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Abstract.  Male fertility, the ability of sperm to fertilize and activate the egg and support early embryogenesis, is vital for 
mammalian reproduction. Despite producing adequate numbers of sperm with normal motility and morphology, some males 
suffer from low fertility whose molecular mechanisms are not known. The objective was to determine apoptosis in sperm 
from high and low fertility bulls and its relationship with male fertility. DNA damage, phosphatidylserine (PS) translocation, 
and expression of pro- and anti-apoptotic proteins (BAX and BCL-2) in the sperm were determined using TUNEL, Annexin 
V, and immunoblotting approaches, respectively. Amounts of apoptotic spermatozoa were 2.86 (± 1.31) and 3.00 (± 0.96) in 
high and low fertility bulls, respectively (P=0.548), and were not correlated with fertility. There was a negative correlation 
between early necrotic spermatozoa and viable spermatozoa (r = –0.99, P<0.0001). Fertility scores were correlated with live 
spermatozoa detected by eosin-nigrosin test and necrotic spermatozoa determined via flow cytometry (r = –0.49, P<0.006 and 
r = –0.266, P<0.0113, respectively). BAX level was higher in low fertile group than high fertile group; however, this difference 
was not statistically significant due to the variations of bull samples (Bull 1–3 vs. Bull 4–5) in low fertile group (P<0.283). 
BCL-2 was not detectable in any of the sperm samples. The results shed light onto molecular and cellular underpinnings of 
male fertility.
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The quality of paternal DNA transmitted through sperm is an 
important factor for maintaining the reproductive potential of 

males, fertilization, embryonic development, and beyond [1, 2]. 
Apoptosis or programmed cell death is a major factor proposed to 
cause DNA damage in spermatozoa [3, 4] before and after spermato-
genesis. Apoptosis naturally removes unnecessary or damaged cells 
and contributes to the maintenance of homeostasis in tissues; [3, 4] 
indeed, abnormal apoptotic processes might result in abnormal sperm 
development [5]. Stages of induction, execution, and degradation 
[6] as well as signaling pathways of intrinsic and extrinsic origin are 
involved in apoptosis Fig 1. Signals for the extrinsic pathway are 
activated by receptors from the tumor necrosis factor family (TNF’s), 
and signals for the intrinsic pathway are triggered by factors such as 
oxidative stress and nuclear or mitochondrial DNA damage [5, 7].

Apoptosis is one of the well-known cell death mechanisms with 
necrosis and it is regulated by several genes and molecules that all 
play a large role in the initiation of apoptosis, such as BAX, BAK, 
PUMA, p53, c-Myc and Bcl-2 (the B-cell lymphoma/leukemia 2) 
family members that consist of pro- and anti-apoptotic factors (See 

[8] for further information) which also trigger other caspases [6, 
7, 9, 10]. Activation of BAX/BAK1 proteins trigger the release of 
cytochrome c and other apoptogenic factors from the mitochondria 
leading to apoptosome formation, which then activates caspase-9 
with caspase- 3 and 7 [7]. In the course of apoptosis, a translocation 
of PS from the cell membrane occurs on surface of the apoptotic 
cells recruiting the neighboring macrophages for phagocytization, 
which is the main difference from necrosis [9, 11]. Sperm DNA 
damage induced by apoptosis has been demonstrated in different 
mammals by several research groups: human, [4, 5, 12–14]; bovine 
[6, 9, 11, 15]; and murine [16, 17]. The balance between germ cells 
and sertoli cells in the testes during spermatogenesis is maintained 
by apoptosis and an imbalance in this process was shown to cause 
infertility in males [7].

Mechanisms of male infertility have not been researched as 
extensively as female infertility and have only become of major 
interest within the last two decades. There is still a significant gap 
in the knowledge base of these mechanisms and their relationship to 
sperm DNA damage and apoptosis. It has been found that increased 
levels of apoptotic spermatozoa have a direct influence or impact on 
poor bull fertility by decreasing sperm viability [6, 9, 11]. Conventional 
semen analysis has proven to be a poor predictor of reproductive 
outcomes and seems to be testing subjective rather than quantitative 
evaluations of male fertility.

