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Reactive oxygen species at supra-physiological levels trigger oxidative stress during cryopreservation, which can be neutralised by
incorporating suitable antioxidants into the semen extender medium. This study was intended to explore the effect of asiatic acid
(AA) as an antioxidant in semen extender on frozen-thawed sperm quality and in vivo fertility of bull sperm.

Semen was collected from Holstein Friesian bulls for 10 consecutive weeks (total ejaculates = 60). Semen was cryopreserved with
a Tris citric acid egg yolk-based extender supplemented with 0 (control), 20, 40, 60, and 100 pM AA.

The supplementation of the extender with 40 and 60 uM AA improved (p < 0.05) post-thaw motility kinematics, plasma membrane
integrity, acrosome integrity, sperm viability, and DNA integrity of bull sperm. Mitochondrial membrane potential was high
(p < 0.05) with 60 uM of AA concentration in extender media. The catalase activity in seminal plasma was maintained (p < 0.05)
when semen was added with 20, 40, and 60 uM of AA. The in vivo fertility was found to be significantly high with the semen
extended with 60 uM AA.

Conclusively, this study showed that AA supplementation in semen extender significantly improved sperm motility kinematics and

cell integrity, conserved antioxidant enzyme activity, and improved in vivo fertility.
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Introduction

Sperm cryopreservation maintains the sperm’s viability and
functionality as well as assisting in the storage and transport
of spermatozoa for their use in artificial insemination and other
assisted reproductive technologies (Grotter et al. 2019). During
the cryopreservation process, spermatozoa are subjected to
radical changes in temperature, ice crystal formation and osmotic
and oxidative stresses that drastically compromise sperm quality
and subsequent fertility (Kowalczyk & Czerniawska Pigtkowska
2021).

Excessive reactive oxygen species (ROS) cause the oxidation
of lipids, proteins, and nucleic acids which results in the
production of electrophilic lipid aldehydes that bind to DNA
and protein molecules involved in the functional competence
of spermatozoa. Uncontrolled ROS production affects all
parameters of sperm function, including moatility, acrosome
configuration, plasma membrane integrity, and fertilising
ability. Furthermore, oxidative stress affects the integrity of DNA,
with potential impacts on the developmental competence of
embryos and the well-being of the progeny (Aitken 2020).

Intracellular antioxidants, such as catalase and glutathione,
can resist oxidation by reduction when the concentration of
ROS is low or at a normal physiological level (Alhayaza et al.
2020). However, at higher concentrations of ROS, these cellular
antioxidants are incapable of balancing the redox reactions.

Antioxidants are potent substances to neutralise ROS and are
incorporated into extender media to resist oxidative stress and
diminish the damage from ROS during cryopreservation (Chen
& Li 2020).

Asiatic acid (AA), a potent antioxidant, is a triterpenoid that
naturally occurs in many herbs, most commonly in Indian
pennywort (Centella asiatica). AA shows various important
pharmacological properties, such as anti-inflammatory,
antioxidative, antiapoptic, neuroprotective, gastroprotective,
and anti-cancer. Antioxidative activities of AA are dose-
dependent; they act against hydroxyl radicals, superoxide anions,
and reactive species of oxygen, and diminish myeloperoxidase
activation and lipid peroxidation (Nagoor Meeran et al. 2018). AA
improved the developmental competence of porcine embryos
through areduction in ROS production, mitigating mitochondrial
dysfunction, and regulating the expression of genes related to
the antioxidant system Sod-1 and genes related to blastocyst
formation Cox-2, while downregulating the gene related to
apoptosis, Caspase-9 (Qi et al. 2020). AA supplementation in
high-fed obese rats improved spermatogenesis and sperm
quality, including motility kinematics (Miao et al. 2018).

This study aimed to investigate the effects of AA in semen
extender as an antioxidative agent. The study evaluates the
effects of AA on post-thaw sperm motility and motion kinematics,
oxidative status and functional competence. Further, this study
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assesses the in vivo fertility of bull sperm using the best treated
semen.

Materials and methods

Semen source and cryopreservation

Semen was obtained from Holstein Friesian (Bos taurus taurus)
bulls (n = 6, age = 3-6 years). The bulls were born in Pakistan,
regular semen donors, and maintained at the semen production
unit in Quetta, Pakistan (30° 10" 59.7720” N and 66° 59’ 47.2272"
E). Animals were provided with a balanced diet (alfalfa and
corn fodder, corn silage, and concentrate) and clean drinking
water. The semen production unit has a regular health check
programme that includes timely vaccination and deworming of
all breeder bulls.

