (AAS 932 Plus, GBC, 
Hampshire, IL, USA) as previously described [30].

Sperm morphology
The sperm morphology analysis consisted of verifying all 

changes in the acrosome, head, midpiece and tail. The semen was 
diluted 1:10 in saline formaldehyde (fixative) at equal tempera-
tures. Sperm morphology analysis was performed using phase con-
trast microscopy at 1000x magnification with a drop of immersion 
oil on the slide. We evaluated a total of 200 cells per slide [13]. For 
the statistical analysis, we only considered the percentage of cells 
classified as having normal morphology.

Statistical analysis
Data are presented as the mean ± standard error (SE). Data 

normality and homogeneity of variances were checked using the 
Shapiro-Wilk test. Mean values of dependent variables with a nor-
mal distribution were subjected to analysis of variance (ANOVA)
followed by Tukey’s test. Non-normally distributed variables were 
analyzed by the Wilcoxon test. Correlation analyses were per-
formed using Pearson and Spearman indexes for parametric and 
nonparametric data, respectively. All the analyses were performed 
using Statistix 9.0.

Results 
In vivo farrowing rate analysis revealed two very distinct groups 

of males (Figure 1): males with high fertility (≥ 68%) and those 
with low fertility (< 48%). Showing a significant difference in far-
rowing rate (P < 0.01). Therefore, the animals were divided into 
two groups: HIGH and LOW group. No significant difference was 
observed in the two groups in the sperm penetration test in homol-
ogous oocytes (Table 1). The sperm penetration test in homologous 
oocytes is not adequately sensitive for identifying males of high and 
low fertility because the data from the two fertility groups did not 
differ statistically (Table 1). Additionally, no significant differences 
were found in reproductive characteristics that are influenced by 
the female and/or farm, such as the number of total births or the 
number of live births.

Figure 1: Quantile plot to in vivo farrowing rate, demonstrate two 
very distinct groups of males. Animals with HIGH fertility (≥ 68%) 

and animals with LOW fertility (< 48%).

HIGH LOW
iFR 81.6 ± 1.9a (74.0/91.9) 30.6 ± 4.9b (4.1/48.8)
PR 63.5 ± 8.3 (28.5/88.8) 63.1 ± 9.3 (28.7/100.0)

SPO 1.9 ± 0.5 1.6 ± 0.4
NTB 13.1 ± 0.5 13.3 ± 0.7
NLB 12.5 ± 0.4 12.7 ± 0.7

Table 1: In vivo farrowing rate (iFR), in vitro penetration rate (PR), 
and number of spermatozoa per oocyte (SPO), number of total 
births (NTB) and number of live births (NLB) in Landrace pigs 
showing high and low farrowing rate. Data are expressed as mean 
± SE (n = 10. Minimum and maximum values for iFR and PR are 

shown within parenthesis. 

*Different letters in a same category indicate statistical differences 
between groups (Wilcoxon test; P < 0.01).

Pigs with a high in vivo fertility rate had sperm cells with lower 
plasma membrane fluidity (P < 0.01) and higher mitochondrial 
functionality (P < 0.05) than those with a low in vivo fertility rate 
(Table 2). No significant differences were observed in sperm mo-
tility, cell membrane integrity, acrosome reaction and sperm mor-
phology between the groups of pigs (Table 2). In the same manner 
as no significant difference in ionic concentration was observed 
between the two groups of pigs (Table 3).
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High Low
SM 72.2 ± 3.2 73.3 ± 2.3
PMI 66.8 ± 9.2 50.6 ± 10.9

NFPM 37.4 ± 6.5* 21.0 ± 2.6
ACR 20.5 ± 3.6 25.2 ± 3.7
MIF 46.7 ± 9.7* 18.3 ± 4.1

MORF 92.7±6.2 97.8 ± 2.2

Table 2: Sperm motility (SM), plasma membrane integrity (PMI), 
non-fluidity of plasma membrane (NFPM), acrosome reaction 
(ACR), mitochondrial function (MIF) and sperm morphology (per-
centage of normal cells) in sperm cells of Landrace pigs showing 
high and low farrowing rate (FR). Data are expressed as percentage 
of the total cells analyzed and are represented as mean values ± SE 
(n = 10). *Different letters in a same category indicate statistical 
differences between groups (Wilcoxon test; NFPM: P < 0.01; FMI: 

P < 0.05).