Studies have shown that sperm DNA damage is negatively associ-
ated with fertilization rate, implantation, successful pregnancy [5, 
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18, 19], higher occurrences of miscarriage [7], and is also related to 
field fertility of bull semen [20]. However, contrary results have been 
reported by others [21–26]. Since this relationship is still unsettled, 
details of mechanisms causing DNA damage as well as the specific 
effects of damaged DNA on fertility largely remains unclear. Despite 
the importance of male infertility, there are no reliable molecular 
biomarkers to determine semen quality and bull fertility. The purpose 
of this study was to determine apoptosis in sperm from bulls with 
varying fertility and to determine to what extent DNA integrity 
is linked to bull fertility. In addition, we investigated if apoptotic 
proteins could be the best biological marker(s) that could estimate the 
fertility score for males. Is determination of apoptosis really necessary 

to predict the sperm DNA integrity and male fertility? Instead of 
apoptosis determination, what kind of test could be cost-effective? 
This study focused on the investigation of the apoptosis paradox 
concerning why different bulls are able to provide similar numbers 
of sperm cells with normal morphology, motility and viability, and 
yet have differences in fertility.

Materials and Methods

All chemicals and reagents are stated or are otherwise supplied 
from Sigma (MO, USA). The experimental design of this study is 
presented in Fig. 2.

Fig. 1. Apoptosis signaling pathway. The intrinsic and extrinsic pathways with the molecules that are involved in these pathways 
are represented. Molecular mechanisms of the BAX and BCL-2 including their interaction with the mitochondria can be 
also seen. The picture was generated by IPA Pathway Analysis software.
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Determination of bull fertility
In this study, we used sperm from bulls that produce abundant 

amounts of sperm with normal motility and morphology. Thus, this 
study addresses so called “uncompensatory fertility” where it is 
thought that molecular defects in the sperm cause sub-par fertility 
[27]. In the Alta Advantage Program (Alta Genetics, Watertown, 
WI, USA), fertility of bulls are predicted quarterly using updated 
data from partnering herds as described in [28]. The list of the bulls 
and fertility phenotypes used in this study is shown in Table 1. The 
environmental and herd management factors that influence the fertility 
performance of the sires are adjusted using threshold models which 
are similar to previously published models by Zwald et al. [29, 30]. 
Estimation of parameters and fertility prediction were obtained 
using Probit F90 software that was developed by Chang [31]. The 
outcome of each breeding event and the environmental factors, such 
as the effects of herd-year-month, parity, cow, days in milk, and 
sire proven status are adjusted. Afterwards, the fertility of each sire 
was expressed as the percent deviation of its conception rate from 
the average conception of all bulls in the database with at least 300 
breeding outcomes. For this study, we used the standard deviation 
(SD) of the population as the criterion to classify bulls as high and 
low fertility. Bulls having 2 SD above the average were considered 
as high-fertility, and those that are 2 SD below the average were 
considered as low-fertility. Thus, the fertility differences between 
high and low fertility groups were 4 SD which can be considered 
extreme outliers for the given population. Additionally, bulls were 
required to have a minimum of 500 breeding records to be qualified 
for higher reliability.

Isolation of sperm cells
Cryopreserved semen samples of ten bulls with varying fertility 

were provided by Alta Genetics. The samples were thawed and for 
each bull, the total spermatozoa collected were purified by Percoll 
gradient centrifugation according to [28] with minor changes. Briefly, 
the spermatozoa were isolated by using 45% Percoll prepared 
with 90% Percoll and phosphate-buffered solution (PBS; Gibco, 
Invitrogen, Carlsbad, CA, USA) at 700 g for 15 min to only remove 
the cryopreservation extender, sperm pellets were then washed with 
PBS at 700 g for 10 min. Using this method, sperm population was 
not selected based on motility or morphology. This is consistent 
with previous studies where this approach does not allow sperm 
selection to take place based on their viability, motility or cell 
integrity [32]. Cell numbers were determined using a hemocytometer 
and cell concentration in warmed PBS was adjusted to 5×105/ml 
for Annexin V assay (Annexin-V-FLUOS Staining Kit , Roche 
Applied Science, Indianapolis, IN, USA) and 1×106/ml for TUNEL 
assay (In Situ Cell Death Kit, Roche Diagnostics, Indianapolis, IN, 
USA). All centrifugations were performed at room temperature and 
spermatozoa were stored in an incubator at 37 C prior to Annexin 
V and TUNEL assays to avoid the oxidative shock and to maintain 
the accuracy of the results.

