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A B S T R A C T

The aims of this study were to evaluate cryopreserved semen of Nellore bulls of different ages and
verify whether sperm quality declines with advancing age and whether lipid peroxidation and
DNA damage are involved in this process. For this purpose, 40 Nellore bulls were divided into
three age groups: Young, aged 1.8–2 years (n= 9); Adult, aged 3.5–7.0 years (n= 19); and
Seniors, aged 8.0–14.3 years (n=12). Three ejaculates were collected from each bull, cryo-
preserved and evaluated for various parameters including membrane integrity, mitochondrial
potential (FITC-PSA and JC1), lipid peroxidation (C-11BODIPY 581 / 591) and oxidative DNA
damage (8OHdG) using flow cytometry. The thawed semen of senior bulls was characterized by a
low percentage of motile sperm (33.7 ± 6.1%), higher damage to the plasma and acrosomal
membrane (37.5 ± 9.8%), and low mitochondrial potential (29.1 ± 13.8%), as well as higher
percentages of peroxidated cells (53.6 ± 12.2%) and DNA damage (44.1 ± 11.0%; P < 0.05).
Lipid peroxidation was negatively correlated with motility (r=−0.35, P < 0.0002), average
mitochondrial potential (r=−0.42; P < 0.0001) and showed a positive correlation with
membrane injury and oxidative DNA damage (r= 039; P= 0.0003). Young bulls presented su-
perior thawed sperm quality, possibly due to greater resistance to oxidative stress and, conse-
quently, to cryopreservation. In conclusion, the sperm quality of bull semen declines with ad-
vancing age and is strongly associated with increased oxidative damage to both the plasma
membrane and DNA.

1. Introduction

The effects of age on semen parameters have been intensely discussed in prepubertal to adult bulls, with the average studied age
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ranging from 1 to 7 years (Brito et al., 2004; Brito et al., 2002; Hallap et al., 2006, 2004). Despite many studies regarding the sexual
maturity of young bulls, research evaluating the impact of advancing age on bull fertility, especially in senior animals, are scarce. The
few existing studies indicate changes in spermatogenesis (Kumi-Diaka et al., 1981), lipid balance and production of antioxidants
(Kelso et al., 1997). Much of the work done in the bovine seeks to relate sperm quality at different ages with other factors such as
environmental, nutritional, breed differences and seasons of the year (Bhakat et al., 2011; Brito et al., 2002; Nichi et al., 2006).

Studies using mice as the experimental model indicate that increased DNA damage with aging is associated with increased
susceptibility to oxidative stress (Zubkova et al., 2005; Zubkova and Robaire, 2006). This is because aging leads to the reduction of
important antioxidant enzymes, such as superoxide dismutase (SOD) and glutathione peroxidase (GPx), which are responsible for
protecting the sperm nucleus from free-radical attack, and some of the affected enzymes, such as peroxiredoxin, are fundamental for
DNA stability (Weir and Robaire, 2006; Ozkosem et al., 2015). Recent studies also indicated that the germ cells of senior males show a
reduced DNA repair mechanism and present inadequate response toward oxidative insults compared to young male germ cells (Paul
et al., 2011; Selvaratnam et al., 2015).

Despite such evidence, most of the studies in bovines have aimed to evaluate the effects of ROS on sperm quality and function in
cryopreservation protocols (Bilodeau et al., 2000; Gürler et al., 2015; Mostek et al., 2017). Few studies have evaluated the re-
lationship between age and oxidative stress in bovine semen (Kelso et al., 1997), and no work has determined whether the age of the
bull influences the oxidative damage in cryopreserved semen. This question is of fundamental importance in the search for prevention
methods and alternative therapies that can optimize the sperm quality of high-genetic merit bulls with advanced age in seminal
cryopreservation programs. Bos indicus cattle show late sexual maturation compared to Bos taurus (Nogueira, 2004) cattle and need
more time to confirm genetic selection in progeny testing. In Brazil, commercialization of the semen of bulls with advanced age is a
reality. Therefore, the objective of this study was to evaluate the quality of thawed semen from Nellore bulls of different age groups
and test the hypothesis that the sperm quality of senior bulls declines because of increased oxidative damage.