Semen was collected using an artificial vagina once a week from
each bull for a total of 10 consecutive weeks (replicates = 10).
Each ejaculate was initially assessed for volume by calibrated
glass tubes, gross motility through a microscope (BX41, Olympus,
Japan), and sperm concentration by a semen photometer
(SDM5, Minitub, Germany). The ejaculate having normal volume
(2-8 ml), concentration (= 1 x 10%/ml), and initial motility (=
75%) was selected for further experiments (Barth 2007). The
samples from all bulls that met the established criteria (n = 58)
were pooled to avoid individual bull variations, and those that
did not meet these criteria (n = 02) were discarded and excluded
from the study. Each pooled semen sample was divided into
five equal parts and diluted with Tris egg yolk-based extender
(Tris [hydroxymethyl-amino-methane] 3.81 g, D fructose 1.25 g,
citric acid 1.97 g, glycerol 7 ml, egg yolk 20 ml, penicillin 1000 IU,
streptomycin 1 mg/ml and distilled water 100 ml) (Baloch et al.
2019) supplemented with 0 (control) or 20, 40, 60, and 100 uM
AA with a final sperm cell concentration of 50 x 10° sperm/ml. AA
(Sigma-Aldrich) was dissolved in dimethyl sulfoxide [(CH,),SO]
to prepare working solution (Qi et al. 2021). Dimethyl sulfoxide
(0.1%) was also added in the control group. Extended semen
samples were cooled to 4 °C within two hours. After cooling, the
semen was filled into 0.5 ml straws (IMV, LAigle, France), sealed
with polyvinyl alcohol powder, and equilibrated for four hours at
4°C.Semen-filled straws were arranged horizontally in a nitrogen
box at 5 cm above the surface of liquid nitrogen in vapour phase
for 12 minutes, then plunged into liquid nitrogen and stored for
one week before being used for post-thaw analysis.

Post-thawed sperm quality analyses

For post-thaw semen analysis, at least five straws per replicate of
each experimental group were thawed at 37 °C for 30 seconds
and processed for analysis as follows:

Sperm motility, velocity, and kinematics

Post-thaw sperm maoatility, velocity, and kinematics were assessed
through computer-assisted sperm analysis (Sperm Vision™,
version 3.5.5, Minitub, USA). The software was set for bull semen
analysis standard settings (frame rate: 60 Hz/sec, number of
frames: 30, minimum cell contrast: 15, minimum cell size (pixel):
5, cell intensity: 80, threshold straightness: 80, medium VAP:
25 mm/s, low VAP cutoff: 5.0, VSL: 0.05 mm/s). An undiluted 5
ul of semen was loaded into a normal grease-free slide and

covered with a coverslip. Six fields on a slide were counted from
each sample for average motility kinematics assessments. The
variables evaluated were progressive motility (%), total motility
(%), average path velocity (VAP, um/s), straight line velocity
(VSL, um/s), curvilinear velocity (VCL, um/s), the amplitude of
lateral head displacement (ALH, um), linearity (LIN), beat-cross
frequency (BCF, Hz), straightness (STR), and wobble (WOB).

Plasma membrane integrity

Plasma membrane integrity (PMI) of frozen-thawed semen
was determined by methods described (Rasul et al. 2001). To
determine the integrity of plasma membrane of the sperm cells,
a hypo-osmotic swelling test (HOST) was performed. For HOST,
50 pl of frozen, thawed semen was mixed with 500 pl of HOST
solution (sodium citrate 0.735 g, fructose 1.35 g, and 100 ml of
distilled water). This mixture was kept at 37 °C for 40 minutes, and
a drop (40 ul) of this mixture was placed on a microscopic slide
and observed through a microscope (Olympus, BX41, Japan) at
40x magnifications. A minimum of 200 sperm cells were counted
for each semen sample. Sperm cells with a swollen head, twisted
tail, or coiled tail were considered to have intact PMI.