TUNEL assay
Following the sperm isolation, the sperm pellets were washed twice 

in PBS with 0.1% Bovine Serum Albumin (BSA) and suspended in 
100 µl of PBS/0.1% BSA. The pellets were then fixed in 100 µl of 
4% paraformaldehyde at room temperature for 60 min, resuspended 
in 100 µl of PBS and then permeabilized in 100 µl of 0.1% Triton 
X-100 in 0.1% sodium citrate in PBS on ice for 2 min. While the 
ten individual pellets were being fixed and permeabilized, the 
TUNEL reaction mixture was prepared by removing 100 µl of label 

Fig. 2. Experimental design. Overall, sperm samples from 10 bulls were 
used for each experiment. First spermatozoa isolated and separated 
into four aliquots to perform each assay followed by counting. 
Total of nine reads per bull with three technical replicates in three 
different times was performed for TUNEL and ANNEXIN V 
experiments. Two technical replicates within three different times 
approach meaning that six reads per bull was accomplished for 
eosin & nigrosin test, and a hundred of spermatozoa were counted 
per slides. Western blotting with three replicates was done by using 
5 µg of protein per bull for the accuracy, and the intensity of protein 
bands in the pictures were determined via software (Suppl Fig. 2: 
online only).

Table 1. Fertility differences among the bulls

Bull Number of breeding % Fertility deviation  
from average

 Low fertile bulls
1 1134 –14.7
2 769 –9.1
3 1671 –8.1
4 888 –7.2
5 819 –5.6

Mean 1056.2 ± 371.2 –9.94 ± 3.6

High fertile bulls
6 560 5
7 594 5
8 1222 5.1
9 1138 5.6
10 895 6.2

Mean 881.8  ± 303.3 6.14 ± 1.1

List of bulls and their fertility scores according to Alta Genetics data 
base including bulls’ breeding numbers. Bulls are listed according to 
their fertility scores where Bulls 1–5 and Bulls 6–10 represent low and 
high fertility groups, respectively.
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solution for two negative controls and adding the total volume (50 
µl) of enzyme solution to the remaining 450 µl label solution to 
obtain 500 µl TUNEL reaction mixtures. The negative control was 
incubated, fixed and permeabilized in 50 µl of label solution without 
the TdT enzyme, while the positive control was incubated, fixed and 
permeabilized with DNase 1 (100 IU, Invitrogen) at 25 C for 10 min. 
Next, the pellets were washed twice with 200 µl of PBS/0.1% BSA 
and then resuspended in 50 µl TUNEL reaction mixture; including 
the positive control. Once the TUNEL reaction mixture had been 
added, the samples were incubated at 37 C in the dark for 60 min. 
The samples were then washed with 200 µl of PBS/0.1% BSA, placed 
into a transparent tube with a final volume of 400 µl in PBS and 
were immediately analyzed by flow cytometry (FACSCalibur, BD 
Biosciences, San Jose, CA, USA). The TUNEL assay was observed 
using fluorescence microscopy (Axiovert 200 M Inverted Research 
microscope, Zeiss, Göttingen, Germany) prior to flow cytometry to 
determine to what extent the assay has worked. The data were then 
expressed in a flow-cytometric plot. All experiments were repeated 
three times by using three experimental replicates (n=90; 9 different 
reads per bull).

Annexin V assay
For the Annexin V assay, Annexin-V-FLUOS Staining Kit 

(Roche Applied Science) was used according to the manufacturer’s 
recommendations. Briefly, Annexin-V-FLOUS labeling solution was 
prepared by combining 20 μl of AnnexinV-Flous labeling reagent 
and 20 μl of propidium iodide (PI). Next, the isolated sperm samples 
were re-suspended in 100 μl of AnnexinV-Flous labeling solution at 
37 C. This mixture was then incubated at room temperature in the 
dark for 10 min. Following incubation, 400 μl of incubation solution 
was added to each sample and analyzed using the flow cytometer. 
A flow-cytometric plot of frozen-thawed sperm after Annexin V 
assay is represented in Suppl Fig. 1 (online only). Annexin-V/
PI assay can distinguish four different subpopulations of cells, 
representing in the related fig. Among spermatozoa population, late 
necrotic spermatozoa were stained with PI, but not with Annexin V 
whereas early necrotic spermatozoa were labeled with both Annexin 
V and PI. Viable spermatozoa were stained by neither Annexin V 
nor PI, while apoptotic spermatozoa were labeled only by Annexin 
V, but not by PI. In order to confirm sperm cell viability, 10 μl of 
sperm suspension was mixed with 10 μl of eosin-nigrosin staining 
solution to prepare a smear slide according to [33]. Eosin stains the 
postacrosomal region of spermatozoon while nigrosin penetrates 
into the acrosome. They are usually used together to better evaluate 
spermatozoa via light microscopy [34]. Afterwards, a total of 100 
sperm cells per slide were counted under light microscope. All 
experiments were repeated three times by using three experimental 
replicates.