2. Materials and methods

2.1. Selection of animals

A total of 40 healthy Nellore bulls from a sperm cryopreservation center located in the southeastern region of Brazil (21° 04′52″ S
and 48°02′24″ W) was used in this study and kept in a native pasture (Cynodon plectostachyus) with a balanced-energy diet. Three
ejaculates were collected from each bull using the artificial vagina method within a twice-a-week collection schedule. Samples were
cryopreserved (Tris-egg yolk, 7% glycerol in 250 μL straws) according to the artificial insemination center standards and stored in
liquid nitrogen until evaluation. Bulls were always handled by the same persons. Two technicians were involved in semen assessment,
one of them for analysis pre-freezing and post-thawing and the other for cooling, packaging and freezing technique. The animals were
divided into three groups according to age: (i) the Young group, aged from 1.8 to 2 years (n=9); the Adult group, aged between 3.5
and 7 years (n= 19); and the Senior group, aged from 8 to 14.3 years (n=12). This classification was based on the study by Kumi-
Diaka et al. (1981), who, through histological analysis of testicles, concluded that reproductive senility in bulls begins at 9 years of
age. Bulls between 2 and 3 years are classified as young, and adults are considered mature between 5 and 6 years of age (Kelso et al.,
1997).

2.2. Microscopic evaluations and flow cytometry

Microscopic evaluations were performed using an Olympus BX61 microscope (Olympus, Tokyo, Japan) equipped with a light
field, phase contrast, differential interference contrast (DIC) and epifluorescence.

Flow cytometry analysis was performed with an Attune® instrument (Applied Biosystems by Life Technologies, Grand Island, NY,
USA) equipped with 488 nm and 405 nm argon-ion lasers with the following emission filters: BL 1 530/30 nm “bandpass” (BP), BL 2
575/24 nm BP, BL 3 640 nm “long pass” (LP), VL 1 450/40 nm BP, VL 2 522/30 nm BP, and VL 3 603/48 nm BP.

2.3. Motility, vigor and sperm morphology

The straws were thawed at 35 °C for 20 s, and 5 μL of semen was poured on a pre-warmed plate (37 °C), covered with a cover slip
and visualized at 200X magnification. Sperm was evaluated for progressive motility (%) and vigor (0 to 5), determined by visual
estimation (CBRA, 2013). Vigor was analyzed using a scale from 0 (absence of any movement) to 5 (strong, vigorous forward
movement) (CBRA, 2013).

To assess sperm abnormalities, 200 cells were counted using DIC (1000x). Sperm alterations were classified into major defects
(i.e., primary acrosome defects, proximal droplets, abnormal loose heads, abnormal head contour, abnormal midpiece, nuclear
vacuoles, double forms, and dag defects) and minor defects (abnormal head size, decapitated sperm head, coiled tails with cyto-
plasmic droplets, distal cytoplasmic droplets, abaxial midpiece) (Blom, 1973).

2.4. Evaluation of plasma membrane and acrosome integrities

For simultaneous evaluation of plasma membrane and acrosome integrities, one straw of each sample was thawed (35 °C / 20 s),
and the semen was diluted to 2×106 sperm in 200 μL of PBS (phosphate buffered saline: NaCl 10 g/L; KCL 0.25 g/L; NaH2PO4 1.4 g/
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L; free of CA2+ and Mg2+), followed the addition of 3 μL (0,2 mg/mL) of propidium iodide (PI, Sigma, St. Louis, MO, USA.) and
50 μL (100 μg / mL) of fluorescein isothiocyanate conjugated with Pisum sativum (FITC-PSA, Sigma, St. Louis, MO, USA.). After
incubation for eight minutes at 37 °C in a light-protected environment, all samples were measured with a flow cytometer, and 10.000
events were assessed using the argon-ion laser (488 nm), and a simultaneous reading was performed in BL 1 (530/30) and BL 3 (640
LP). For the positive control and compensation, samples were submitted to three cycles of "flash freezing" (Celeghini et al., 2010),
aiming to promote membrane injury and consequent positive PI (red) and FITC-PSA (green) staining. The results were classified
according to simultaneous evaluation of the membrane and acrosome integrities using the following categories: (i) intact plasma
membrane and intact acrosome (IMIA), (ii) intact plasma membrane and damaged acrosome (IMDA), (iii) damaged plasma mem-
brane and intact acrosome (DMIA), and (iv) damaged plasma membrane and damaged acrosome (DMDA). The damaged membrane
(DM) and damaged acrosome (DA) parameters were analyzed by the (DMIA+DMDA) and (IMDA+DMDA) groupings, respectively.