Acrosome integrity

For the acrosome integrity assay, 50 pl normal apical ridge (NAR)
solution (1 ml of 37% formaldehyde, 2.92 g of tri-sodium citrate
dehydrate, and 100 ml of distilled water) was mixed in thawed
semen (500 pl). At least 200 sperm were counted for acrosome
integrity using a phase contrast Olympus BX41 microscope at
100x magnification. Sharp crescent appearances of the sperm
acrosome were considered positive for NAR and had intact
acrosome integrity (Rasul et al. 2001).

Sperm viability

The propidium iodide fluorescent staining method was used for
the assessment of sperm viability, as described earlier (Tarig et
al. 2020). For this assay, 50 pl semen was added to 50 pl of Tris
Citrate Fructose (TCF) buffer and centrifuged for five minutes
at 800 relative centrifugal force (xg). After centrifugation, the
supernatant was removed, and the sperm pellet was re-diluted
with TCF buffer up to 47.5 ul in which 2.5 ul of propidium iodide
(10 pg/ml) was mixed and incubated at 37 °C in the dark for
five minutes. Just after incubation, a drop from this mixture
was placed on a glass slide, and a minimum of 200 sperm were
analysed through a fluorescent microscope (Olympus BX41). Red
fluorescence at the head region of sperm was considered non-
viable, whereas sperm without fluorescence was noted as viable.

Mitochondrial membrane potential

Frozen thawed semen mitochondrial membrane potential
(MMP) was determined by modified Rhodamine fluorescence
microscopy (Tariq et al. 2020). For the rhodamine assay, 50 pl
of semen was added to 50 pl TCF buffer and centrifuged for
five minutes at 800 xg. After centrifugation, 5 ul of rhodamine
(10 pg/ml) was added to the sperm-TCF mixture and incubated
for 20 minutes at room temperature (25 °C) in the dark. A
minimum of 200 sperm cells were analysed from each sample for
MMP. Green fluorescence at the midpoint of a piece of sperm was
considered sperm with active mitochondria.
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DNA integrity

Acridine orange (AO) fluorescence microscopy was used
to assess the post-thaw semen DNA integrity as described
previously (Ahmad et al. 2017; Tariq et al. 2020). In brief, the
AO stock solution (40 ml of citric acid anhydrous mixed with
2.5 ml of 0.3 M disodium phosphate) was used to make an AO
stain by mixing 1 g of AO with one litre of the AO stock solution.
For the assay, 200 pl thawed semen was added with a drop of
distilled water and centrifuged at 1180 xg for seven minutes
at room temperature. A sperm smear was prepared from this
suspension by placing a drop on the glass slide. The slide was
allowed to air dry and fixed for two hours at 4 °C with a newly
prepared Carnoy’s solution (ethanol and glacial lactic acid in a
3:1 ratio). After fixation, the slide was again air-dried and placed
in AO stain-containing glass jar for about three minutes. A sperm
smear slide was washed with tap water and examined for DNA
integrity using a fluorescent microscope. At least 200 sperm cells
were assessed for DNA integrity. Sperm with green fluorescence
at head regions were considered positive for the AO assay and
had normal DNA, whereas sperm with other than green (yellow
to red) fluorescence at head regions were counted as having
damaged DNA content.

Antioxidant enzyme activity

The spectrophotometer method was used for the determination
of the intracellular antioxidant enzyme (catalase) profile as
described (Hadwan & Abed 2016). Thawed semen straws were
put in a glass beaker and sonicated with the help of an ultrasonic
processor (JY92-lIN, Ningbo Scientz, Biotechnology Co., Ltd.,
China). Thawed semen straws were sonicated for 20 seconds
with a 30 second cooling period between each cycle, and a
total of eight cycles were completed. Then semen was placed
in 3 ml microtubes and centrifuged at 800 xg for five minutes.
The supernatant was transferred to another microtube for
analysis of catalase activity. For the catalase test, four cuvettes
were prepared: the cuvette for the test sample contained 50 pl
supernatant with 500 pl of (20 mM) hydrogen peroxide (H,0,);
the control-test cuvette was added with 50 pl supernatant and
500 pl distilled water; the standard cuvette was filled with 50 pl
distilled water and 500 pl H,0, and a blank tube was prepared

80

Total motility %

by adding 550 pl distilled water to it. All the cuvettes were
incubated for three minutes at 37 °C. After incubation, 2 000 ul of
ammonium molybdate (32.4 mmol/l) was added to each cuvette
to stop the chemical reaction, and absorbance was checked at
374 nm through a spectrophotometer (UV-1700; Shimadzu;
Japan). The concentration of catalase was calculated by the
following equation.