Isolation of spermatozoal proteins
Sperm cells were isolated according to the protocol listed above 

and washed with PBS containing protease inhibitor cocktail (Roche 
Applied Science) to avoid protein degradation, and then stored at 
–80 C until protein isolation. Spermatozoal proteins were extracted 
using SDS sample buffer containing 66 mM Tris-HCl (pH-6.8), 26% 
glycerol, and 2% SDS. Next, 5 µl of β-Mercaptoethanol was added 

fresh to 95 µl of SDS sample buffer. The sperm pellets were then 
re-suspended in the above mixture, vortexed for 30 sec followed 
by boiling the samples for 10 min. The samples were then cooled 
on ice for two min prior to centrifugation at 4 C and 700 g for 10 
min. The supernatant containing the proteins were then quantified 
using microBCA protein assay (Thermo Scientific, Rockford, IL,  
USA.) method according to the manufacturer’s recommendations.

Immunodetection of apoptotic proteins
Equal amounts (5 mg/well) of the isolated proteins were loaded 

from Bull 1 to 10 based on their fertility scores and separated in 
10% SDS-polyacrylamide gels [35], and then they were transferred 
onto polyvinylidene fluoride (PVDF) membranes by the semi-dry 
transfer method using HEP-1 Semidry Electroblotting (Thermo 
Scientific). The membrane was then blocked with 1xTris buffered 
saline with 1% casein for 60 min (Bio-Rad, Hercules, CA, USA) 
at room temperature and incubated with primary antibodies, BAX 
(N-20) and BCL-2 (N-19) (sc-493 and sc-492 from Santa Cruz, 
CA, USA) at 4 C overnight with the dilutions of 1:1000 and 
1:250, respectively. Beta-tubulin (N-20) (sc-9935 from Santa 
Cruz, CA, USA) was co-used as loading control for each primary 
antibody with the dilution of 1:500. The next day, the membrane 
was washed three times at room temperature for 15 min each 
time with washing buffer containing 1% Tween20, followed by 
incubation with secondary antibodies conjugated to horseradish 
peroxidase (Donkey anti-rabbit IgG-HRP, sc-2313 for Bcl2 and 
BAX and donkey anti-goat IgG-HRP, sc-2020 for β-Tubulin from 
Santa Cruz) at room temperature for 60 min. Following washing, 
chemiluminescent substrate (WBKLS0500, Millipore, Billerica, 
MA, USA) was added to the membrane to detect the signals. We 
used a protein marker (EZRun Protein Marker, Fisher scientific, 
Pittsburgh, PA, USA) to estimate the size of the proteins of interest 
using specific primary antibodies with known molecular weight. 
Besides, for both antibodies, we tested their specificity and reactivity 
prior to the experiments. We used testis tissue as positive control 
and incubated membranes without primary antibodies as negative 
control for each protein. Following immunoblotting, the intensities 
of the bands were quantified using Image Lab software (Bio-Rad). 
Suppl Fig. 2 (online only) shows the intensities of the protein bands 
detected via western blotting for their distribution in each group 
prior to data analysis. Besides, testing of the primary antibody 
non-specificity was performed using testis and sperm samples with 
only secondary antibody incubation (donkey anti-goat IgG-HRP) 
prior to real experiments (see suppl Fig. 3: online only).

Statistical analysis
All percentage data was first verified to be normally distributed, 

and then analyzed with SAS Version 9.2 for Windows (SAS Institute, 
Cary, NC, USA). Data were obtained from three different trials with 
three technical replicates for apoptosis and TUNEL experiments, with 
two technical replicates for eosin-nigrosin test and without technical 
replicates for western blotting. In other words, nine, six and three 
measurements per bull were used for data analysis from the apoptosis 
and TUNEL experiments, eosin-nigrosin test and western blotting, 
respectively. Total numbers of measurements were classified into 
two groups high and low fertility bulls, and then analyzed using 
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ANOVA test including mean values (± STD). Since we designed 
the experiments based on the 3×3, 3×2 and 3 replicates per bull for 
from the apoptosis and TUNEL experiments, eosin-nigrosin test and 
western blotting, respectively, we could be able to compute the data 
using ANOVA test. Overall relation among the data was performed 
using Pearson correlation analysis determining any significant (α≤.05) 
linear associations between fertility, necrotic spermatozoa, early 
necrotic spermatozoa, viable spermatozoa, apoptotic spermatozoa, live 
spermatozoa, dead spermatozoa, spermatozoa with DNA fragmenta-
tion, and BAX regardless of any grouping. A multiple regression 
analysis was used to determine which combination of measured 
variables might best predict the level of fertility.