2.5. Evaluation of mitochondrial potential

To evaluate the mitochondrial potential, the 5,5′,6,6′tetrachloro-1,1′,3,3′-tetraethylbenzimidazol-carbocyanine iodide fluores-
cence probe (JC-1, Sigma, St. Louis, MO, U.S.A) was used, which has the ability to distinguish mitochondria at high (orange
fluorescence, 590 nm) and low (green, 523–535 nm) mitochondrial potential when excited by a 488 nm argon-ion laser (Gravance
et al., 2001). For this purpose, 6 μL of JC-1 (153 μM) was added to 2× 106 sperm in 200 μL of PBS. The samples were incubated for
8min at 37 °C in a dark environment and read on the flow cytometer using argon-ion laser excitation (488 nm), performing si-
multaneous readings on BL 1 (530/30 nm) and BL 2 (575/24 nm). For the control consisting of only low-mitochondrial potential cells,
the samples were incubated with 10 μM carbonyl cyanide-m-chlorophenylhydrazone (CCCP, Sigma, St. Louis, MO, USA) at 37 °C for
30min and stained with JC-1 according to the protocol described above. CCCP is a decoupling agent which frees protons by de-
polarizing the mitochondrial membrane (Brewis et al., 2000).

2.6. Lipid peroxidation

The C11-Bodipy 581/591 fluorescence probe (Molecular Probe, Eugene, OR) was used to evaluate lipid peroxidation. This probe
is analogous to fatty acids and can be incorporated into the plasma membrane and fluoresce after lipid peroxidation. The probe
fluoresces red when the membrane is intact and changes its emission when oxidation occurs, fluorescing green after attack by peroxyl
and alkoxyl radicals (Drummen et al., 2002). For this experiment, the semen was thawed and adjusted to the concentration of 2×106

sperm in 200 μL of PBS and centrifuged (500g).
The pellet was resuspended in 160 μl of PBS, and 20 μl of Bodipy581/591 (5 μM) was added and incubated for 30min at 37 °C.

Eight minutes before the end of the incubation period, 1 μL (2mg /ml) of propidium iodide was added to assess cell viability.
After addition of the fluorescent probes, the samples were washed and resuspended in 1mL of PBS, as described by Brouwers and

Gadella (2003). Then, 10.000 sperm excitations were conducted using the 488 nm argon-ion laser. The green/orange fluorescence
reading (peroxidized cells) was performed using the BL1 filter (530 / 30 nm bandpass), and the fluorescence of the propidium iodide
was detected using the BL3 filter (640 nm long pass). The positive control was performed by incubating a sperm sample in ferrous
sulfate (80 μM) for 60min at 37 °C (Aitken et al., 2007).