Catalase activity (kL/U) =2.303 / t [logS°®/S-M] Vt / Vs

where t = total time, S* = absorbance of standard tubes, S =
absorbance of test tubes, M = absorbance of control test, Vt =
total volumes of reagents in test tubes, and Vs = volume of the
semen sample.

In vivo fertility

A fertility trial was conducted to evaluate the effect of AA on
sperm fertility. Adult cyclic Holstein Friesian cows (n = 46, age
= 2-6 years, parity = 1-3) possessing no reproductive problems
were selected. Based on the post-thaw results, the two groups,
0 (control) and the best treatment group (60 puM AA), were
selected for the fertility trial. Cows were inseminated (n = 21 for
control; n = 25 for 60 uM asiatic acid) by the same inseminator.
A pregnancy diagnosis was performed by ultrasonography
(KX5600, Kaixin, Xuzhou Kaixin Electronic Instrument Co., Ltd.) at
least 35 days post-insemination.

Data analysis

All the data was managed and analysed using statistical software
(SPSS, version 20.0, IBM Corp., Armonk, NY) and presented
as the standard error of the mean (+ S.E.M). The mean + S.EM
of post-thaw sperm motility kinetics, velocity parameters,
acrosome integrity, plasma membrane integrity, sperm viability,
mitochondrial membrane potential, DNA integrity, and catalase
level were compared through one-way analysis of variance
(ANOVA). The difference between measured variables in all
groups was analysed through Duncan’s multiple range post-hoc
tests. The fertility data were analysed using the chi-square test. A
probability level of p < 0.05 was considered significant.

80

Progressive motility %

Figure 1: Effect of AA supplementation on post-thaw total and progressive motility of bull sperm. Different superscripts @< within the same row

represent the significant differences between the treatment groups (p < 0.05).
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Table I: Effect of AA supplementation in semen extender post-thaw motility kinematics of bull sperm

Parameters Control AA20 AA40 AA60 AA100
VAP pm/s 45.49 + 0.80% 45.00 + 0.86° 40.16 +£1.27¢ 4578 £0.52* 42.98 + 0.94°
VCL pm/s 73.09 + 2.65° 7293 £ 1.942 64.71 £ 2.75° 7344 +1.32° 67.51 £ 2.66%
VSL um/s 33.53 + 472 33.78 £ 0.64° 29.98 + 0.96 33.11+1.982 31.82 £ 0.662
ALH pm 5.29 £ 0.92% 449+0.18 4.93 £0.18 5.44 +£0.982 4.87 £1.01°¢
BCF Hz 17.87 £0.34 18.47 £0.40 17.16 £ 0.58 17.97 £0.27 18.31£0.57
Straightness 1.00 £ 00 0.98 +£0.02 0.98 £ 0.02 1.00 £ 00 1.00 £ 00
Linearity 0.20 + 0.06° 0.16 + 0.05%® 0.27 +0.062 0.07 +0.03° 0.33 +0.072
Wobble 0.96 +0.03 0.89 + 0.05 0.96+ 0.03 0.98 +0.02 0.93 £0.04

The results are presented as mean + SEM of 10 independent replicates. VAP = average path velocity, VSL = progressive velocity, VCL = curvilinear velocity, ALH = lateral head displacement, BCF =
beat cross frequency. Different superscripts @< within the same row represent the significant differences between the treatments (p < 0.05).

Results
Effect of AA on sperm motility and velocity kinematics

There was a positive effect of AA supplementation in extender
media on sperm motility, velocity, and kinematic variables of
frozen-thawed Holstein Friesian semen. The results revealed that
the total motility was high (p < 0.05) when the extender was
supplemented with 40 and 60 pM AA as compared to the control.
Progressive motility showed a significant (p < 0.05) positive
effect with 0, 20, and 60 uM AA concentrations compared to
other concentrations (Figure 1).

Results for sperm motion kinematics were analysed using
CASA (Table ). The highest values (p < 0.05) of VAP, VCL, and
VSL were observed in semen containing 20 and 60 uM AA and
semen without AA supplementation as compared to other
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concentrations. Lateral head displacement was significantly
different (p < 0.05) when semen was supplemented with
60 uM AA or without any supplementation of AA. Straightness,
wobble, and BCF were non-significant with or without AA
supplementation. Linearity was lowest (p < 0.05) in semen
supplemented with 60 uM AA as compared to the control.