Results

All parameters that were used for analysis are listed in Table 2 
and Pearson correlation coefficients are shown in Table 3.

Fertility differences among the bulls
The fertility data were determined as the deviation from average 

fertility values of around 1,000 bulls. Fertility results of five high 
and five low-fertility bulls are summarized in Table 1. The average 
fertility of high and low fertility groups were 6.14 ± 1.1 and –9.94 ± 
3.6% of the average (Zero=0), respectively. This allowed us a unique 
group of samples which had 16.08% fertility difference between high 
and low fertility group. The average breeding for the high and low 
fertility groups were 881.8 ± 303.3 and 1056.2 ± 371.2, respectively 
(Mean ± SD) (Table 1).

Extent of DNA damage in sperm
Spermatozoa with DNA fragmentation were detected using flow 

cytometry. The percentage of sperm with TUNEL positive (DNA 
damaged) in high and low fertility bulls was 3.51 (± 2.23) and 3.61 
(± 2.20), respectively; there was no significant difference between 
the two groups (P=0.826) (Table 2). Likewise from apoptosis results, 
there was no detection of any correlation between DNA fragmentation 
and fertility score. There was also no significant correlation between 

TUNEL assay and viable spermatozoa, necrotic, early necrotic and 
apoptotic spermatozoa detected by Annexin V (Table 3). The TUNEL 
assay was established by fluorescent microscopy prior to flow 
cytometry and spermatozoa with and without DNA fragmentation 
are shown (Fig. 3). As a nuclear stain, DAPI was performed and 
DNA fragmented spermatozoa were stained green compared to those 
that were stained blue (DAPI), which represented spermatozoa with 
non-fragmented DNA.

Detection of apoptosis via Annexin V
The flow cytometric plots of spermatozoa from two bulls with 

different fertility are shown in Fig. 4; bull K_1.002 (Bull 1) is low 
fertility and bull E_3.031 (Bull 10) is high fertility. The percentage 
of apoptotic spermatozoa in high and low fertility bulls was 2.86 (± 
1.31) and 3.00 (± 0.96), respectively; there is no significant difference 
between groups (P=0.548). In addition to apoptotic spermatozoa, 
the percentages of necrotic, early necrotic and viable spermatozoa 
in high and low fertility bulls were 3.48 (± 1.59), 31.04 (± 9.27), 

Fig. 3. Bull sperms with TUNEL assay by fluorescence microscopy. a: DAPI stained sperm samples with the objective#1. b: TUNEL assay 
with the objective#2. c: Overlap of two pictures; white arrow indicates DNA fragmented sperm cells (apoptotic) which stained as green 
whereas blue star shows DNA integrity of the sperm (non-apoptotic) containing blue color.

Table 2. Comparison of two groups (High vs. low fertility bulls)

Parameters High
(Mean ± SD)

Low
(Mean ± SD) P-value

Necrotic spermatozoa 3.48 ± 1.59 4.13 ± 1.86 0.079
Early necrotic spermatozoa 31.04 ± 9.27 32.13 ± 9.26 0.579
Viable spermatozoa 62.62 ± 9.1 60.72 ± 8.51 0.311
Apoptotic spermatozoa 2.86 ± 1.31 3.00 ± 0.96 0.548
DNA fragmented spermatozoa 3.51 ± 2.23 3.61 ± 2.20 0.826
Alive spermatozoa 52.60 ± 7.06 59.27 ± 8.61 0.028*
Western blot 2.47 ± 0.72 3.36 ± 3.23 0.283

All parameters that were used for the analysis are the percentage of flow 
cytometric Annexin V assay results as necrotic, early necrotic, viable, 
apoptotic spermatozoa, and the ratio of DNA fragmented spermatozoa 
determined by TUNEL, the percentage of alive spermatozoa according 
to eosin-nigrosin test, the expression (µg) of BAX determined via 
western blotting. All responses are compared between two groups and 
listed as mean and standard division including P-values.
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62.62 (± 9.1) and 4.13 (± 1.86), 32.13 (± 9.26), 60.72 (± 8.51), 
respectively. Although the percentages of these variables in high 
fertility bulls were lower than those in low fertility counterparts, there 
was no significant difference of necrotic, early necrotic and viable 
spermatozoa between the three groups (P=0.079, 0.579 and 0.311, 
respectively) (Table 2).There was a negative correlation between 
early necrotic spermatozoa and viable spermatozoa detected via flow 
cytometry (r = –0.991, P<0.0001). In addition, apoptotic spermatozoa 
showed a positive correlation with early necrotic spermatozoa 
(r =0.358, P<0.01), whereas a negative correlation with necrotic 
spermatozoa and viable cells (r = –0.688, P<0.0001; r = –0.367, 