2.7. Evaluation of oxidative damage to DNA

The evaluation of DNA damage was performed using the OXIDNA® kit (Biotrin International LTDA, Dublin, Ireland), which
quantifies 8-hydroxy 2′-deoxyguanosine (8OHdG), which is the final product of the oxidation of guanine by the hydroxyl radical (OH
%) (De Iuliis et al., 2009). For measurement, the semen of a thawed sample from each straw was washed with PBS, resuspended in
100 μL of dithiothreitol (2 mM) and incubated at 37 °C for 45min. Subsequently, the semen was washed with 100 μL of 4% paraf-
ormaldehyde in 100 μL of PBS and maintained at 4 °C for 15min. After fixation and rinsing with PBS, the cells were incubated in
100 μL of Triton X 100 at room temperature for 15min. Next, they were washed with the "Wash solution" contained in the OXYDNA
kit and diluted to a ratio of 1:25 in distilled water. The samples were incubated for 60min at room temperature in a solution
containing one part of the FITC-conjugated anti-8-OHdG antibody solution diluted in nine parts of the wash solution. The stained
samples were rinsed and resuspended in 1mL of PBS. After the staining protocol, reading was performed using flow cytometry, with
10.000 sperm excitation events were conducted using the 488 nm argon-ion laser and the BL1 filter (530/30 nm bandpass). The
positive control was performed by incubating a sperm sample in DDT for 45min and conditioning in hydrogen peroxide (2mM) and
ferrous sulfate (1 mM) for 60min (De Iuliis et al., 2009).

2.8. Statistical analysis

Statistical analysis was performed using SAS software, previously "Statistical Analysis System" (release 9.2 SAS Institute Inc., Cary,
NC, USA, 2008). Data percentages were converted into arcosene to obtain a normal distribution. The results were analyzed using one-
way ANOVA. The Pearson correlation coefficient was applied to evaluate the effect of lipid peroxidation on the semen parameters
(motility, mitochondrial potential, IMIA, IMDA, DMIA, DMDA, DM, DA, and DNA damage). Means were compared using the Tukey
test and considered significant when P < 0.05.
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3. Results

The semen parameters of young, adult and senior bulls are summarized in Table 1. Sperm motility of young and adult animals was
higher (P < 0.05) compared to that of the seniors, but no difference was observed in relation to vigor. Regarding spermatozoa
defects, differences were observed in both major and total abnormalities. The post-thawing semen of young bulls was characterized
by a higher percentage of major defects compared to that of adults and seniors (P < 0.05), whereas a higher percentage of total
abnormalities was observed for young bulls in comparison to adults.

Young bulls had a higher percentage of sperm with IMIA compared adults and seniors (P < 0.05; Table 2). The percentage of
sperm with IMDA was lower in young and adult bulls and higher in senior bulls (P < 0.05). No significant difference was observed in
DMDA between the groups. However, the sperm of senior bulls presented a high percentage of AD and DM when DMDA was added
with IMDA and DMIA, respectively (P < 0.05).

Mitochondrial activity was also influenced by the "age effect" (P < 0.05), with young bulls showing higher percentages of sperm
with high mitochondrial potential after thawing compared to that of adult and senior bulls. However, the percentage of cells with low
mitochondrial potentials after thawing was higher in adult and senior bulls (P < 0.05; Table 3).

Lipid peroxidation in the plasma membrane was higher (P < 0.05) in the sperm of senior bulls compared to the young bulls,
while adult bulls presented a percentage similar to both groups. The percentage of sperm with oxidative DNA damage was higher in
sperm of senior bulls, followed by adults and lastly by young bulls (P < 0.05, Table 4).

The correlations between lipid peroxidation in the plasma membrane and sperm parameters, such as motility, mitochondrial
potential, membrane integrity and DNA damage are presented in Table 5. Lipid peroxidation was negatively correlated with motility
(r = - 0.35; P < 0.00002) and average mitochondrial potential (r = - 0.42; P < 0.0001) and positively correlated with DMIA
(r= 0.34; P= 0.00002), DMDA (r= 0.19; P= 0.0496), DM (r= 0.32; P=0.0006) and oxidative DNA damage (r= 0.39;
P=0.0003).

4. Discussion

This study clearly showed that susceptibility to oxidative stress in semen after thawing is influenced by age. Senior bulls were
characterized by sperm cells with low motility, reduced mitochondrial potential, high plasma and acrosomal membrane damage, and
a higher percentage of spermatozoa with oxidative lesions on the plasma membrane and DNA when compared to young bulls and
adults.

The research also showed the relationship between lipid peroxidation and seminal parameters, which were negatively char-
acterized with motility and average mitochondrial potential, and positively with damage of plasma membrane and DNA.