Effect of AA on the plasma membrane, acrosome
integrity, viability and mitochondrial membrane
potential of bull sperm

The sperm plasma membrane, acrosome integrity, and viability
findings showed that semen extenders supplemented with 40
and 60 uM AA concentrations showed the highest (p < 0.05)
percentage of normal sperm cells with integrity and viability
as compared to controls (Figure 2). The HOST, NAR positive and
viable sperm images are depicted in (Figure 4). A significantly
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Figure 2: Effects of AA supplementation on (A) plasma membrane integrity, (B) acrosome integrity, (C) sperm viability, and (D) mitochondrial activity.
Different superscripts @b within the same row represent the significant differences between the treatment groups (p < 0.05).
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Figure 3: Effect of AA supplementation on post-thaw DNA integrity of

bull sperm. Different superscripts @ within the same row represent the
significant differences between the treatment groups (p < 0.05).
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high MMP was observed with 60 uM AA compared to other
concentrations.

Effect of AA on DNA integrity of bull sperm

Significantly more sperm cells with intact DNA were observed in
the treatment groups containing 40 or 60 uM AA, while no effect
was seen with 20 and 100 uM or without supplementation of AA
(Figures 3 and 4).

Effect of AA on catalase enzyme activity

The effect of AA on intracellular catalase enzyme activity in
frozen-thawed bull semen is exhibited in Figure 5. Interestingly,
the catalase enzyme activity was significantly elevated when the
semen extender was supplemented with the 20, 40, and 60 uM
AA.
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Figure 5: Effect of AA supplementation on post-thaw catalase activity of
bull sperm. Different superscripts @ within the same row represent the
significant differences between the treatment groups (p < 0.05).

Effect of AA on in vivo fertility

Significantly more cows inseminated with treated semen were
pregnant 72% (18/25) compared to the cows inseminated with
control semen 42.9% (9/21). These results were obtained from
one insemination per cow (Table II).

Table II: Effect of AA supplementation in semen extender on in vivo
fertility of cryopreserved bull sperm

Extender Inseminations (n) Pregnancy rate (%)
Control 21 42.9% (9/21)P
60 uM AA 25 72% (18/25)2

Different superscripts @2 within the same column represent the significant differences
between the treatments (p < 0.05).

Figure 4: Representations of bull sperm morphology: (a) Sperm viability assessed by Propidium iodide assay; red fluorescence in head of sperm (white
arrow) shows dead sperm. (b) DNA integrity evaluated by Acridine orange assay; sperm with green flourescence (white arrows) have intact DNA while
red flourescence (yellow arrows) indicates damaged chromatin. (c) Sperm plasma membrane integrity (HOST assay); sperm with swollen or varying
degree coiled neck or tail (white arrow) shows intact plasma membrane while absence of swelling/coiling (yellow arrow) indicates inactive plasma
membrane. (d) Sperm acrosome integrity (NAR assay); cresent fashioned sperm acrosome (white arrow) shows intact acrosome while the yellow arrow

indicates sperm without acrosome.
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Discussion

This study was based on the hypothesis that AA supplementation
in extender media can improve the post-thaw quality of
cryopreserved bull semen through its anti-oxidative properties.
This is the first study to reveal that AA supplementation led to
better sperm quality indicators in bull sperm. Post-thaw sperm
motility, structural integrity, and catalase enzyme activity were
sustained, and in vivo, fertility was enhanced by the addition of
AA in the semen extender.

Antioxidants in extender media have been extensively
employed to counter the ROS concentration exceeding the
physiological limit during cryopreservation (Liu et al. 2021).
AA has been thought to have powerful free radical scavenging
and antioxidative properties (Hu et al. 2021) which promote
spermatogenesis and improve semen quality (Miao et al. 2018).
The mammalian spermatozoa contain high levels of lipids in the
plasma membrane in the form of polyunsaturated fatty acids
(PUFAs). The unconjugated double bounds in these PUFAs,
which are separated by methylene groups, make hydrogen
tremendously vulnerable to oxidative damage. Reactive oxygen
species attack these PUFAs at supraphysiological levels within
the cells, disrupting the membrane’s integrity (Dutta et al. 2019).
AA captures these ROS and makes the cells more resistant to
oxidative stress (Qi et al. 2021). The present study found similar
effects, as AA exerted significant positive effects on the plasma
membrane and acrosome integrity of bull sperm.