P<0.05, respectively) was seen (Table 3). Eosin-nigrosin test was 
done to confirm flow cytometric data and its results were indicated 
as alive sperm in the data (Tables 2 and 3). Two microscopic slides 
of eosin-nigrosin stain from two different bulls are shown in Fig. 
5; live spermatozoa were not stained while dead spermatozoa were 
labeled with the stain. A live cell population in high and low fertility 
bulls was 59.27 (± 8.61) and 52.60 (± 7.06) and this difference 
was significant (P<0.01) in Table 3. Besides, it showed a positive 
correlation with viable cells and a negative correlation with early 
necrotic spermatozoa detected by flow cytometry (r=0.386, P<0.04; 
r= –0.435, P<0.02, respectively). There was a negative correlation 

Table 3. Pearson correlation coefficients with P values for significant

Responses Necrotic sperm 
(%)

Early necrotic 
sperm (%)

Viable sperm 
(%)

Apoptotic sperm 
(%)

DNA damage 
(%)

Alive sperm 
(%)

BAX
(µg)

Fertility score –0.266* –0.01 0.072 –0.063 –0.017 –0.49*
(P=0.0056)

–0.301  
(P=0.1106)P=0.0113

Necrotic spermatozoa (%)  –0.506*  
(P<.0001)

0.420*
(P<.0001)

–0.688*
(P<.0001)

0.025 0.377*
(P=0.04)

0.223

Early necrotic spermatozoa (%) -  –0.991* 
(P<0.0001)

0.358*
(P=0.0006)

–0.039 –0.435*  
(P=0.016)

0.05

Viable spermatozoa (%) - -  –0.367*
(P=0.0004)

0.052 0.386*  
(P=0.035)

–0.094

Apoptotic spermatozoa (%) - - -  –0.126 –0.084 –0.0832

DNA fragmentation (%) - - - -  –0.144 –0.219

Alive spermatozoa (%) - - - - -  0.23

The correlation of the variables necrotic, early necrotic, viable, apoptotic spermatozoa, DNA fragmented spermatozoa, alive spermatozoa, BAX and 
bulls’ fertility scores.

Fig. 4. Sperm apoptotic cell population of two bulls with varying fertility by flow cytometry. K_1.002 (Bull 1) is low fertility 
bull and E_3.031 (Bull 10) is high fertility bull. The percentage of necrotic, early necrotic, viable and apoptotic 
spermatozoa gated can be seen in both in the figures and in the tables as UL (upper-left), UR (upper-right), LL (lower-
left), LR (lower-right),  respectively.
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between live spermatozoa detected by eosin-nigrosin test and fertility 
score, and this was statistically significant (r = –0.49, P<0.05). No 
correlation between apoptosis and DNA fragmentation was shown.

Detection of apoptotic proteins via immunoblotting
The expression of BAX (pro-apoptotic), but not of BCL-2 protein 

(anti-apoptotic) was determined using WB, and the signal intensities 
from the expressed proteins among bulls were determined by Image 
Lab software (Bio-Rad). The size of BAX, Bcl2 and β-Tubulin 
bands appeared to be around 23-kDa, 26-kDa and 55-kDa based 
on the protein marker. The expressions of BAX among bulls in 
high and low fertility bulls were 2.47 (± 0.72) and 3.36 (± 3.23), 
respectively. Although BAX was abundantly expressed in low fertility 
bulls compare to their high fertility counterparts, this relation was 
not significant (P=0.283) (Table 2). It was shown here that BAX 
was negatively correlated with fertility, but the results were not 
significant (r = –0.301, P<0.12). The distribution of western blotting 

data among the groups high vs. low fertility can be seen in the Suppl 
Fig. 2 (online only). The intensities of the protein bands detected via 
western blotting are analyzed for their distribution in each group. 
Any correlation between protein expression and other parameters 
were determined. The expressions of BAX, BCL-2 and β-Tubulin 
among the bulls were shown in Fig. 6A. Testis sample from a bull 
with unknown fertility for each antibody was previously tested as a 
positive control to confirm the specificity of both antibodies, which 
was represented in Fig. 6B. The negative control of western blotting 
experiments for both antibodies (BAX and Bcl2) where the only 
secondary antibodies were used is represented in the Suppl Fig. 3 
(online only).