Table 1
Mean and standard deviation of motility, vigor and major, minor and total sperm abnormalities of the post-thawing semen of young (n=9), adult
(n=19) and senior (n=12) Nellore bulls.

Parameters Young Adult Senior
1.9 ± 0.09 years [1.8–2.0] 4.7 ± 0.9 years [3.5–7.0] 10.1 ± 2.0 years [8.0–14.3]

Motility (%) 38.9 ± 10.9 a 38.2 ± 8.8a 33.7 ± 6.1b

Vigor (1–5) 3.7 ± 0.7 3.6 ± 0.6 3.5 ± 0.4
Major sperm abnormalities (%) 13.7 ± 5.0a 9.3 ± 5.7b 9.2 ± 4.7b

Minor sperm abnormalities (%) 5.1 ± 3.3a 6.3 ± 3.9a 6.3 ± 5.0a

Total sperm abnormalities (%) 18.8 ± 7.0a 14.5 ± 7.8b 15.1 ± 6.4ab

a,bMeans within a row with different superscripts are different (Tukey test; P < 0.05).

Table 2
Mean and standard deviation of the percentage of sperm as to intact plasma membrane and acrosome (IMIA), intact plasma membrane and damaged
acrosome (IMDA), damaged plasma membrane and intact acrosome (DMIA), damaged plasma membrane and acrosome (DMDA), damaged acro-
some (DA) and damaged plasma membrane (DM), post-thawing and staining with FITC-PSA and PI fluorescent probes of the young (n= 9), adult
(n=19) and senior (n=12) groups evaluated by flow cytometry.

Parameters Young Adult Senior
1.9 ± 0.09 years [1.8–2.0] 4.7 ± 0.9 years [3.5–7.0] 10.1 ± 2.0 years [8.0–14.3]

IMIA (%) 54.7 ± 9.5a 46.7 ± 10.1b 37.5 ± 9.8c

IMDA (%) 10.6 ± 8.4b 14.5 ± 10.4b 20.7 ± 13.4a

DMIA (%) 12.8 ± 4.9b 15.1 ± 5.4ab 16.6 ± 6.4a

DMDA (%) 21.9 ± 9.4 23.7 ± 7.0 25.1 ± 8.5
DA* (%) 32.5 ± 8.7c 38.2 ± 11.5b 45.8 ± 13.7a

DM** (%) 34.7 ± 12.2b 38.8 ± 9.7ab 41.7 ± 10.6a

a,bMeans within a row with different superscripts are different (Tukey test; P < 0.05).
* DA=DMDA+ IMDA.
** DM=DMDA+DMIA.
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The decrease in sperm motility with aging has also been described in older Bos taurus bulls (> 9 years of age) and was associated
with a significant reduction of polyunsaturated (PUFAs) and unsaturated fatty acids (arachidonic and docosahexaenoic acid, re-
spectively) and the antioxidant enzymes SOD and GPx (Kelso et al., 1997). Recent studies have reported that the sperm lipid
composition and the antioxidant capacity of semen prior to cryopreservation may be crucial factors for the viability of thawed semen,
since a higher concentration of PUFAs confers greater fluidity and flexibility in the sperm membrane to handle osmotic stress, as well
as physical and oxidative effects of cryopreservation (Am-in et al., 2011; Macías García et al., 2011; Tapia et al., 2012; Argov-
Argaman et al., 2013). Age interference with the lipid metabolism of spermatozoa in antioxidant activity and, consequently, sperm
functionality and the impact of this alteration on frozen semen has not been described in Bos indicus bulls but may be a factor for
consideration in future studies involving age.

Reduction of motility, viability, and mitochondrial potential and increased membrane and DNA peroxidative damage are ex-
pected characteristics in cryopreserved semen (Gürler et al., 2016; Castro et al., 2015). This is because thawed semen loses significant
amounts of SOD and GPx and has increased levels of superoxide anion and hydrogen peroxide (Bilodeau et al., 2000; Chatterjee and
Gagnon, 2001). The freezing and thawing process can lead to disturbances in the mitochondria, characterized by increased pore
permeability of the mitochondria, which results in loss of sperm motility, mitochondrial potential and apoptosis induction (Bilodeau
et al., 2000; Peña et al., 2009).