Regarding the oxidative stress parameters (ROS concentration 
and oxidative damage to lipids, proteins and DNA), no significant 
differences were observed between the high and low fertility rate 
groups. However, sperm from pigs with a high in vivo fertility rate 
exhibited a higher total antioxidant capacity against peroxyl radi-
cals than that from pigs with a low in vivo farrowing rate (P < 0.01) 
(Table 4).

Positive correlations (Figure 2) were found between total an-
tioxidant capacity against peroxyl radicals and the percentage of 
cells with a plasma membrane that lacked fluidity (r = 0.63; p = 
0.0049) and the in vivo fertility rate (r = 0.77; p = 0.0003).

High Low
ROS 45.6 ± 5.4 41.9 ± 4.3

ACAP 5.5 x 106 ± 2.8 x 105* 4.6 x 106 ± 1.8 x 105

LPO 1.1 x 10-2 ± 1.8 x 10-3 1.2 x 10-2 ± 1.6 x 10-3

PC 1.5 ± 0.4 1.2 ± 0.5

Table 3: Reactive oxygen species (ROS) concentration, total anti-
oxidant capacity against peroxyl radicals (ACAP), lipid peroxida-
tion (LPO), protein carbonylation (PC) and DNA integrity (DNAi) 
in sperm cells of Landrace pigs showing high and low in vivo fer-
tility rate (FR). ROS and ACAP value is expressed as fluorescence 
units/107 cells. LPO and PC values are expressed as nmol of TMP 
equivalents/3 x 106 cells and nmol/107 cells, respectively. DNAi 
value is expressed as percentage of the total cells analyzed. Data 

are means ± SE (n = 10).

*Different letters in a same category indicate statistical differences 
between groups (ANOVA; P < 0.01)

Na+ Mg2+ K+ Ca2+

High 150.6 ± 26.5 1.6 ± 0.3 2.2 ± 0.3 36.4 ± 7.9
Low 149.7 ± 28.5 1.5 ± 0.2 2.9 ± 0.5 39.8 ± 8.7

Table 4: Ion concentrationin sperm cells of Landrace pigs show-
ing high and low farrowing rate (FR). Values are expressed as µg/

ml. Data are expressed as mean values ± SE (n = 10). No signifi-
cant difference was observed between pig groups.

Figure 2: Correlation between in vivo farrowing rate and non-
fluidity of the plasma membrane (A) and total antioxidant capac-

ity against peroxyl radicals (B) in sperm cells of Landrace pigs.

Discussion
Based on the in vivo farrowing rate of Landrace pigs belonging 

to a commercial stock, two distinct groups of animals were identi-
fied. The high fertility group of pigs had an in vivo fertility rate rang-
ing from 74 to 91%. Thus, a fertility rate ≥ 70% can be an indica-
tive parameter for the more precise selection of high-performance 
animals. In this context, the penetration test of sperm into homolo-
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gous oocytes, which can be used to predict male fertility, was not 
sensitive in identifying males with high and low farrowing rates 
in the present study. In vitro penetration rates and the number of 
sperm per oocyte, using cooled semen (17 °C) for a maximum of 6 
h, were not able to predict the in vivo fertility of swine in this study.

Analyses of characteristics such as sperm motility and sperm 
morphology are currently used to obtain information on the sper-
matogenesis status and fertilization potential of different animal 
species (CBRA, 1998). However, as shown in the present study 
(Table 2), these tests are often not sufficiently sensitive, and they 
do not enable an assessment of the actual spermatozoa fertilization 
ability [15,33].

Recently, structural and functional analyses have been employed 
to recognize specific structures of cells, and many correlations with 
fertility have been identified. However, many differences have been 
observed among species, and only a few studies on swine have 
been reported [34,36,42]. In the present study, sperm cells from 
pigs with a high in vivo fertility rate had lower plasma membrane 
fluidity than those from pigs with a low in vivo fertility rate (Table 
2). However, sperm cells from less fertile pigs exhibited plasma 
membrane integrity despite higher fluidity. This is a characteristic 
related to the sperm capacitating process that occurs before enter-
ing the female reproductive tract [44]. The increase in membrane 
fluidity due to cholesterol efflux from the plasma membrane is a 
physiological phenomenon that must occur in a chronologically 
and spatially controlled sequence [25]. Dyssynchrony between this 
event and fertilization can interfere with selective permeability 
and other events in sperm cells. This can negatively affect the fertil-
izing capacity and metabolism. In fact, pigs with a low farrowing 
rate had sperm cells with higher membrane fluidity.