A stepwise multiple regression analysis with fertility as a dependent 
variable and the seven other variables as predictive independent 
variables found a highly significant regression using two predictor 
variables (necrotic spermatozoa detected by flow cytometry, alive 
spermatozoa determined via eosin-nigrosin stain).

Discussion

The significance of sperm DNA damage in semen is still debated 
as it may or may not be correlated with male fertility [7]. In this 
study, we used a bovine model to identify molecular markers and 
mechanisms regulating male fertility because there is a wealth 
of reliable information on bull fertility phenotypes derived from 
thousands of breedings and that significant similarities exist between 
reproductive physiologies and genomes of bovine and human. Since 
we obtained semen straws from the company with their reliable 
fertility scores based on not only the semen quality of these bulls, 
but also their breeding scores to calculate their fertility scores, the 
bull’s fertility scores were accurate and in normal range, which were 
confirmed by a previous study [27].

In the course of apoptosis, BCL-2 anti-apoptotic and BAX pro-
apoptotic proteins provide a signaling pathway that helps maintain 
the balance in a cell. The relative levels of these two groups of 
proteins are essential for whether the cell survives or undergoes 
apoptosis [36]. During spermatogenesis, BAX-mediated apoptosis 
serves as a checkpoint for maintaining the number and quality of 
spermatozoa. Also, it was demonstrated that BAX-deficient mice 
were sterile because of disordered maturation reflected by the absence 
of mature spermatocytes and the presence of pre-meiotic cells with 

Fig. 5. Eosin/nigrosin staining. Two microscopic slides of eosin-nigrosin 
stain from two different bulls are shown; live spermatozoa were 
not stained showing with black arrow while dead spermatozoa 
were labeled with the stain marking with the star.

Fig. 6. BAX, BCL-2 and beta tubulin proteins. A: The expression of BCL-2 (anti-apoptotic), BAX (pro-apoptotic) and 
β-Tubulin proteins among the bulls. B: The expression of BCL-2 and BAX proteins using the same testis sample 
as positive control. M: Marker, T: Testis. Ten bulls were presented with their numbers from low fertility to the high 
fertility bulls 1 to 10, respectively.
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an atypical distribution of decondensed chromatin [37]. A similar 
study by [6] also showed the expression of Bax, but not Bcl-2 in 
cryopreserved bovine spermatozoa. As was shown here, Bax expression 
was present in bull sperm while the Bcl-2 was not detected [6]. For 
the Bcl2 western blotting, we used the same antibody used against 
Bcl2 in monkey testis by Zhang et al. [38], and in human testis [39]. 
We also confirmed the Bcl2 expression in bull testis as a positive 
control; therefore, we ensured that this antibody was specific enough 
to detect Bcl2 in bull spermatozoa. Furthermore, no cross-reaction 
was detected. In our study, results showed that BAX expression is 
not statistically different between high and low fertility groups and 
there is no significant correlation between male fertility and Bax 
expression. However, BAX expression was more abundant in bulls 
1–3 that belong to the low fertility group compared to bull 4 and 5 in 
the same group and also bulls in the high fertility group. We showed 
the distribution of BAX among bulls in the supplementary file Fig. 
2 in which the variations of BAX can be seen. One reason of these 
variations might be the differences in response to the cryo-damage 
within individuals during cryopreservation.