The effects of lipid peroxidation on semen parameters were demonstrated by negative correlation with sperm motility, average
mitochondrial potential and positive correlation with membrane injury and oxidative DNA damage. This relationship between lipid
peroxidation and motility in bovine semen has been reported in other studies (Bilodeau et al., 2000; Weir and Robaire, 2006).

Table 3
Mean and standard deviation of the percentage of sperm with high mitochondrial potential, average mitochondrial potential and low mitochondrial
potential, post-thawing and stained by JC1 and FITC-PSA fluorescent probes of the young (n=9), adult (n= 19) and senior (n=12) groups,
evaluated by flow cytometry.

Parameters Young Adult Senior
1.9 ± 0.09 years [1.8–2.0] 4.7 ± 0.9 years [3.5–7.0] 10.1 ± 2.0 years [8.0–14.3]

High mitochondrial potential (%) 81.7 ± 9.4a 67.8 ± 10.4b 65.3 ± 12.1b

Average mitochondrial potential (%) 13.4 ± 6.6a 7.8 ± 4.6b 5.6 ± 3.6b

Low mitochondrial potential (%) 4.9 ± 4.2b 24.4 ± 12.6a 29.1 ± 13.8a

a,bMeans within a row with different superscripts are different (Tukey test; P < 0.05).

Table 4
Mean and standard deviation of the percentage of cells showing peroxidative damage in the plasma membrane (Bodipy581/591) and DNA (OxDNA
kit) in the post-thawing semen of the young (n=9), adult (n=19) and senior (n= 12) groups, evaluated by flow cytometry.

Parameters Young Adult Senior
1.9 ± 0.09 years [1.8–2.0] 4.7 ± 0.9 years [3.5–7.0] 10.1 ± 2.0 years [8.0–14.3]

Bodipy (%) 43.3 ± 9.1a 49.0 ± 9.5ab 53.6 ± 12.2b

Oxydna (%) 25.7 ± 6.2c 34.9 ± 9.2b 44.1 ± 11.0a

a,bMeans within a row with different superscripts are different (Tukey test; P < 0.05).

Table 5
Correlation coefficient and P-value between lipid peroxidation and motility, plasma membrane and acrosome in-
tegrity and DNA oxidative damage in post-thawed semen of young (n= 9), adults (n= 19), senior (n= 12) bulls.

Parameters Lipid Peroxidation (Bodipy581/591)

Correlation P-value

Motility −0.35 <0.0002
High mitochondrial potential 0.01 0.8845
Average mitochondrial potential −0.42 <0.0001
Low mitochondrial potential 0.17 0.0665
IMIA −0.15 0.1047
IMDA 0.15 0.1235
DMIA 0.34 0.0002
DMDA 0.19 0.0492
DM 0.32 0.0006
DA 0.01 0.8845
DNA oxidative damage 0.39 0.0003

*IMIA: intact plasma membrane and acrosome, IMDA: intact plasma membrane and damaged acrosome, DMIA:
damaged plasma membrane and intact acrosome, DMDA: damaged both plasma membrane and acrosome, DM:
damaged membrane, DA: damaged acrosome.
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Cytotoxic aldehydes and lipid peroxides generated during peroxidation reactions impair important motility control centers such as
ion channels, ATP-dependent pumps and mitochondrial proteins (Lundbeek and Andersen, 1994), inducing the opening of mi-
tochondrial pores and reducing mitochondrial potential (Peña et al., 2009). Increased mitochondrial permeability favors the release
of apoptotic mediators such as hydrogen peroxide, which eventually induces oxidative DNA damage and cell death (Aitken et al.,
2016).