Mitochondria are highly susceptible to cryodamage, and any
anomalies in their structure or function are directly linked to
a decline in sperm quality (Madeja et al. 2021). Mitochondrial
function is extensively assessed through mitochondrial
membrane potential (MMP). During cryopreservation, exceeding
ROS causes an alteration in MMP, which results in the reduced
fertilising ability of the sperm. Our results are in line with
previous studies, which showed that AA increased MMP activity
by reducing ROS in porcine oocytes (Hu et al. 2021; Qi et al. 2021)
and embryos (Qi et al. 2021).

DNA integrity is one of the objective biomarkers for sperm
function and fertilising ability. Antioxidants could mitigate
DNA damage by resisting oxidative stress (Gilmore et al.
2021). The current study points out that AA supplementation
during cryopreservation resulted in improved DNA integrity.
This is possible due to the counteracting effects of AA on ROS
production, which had a beneficial impact on cell DNA integrity
as described earlier by Ribero et al. (2021).

Among the various sperm parameters, the motility of sperm is
one of the very fundamental characteristics associated with the
fertilising ability of spermatozoa in vitro and in vivo (Gilmore et
al. 2021). Our results revealed that AA had positive effects on
post-thawed semen motility and velocity kinetics. These were
in accordance with the fact that the high motility and velocity
can be attributed to a large number of sperm cells with an
intact plasma membrane and MMP (Nagy et al. 2015). These
were found to be significantly high in the semen extended with
AA in our study. Sperm motility and velocity parameters had a
strong correlation with sperm viability (Gilmore et al. 2021). Miao

et al. (2018) also observed that AA promotes spermatogenesis
and improves sperm motility kinematics. In the present study,
sperm viability was significantly high in the semen samples
supplemented with AA.

The application of antioxidants during cryopreservation can
reduce oxidative stress, suppress ROS, and promote antioxidative
enzymeactivity (Liuetal.2021).In our study, AA supplementation
significantly preserved the catalase enzyme level in frozen and
thawed semen. Previous studies demonstrated that AA can
sustain the activities of catalase and superoxide dismutase (SOD)
in liver tissues (Qi et al. 2017) and improve glutathione levels
in porcine oocytes (Qi et al. 2021) and embryos. Moreover, AA
upregulated the expression of genes linked to the antioxidant
system Sod-1, while down-regulating the expression of the gene
associated with apoptosis, Caspase-9 (Qi et al. 2020).

Cryopreservation and the freeze-thawing process of bovine
sperm lessen the activity of antioxidants, which is why the in
vivo fertility of cryopreserved semen is lower compared to
fresh semen (Bilodeau et al. 2001). The current study revealed
that in vivo fertility rates were significantly enhanced with
60 UM AA supplementation. Previous studies suggest that
supplementation with AA improves oocyte quality (Hu et al.
2021) and embryo developmental competence in pigs (Qi et
al. 2020). These findings also demand further large-scale in vivo
fertility investigations.

Implications

This study highlights the potential benefits of incorporating
AA as an antioxidant in semen extenders for cryopreservation.
The findings suggest that AA supplementation improves sperm
quality, conserves antioxidant enzyme activity, and enhances
in vivo fertility. These results provide valuable insights for
developing improved cryopreservation protocols and optimising
the use of antioxidants in reproductive technologies.

Study limitations

While the study presented promising results regarding the
effects of AA supplementation on frozen-thawed sperm quality
and in vivo fertility of bull sperm, it is important to consider the
limitations of the study. The study focused on a specific breed
of bulls (Holstein Friesian), which may limit the applicability of
the results to other breeds. The study assessed the effects of AA
supplementation on sperm quality and fertility immediately
after thawing. Long-term effects or the impact on pregnancy
rates were not investigated.

Conclusion

In conclusion, this study reports that AA supplementation at
dose rate of 60 uM concentration in semen extender significantly
reduced cryodamage and improved post-thaw sperm motility
kinematics and structural integrity, preserved antioxidant
enzyme activity, and enhanced in vivo fertility.
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