In addition to apoptotic proteins, DNA damage and PS translocation 
were determined using proper assays in our study. These assays 
were specific enough to evaluate apoptosis and to distinguish it 
from necrosis in frozen bull spermatozoa based on the literature [9, 
18]. According to Chaveiro et al., spermatozoa undergo apoptosis 
during the incubation time followed by swim-up; thus, the viable 
cell population in that study is lower than what was observed in our 
study [15]. The correlation of fertility with DNA damage detected 
by TUNEL and PS translocation identified by Annexin V was 
significant in fresh bull sperm, but not in frozen samples, which 
was also supported by others [9]. In contrast to a study conducted 
by Henkel et al., our results did not show any correlation between 
fertility and PS translocation [18]. According to another study, 1.2% 
(± 0.7) of spermatozoa derived from two fertile bulls were TUNEL 
labeled concluding that bull sperm were resistant to the induction of 
caspase-mediated apoptosis following ejaculation [40], which was 
supported by our study. It was revealed that eosin-nigrosin stain was 
able to detect sperm vitality in bulls, and after thawing less than 50% 
of spermatozoa could survive [33]. Spermatozoa might be damaged 
by “cryo-shock” or “cold shock” containing possible damages to 
plasma, outer acrosomal membrane, acrosome and nucleus during 
cryopreservation. However, in regards to our own project, all of our 
samples were cryopreserved so that each sample was treated the 
same. Due to the cryopreservation of all of our samples our results 
are still objective because there was no mixture or comparison 
between cryopreserved and fresh samples. A future study for our 
lab could be to compare fresh vs. cryopreserved sperm samples for 
apoptosis, however, our current study focused on the comparison of 
apoptosis in sperm from high vs. low fertility bulls.

Unlike our results, DNA fragmentation in sperm was significantly 
associated with fertility while evaluating the sperm quality in relation 
to fertility after A.I. [20]. Additionally, Simon et al. concluded in their 
study that there was a significant negative correlation between male 
fertility and sperm DNA damage [19]. On the other hand, our results 
suggest that there is no correlation between sperm DNA damage and 
fertility, which is supported by other studies [21–24]. The lack of 
correlation between DNA fragmentation and fertilization rate was 

shown in their overall study, but suggested that different techniques 
such as ICSI and IVF may have influence as to how significantly 
DNA damage can affect fertility rates [26, 41].

In this study flow cytometry was used to quantitatively analyze 
spermatozoa and the potential nuclear DNA damage induced by 
apoptosis. Therefore, the quality and quantity of our results are more 
accurate due to the use of flow cytometry compared to conventional 
fluorescent microscopic methods. In addition to flow cytometry, our 
study is innovative in virtue of sufficient technical replicates per bull 
and their strong fertility data. The sperm gradient isolation method 
provides a selection of immature spermatozoa mostly with DNA 
damage compared to the use of whole semen, which may cause a 
bias in the results. According to a recent study, semen processing by 
density gradient centrifugation is useful in selecting sperm with higher 
double-strand DNA integrity. In this study, the DNA fragmentation 
index [42] for whole semen (without percoll isolation) was more 
than 30% compared to the DFI of spermatozoa separated by 50% 
of a gradient solution [43]. Unlikely, in our study, since we used 
45% of gradient solution, sperm with DNA fragmentation detected 
by TUNEL was about less than 5% of the whole cell population. 
According to the previous studies, 45% of gradient solution approach 
does not allow the sperm selection according to their viability, 
motility or cell integrity [32].

Since neither intrinsic nor extrinsic apoptotic pathways in sperm 
were the focus of our study, any speculations on the origin of DNA 
damage cannot be obtained. Since cryopreserved sperm is still being 
used for A.I. in the field, the current study focuses on only frozen 
sperm other than fresh semen. Cryopreservation affects sperm 
motility, vitality and its DNA integrity, as well as leading to increases 
in intracellular Ca2+ concentration which leads to the release of 
pro-apoptotic factors in the cytoplasm. Therefore, nearly 50% of 
spermatozoa are dead after freezing and thawing , which is called the 
cryo-survival rate [10], and this percentage is considered common 
in bull sperm [33]. The apoptotic cell population was determined 
less than 10% in our study because only cryopreserved spermatozoa 
were used and 50% of the cell population was already dead prior 
to the detection of DNA damage induced by apoptosis. However, a 
number of studies have shown the implications of cryopreservation 
and other stress responses of animals during spermatogenesis in 
effecting apoptosis-like events in sperm [44–46].

In conclusion, our results showed that the most relevant fertility 
markers might be the percentage of necrotic spermatozoa detected by 
flow cytometry and live spermatozoa determined via eosin-nigrosin 
staining and that there is no relationship between apoptosis and male 
fertility. None of the apoptotic variables were determined as fertility 
marker in this study, so apoptotic markers may not be considered as 
fertility indicators. Overall, apoptosis might considerably be induced 
during spermatogenesis, and sperm cells rapidly undergo necrosis 
opposed to apoptosis following cryopreservation. Unlike apoptosis, 
necrosis might be the main pathway that influences sperm viability 
after thawing. Thus, further clinical studies should be performed to 
determine molecular mechanism of the intrinsic apoptotic pathways 
including expression and roles of apoptotic proteins.
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