Interestingly, lipid peroxidation showed a negative correlation with spermatozoa with average mitochondrial potential, but not
with those of high and low mitochondrial potential. Negative correlation between lipid peroxidation (C11-Bodipy581 / 591) and high
mitochondrial potential has been observed in the cryopreserved semen of stallions (Ortega Ferrusola et al., 2009). In cattle, this
relationship has not yet been tested (Brouwers and Gadella, 2003; Gürler et al., 2015), thus it is possible that lipid peroxidation in
thawed bovine semen is associated with a population of spermatozoa presenting more heterogeneous mitochondrial potential.

In light of 1) differences in seminal parameters between age groups, especially the increase of oxidative damage in the ejaculate of
elderly bulls; 2) high percentage of cells presenting high mitochondrial potential, motility and viability in the ejaculate of young
bulls; and 3) low mitochondrial potential in adult and elderly bulls; it is tempting to suggest that mitochondrial dysfunction is
associated with aging, and that cryopreservation may exacerbate the problem.

In a recent study, Darr et al. (2017) evaluated mitochondrial oxygen consumption in cryopreserved semen of stallions and showed
that increased age (12 years of age) correlated with an increase in oxygen consumption, ROS production and, consequently, reduced
motility compared to young animals.

Studies indicate that susceptibility to oxidative stress with aging is linked to three factors: low antioxidant activity in the eja-
culate, inadequate germ cell response to ROS, and deficiency of the DNA repair mechanism in spermatogenesis (Weir and Robaire,
2006; Paul et al., 2011; Selvaratnam et al., 2015). The reduction of antioxidant activity in sperm of senior mice resulted in high
production of ROS, which was associated with increased lipid peroxidation (Weir and Robaire, 2006). It is worth mentioning that in
response to superoxide anion generation, this molecule is converted to hydrogen peroxide by the superoxide dismutase enzyme, and
in the presence of catalase, the hydrogen peroxide turns into water (Aitken et al., 2016). When germ cells of young mice were exposed
to ROS, they responded by reducing the expression of superoxide dismutase to prevent accumulation of hydrogen peroxide. However,
the senior group showed an opposite response—that is, the expression of superoxide dismutase was elevated, and catalase was
reduced, inducing an imbalance of the redox axis that culminated with accumulation of hydrogen peroxide and, consequently, in the
loss of viability and an increase of DNA damage in spermatocytes (Selvaratnam et al., 2015). Hydrogen peroxide is an important
mediator of apoptosis and DNA fragmentation in human sperm (De Iuliis et al., 2009). Although it has not been the focus of our study
to directly assess the ROS level in semen, we believe that hydrogen peroxide participates in DNA damage, since studies have shown
the role of this radical in bovine sperm DNA fragmentation (Gürler et al., 2015) and, therefore, its deleterious effect on embryonic
development (Castro et al., 2016).

To our knowledge, this is the first study reporting the consequences of aging and oxidative stress on the sperm quality of
cryopreserved bovine semen. The reduction of sperm motility, mitochondrial potential, and membrane and acrosome integrity and
the increase of membrane and DNA oxidative damage in thawed sperm of senior bulls indicate that age should be an important factor
considered in the choice of diluents, cryoprotectants, and antioxidants to optimize results. For example, cryopreservation of senior
bull sperm may be enhanced by the use of mitochondria-targeted antioxidants or mitochondrial metabolic modulators, such as
MitoQ, which showed good results in reducing lipid peroxidation and increasing the viability of thawed semen of Yellowfish (Fang
et al., 2014). Dietary supplementation may also be an alternative, since the greater fragility of senior bull semen in cryopreservation
and its susceptibility to oxidative stress may bring a new perspective on the use of PUFAs and/or inclusion of antioxidants in the diet
of animals. Several studies have described that incorporation of PUFAs in the diet improves sperm quality in both fresh and frozen
semen (Gürler et al., 2015; Selvaratnam et al., 2015; Khoshvaght et al., 2016; Van Tran et al., 2017) and that animals with low-
quality semen may be major beneficiaries of this type of supplementation (Byrne et al., 2017).

In summary, age negatively influences sperm quality in Nellore bulls due to higher susceptibility to oxidative damage. Sperm of
young and adult bulls presented better post-thaw sperm quality, possibly due to higher resistance to oxidative stress and, conse-
quently, to cryopreservation.
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