Sperm cells from pigs with a high in vivo fertility rate had great-
er mitochondrial functionality than those from less fertile pigs 
(Table 2). Some studies have described a correlation between low 
mitochondrial functionality and reduced fertility [23]. In fact, a re-
duction in mitochondrial functionality is related to a decrease in 
the cellular metabolic state [31]. In addition, this reduction usu-
ally parallels ROS production, which contributes to cell damage and 
death [27]. However, the sperm cells from less fertile pigs that were 
evaluated in the present study did not show increased ROS levels 
compared to those from more fertile pigs. Thus, the physiological 

difference responsible for the observed increased fertilization rate 
could be the increased mitochondrial functionality associated with 
augmented cellular metabolism that is necessary for the fertiliza-
tion events.

In the analysis of oxidative stress parameters in the present 
study, no significant differences were observed between the two 
groups of pigs regarding ROS concentration and oxidative damage 
to lipids, proteins (carbonyl groups) and DNA (Table 3); these find-
ings are discordant with the results obtained by Broekhuijse., et al. 
[10] and are not in agreement with certain studies that reported 
inferences on the relationship between infertility and oxidative 
stress [1,7,28]. However, these factors have not been reported for 
animals with associated genetic selection and of proven fertility, 
such as those used in the present study. Therefore, ROS and oxi-
dative damage seem not to be associated with reduced fertility in 
these animals. However, it is important to note that sperm cells 
from pigs with higher fertility had a higher total antioxidant ca-
pacity against peroxyl radicals and increased mitochondrial activ-
ity (Table 3). These findings corroborate the idea that sperm cells 
from more fertile pigs have increased cellular metabolism [20,35]. 
Notably, such gametes are able to scavenge generated ROS and 
avoid the associated oxidative damage.

In general, spermatozoa have a lower antioxidant capacity than 
other cell types. In fact, these cells lose most of their cytoplasm 
during the terminal phase of spermatogenesis, thus losing many 
antioxidant compounds [24]. Therefore, cells with a higher fertil-
izing capacity are likely able to maintain a greater amount of cy-
toplasmic components during this process. This can significantly 
reduce the adverse effects of ROS produced by the rapid increase 
in metabolism.

Ion concentrations were similar in sperm cells from both 
groups of pigs (Table 4). The values reported in the present study 
are consistent with those reported in the literature for other ani-
mal species, especially the calcium and magnesium concentrations 
[46]. Sodium and potassium concentrations are primarily associ-
ated with Na+/K+-ATPase activity (Jimenez., et al. 2010), which var-
ies among species [41]. However, our results are similar to those 
reported for spermatozoa of other mammalian species, including 
humans. In this case, there is a higher intracellular concentration 
of sodium than of potassium [2,41]. Intracellular Ionic balances 
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are possibly related to the degree of sperm motility and migration 
time. The required plasma membrane excitability is enabled by the 
influx of Na+ into the cell and the efflux of K+ from the cytosol. This 
increased frequency of action potential generation can be justified 
by the need for cells to traverse from the site of semen deposition 
to the site where fertilization occurs [3,6,32].

Finally, positive correlations were identified between the total 
antioxidant capacity against peroxyl radicals and the number of 
cells with lower plasma membrane fluidity as well as the in vivo 
farrowing rate. These correlations might be associated with a 
greater mobilization of compounds responsible for ROS scaveng-
ing in cells with higher metabolism, indicated by the observed 
higher mitochondrial functionality, to prevent oxidative stress. In 
addition, this situation might be associated with the lower mem-
brane fluidity in these cells. In fact, these cells are potentially able 
to undergo cellular changes in a synchronized manner, i.e., increas-
ing membrane fluidity only when confronting female gametes and 
not earlier, making them more suitable for fertilization. Thus far, 
a relationship between fertility and these characteristics has not 
been reported in swine. This is quite interesting when considering 
the possible use of these laboratory tests to predict in vivo fertility.

Conclusions
In conclusion, swine spermatozoa show morphological and 

physiological differences related to in vivo fertilizing capacity. 
Therefore, practices currently recommended for differentiating 
animal fertility, such as sperm motility and sperm morphology, are 
no longer sufficient for more precise selection. The present study 
is the first to relate parameters such as increased mitochondrial 
functionality, reduced membrane fluidity and higher total antioxi-
dant capacity with the higher fertilizing capacity of swine sperma-
tozoa. In fact, these parameters can be used as biochemical mark-
ers to evaluate the quality of semen for AI.
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