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ABSTRACT : The study was conducted to investigate the effects of alpha-linolenic acid (ALA) combined with bovine serum
albumin (BSA) or methyl-beta-cyclodextrin (MBCD) on plasma and acrosomal membrane damages, mitochondrial activity,
morphological abnormality, motility, and oxidative stress in frozen-thawed boar sperm. In previous our study, 3 ng/mL ALA
had been shown protective effect during freezing process of boar sperm. Therefore, we used 3 ng/mL ALA in present study
and ALA was combined with same molar ratio of BSA or MBCD (ALA+BSA and ALA+MBCD, respectively). To confirm
the effect of two carrier proteins, same volume of BSA and MBCD without ALA were added during cryopreservation. Mem-
brane damage, mitochondrial activity, reactive oxygen species (ROS) and lipid peroxidation (LPO) levels were measured us-
ing flow cytometry, and movement of sperm tail as motility parameter and morphological abnormality were observed under
light microscope. In results, all of sperm parameters were enhanced by ALA combined with BSA or MBCD compared to con-
trol groups (p<0.05). Mitochondrial activity, morphological abnormality, ROS and LPO levels in ALA+BSA or MBCD
groups were no significant difference compared with ALA, BSA and MBCD treatment groups. On the other hand, plasma and
acrosomal membrane intact, and sperm motility in ALA+MBCD group were higher than single treatment groups (p<0.05),
whereas ALA+BSA did not differ. Our findings indicate that carrier proteins such as BSA and MBCD could improve the ef-
fect of ALA during cryopreservation of boar sperm, and treatment of ALA with carrier proteins enhance membrane integrity,
mitochondrial activity through reduction of ROS-induced LPO.
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INTRODUCTION

One of assisted reproductive technologies (ART) in do-
mestic animal industry, liquid- or cryo- preservation of
sperm are used for artificial insemination (Al), mainte-
nance and supply of the superior genetic resources, and

decrease the possibility of diseases. In the pig industry,

liquid preserved semen are commonly used, however, they
are hard to keep for long time because they are exposed to
various stresses such as light, temperature and chemicals
that caused reduction of sperm viability and fertility
(Kadirvel et al., 2009; Alkmin et al., 2014). To enhance the
preservation periods of boar sperm, cryopreservation was

developed and cryopreserved sperm have prolonged pre-
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servation periods compared to liquid preserved sperm (Yo-
shida, 2000). Although preservation period of sperm is
prolonged, spermatozoa was damaged by cold shock, oxi-
dative stress, and ice crystal formation during freezing and
thawing process, and these damages negatively influence
to membrane function and structure of spermatozoa via
change of ratio between phospholipid and cholesterol in
plasma membrane (White, 1993; Agarwal et al., 2014;
Baishya et al., 2014). Therefore, numerous researches have
been carried out to reduce cryodamage by supplementation
of antioxidants (Kaeoket et al., 2010), amino acids (Reddy
et al., 2010) and cholesterol (Moce et al., 2010) during
cryopreservation.

Because sperm membrane contains various polyunsatu-
rated fatty acids (PUFASs), membrane integrity of sperma-
tozoa and supplementation of fatty acid are closely associ-
ated. Safarinejad et al. (2010) had reported that concentra-
tions of omega-3 (n-3) fatty acids including alpha-linolenic
acids (ALA), eicosapentaenoic acid (EPA), and docosa-
hexaenoic acid (DHA) in spermatozoa from fertile men
were higher than sperm from infertile men, while omega-6
fatty acids were lower in sperm from fertile men. These n-
3 fatty acids were found in fish oil and sunflower oil that
are used as one of feed composition and dietary supple-
ment of these oil influenced to sperm characteristics. In
bulls, intake of sunflower oil enhanced motility and plasma
membrane integrity of frozen-thawed spermatozoa (Adeel
et al., 2009). And progressive motility was increased in
cooled and frozen sperm from DHA-enriched nutriceutical
fed stallion compared to control diet (Brinsko et al., 2005).
Rooke et al. (2001) reported that supplementation of tuna
oil to boar diets increased proportion of progressively mo-
tile sperm and normal acrosome, whereas abnormal mor-
phologies were decreased. These results demonstrated that
supplement of fatty acids could improve membrane integ-
rity, sperm motility and viability, as well as cold sensitivity.

As one of phospholipid in plasma membrane, ALA

plays role as precursor of EPA and DHA, energy resource,
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and regulator of membrane function (Shevchenko & Si-
mons, 2010). In our previous study, we found that addition
of 3 ng/mL of ALA in frozen extender protected ethanol-
mediated damages on plasma membrane and acrosome
during cryopreservation of boar spermatozoa (Lee et al.,
2016b). Freezing and thawing process lead to discharge
phospholipid such as ALA and arachidonic acid in plasma
membrane of spermatozoa and it was caused to lose the
membrane function and stability. Therefore, we expected
that supplementation of ALA during freezing process could
reduce the membrane damages by discharging of phospho-
lipids in plasma membrane. However, Graham & Foote
(1987) demonstrated that hydrophilic outer side of phos-
pholipid bilayer is cause to low solubility and efficiency of
lipids supplementation. For this reason, ALA was recom-
mended to use with carrier proteins such as bovine serum
albumin (BSA) and methyl-beta-cyclodextrin (MBCD).
Based on these reports and our previous studies (Lee et al.,
2016a; 2016b), we hypothesized that supplementation of
ALA combined with carrier proteins could protect mem-
brane damages through increasing of its solubility and ef-
ficiency during cryopreservation of boar sperm. Therefore,
this study was conducted to investigate protective effect of
ALA combined with BSA or MBCD on plasma and acro-
somal membrane, morphology and oxidative stress in boar

spermatozoa.

MATERIALS AND METHODS

1. Sperm sample

All procedures that involved the use of animals were
approved by the Kangwon National University Institution-
al Animal Care and Use Committee (KIACUC-09-0139).
All of boar semen were purchased from Gumbo (Wonju,
Korea). The semen were collected by gloved-hand method
once a week and transported to laboratory. The sperm
samples with more than 75% motility and 80% viability

were used for this study.
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2. Preparation of ALA combined with BSA or MBCD

All of reagents were purchased from Sigma-Aldrich (St.
Louis, MO, USA). For supplementation of ALA into the
first freezing extender, ALA was mixed with same molar
ratio of BSA or MBCD. Briefly, 0.06 mg of ALA was
added to 10 mL BSA or MBCD solution (1.4 mg/mL and
0.028 mg/mL, respectively) diluted at distilled water and
each mixtures were stirred at room temperature for 1 h.
Then, 0.5 uL of aliquot was supplied to 1 mL of first freez-
ing extender. Based on our previous results (Lee et al.,
2016b), 3 ng/mL of ALA was determined as final concen-
tration. To clarify effect of ALA mixture, 3 ng/mL ALA
and same molar ratio of BSA or MBCD was added to first

freezing extender, respectively.

3. Freezing and thawing of boar semen

As a first freezing extender, lactose egg yolk (LEY;
11% [wi/v] lactose and 20% [v/v] egg yolk in distilled wa-
ter) was used. The boar sperm was diluted at 1.5x10°
spermatozoa/mL using 1 mL of LEY containing ALA
combined with BSA or MBCD and it was cooled down to
4°C for 2 h. Then, 0.5 mL of LEY supplemented with 9%
Glycerol and 1.5% Orvus Es Paste (OEP; Nova Chem, USA)
was added to cooled sperm samples and they were injected
into 0.25 mL straws. Filled straws were placed on 10 cm
above liquid nitrogen (LN) for 10 min, then, pre-freezing
samples were immersed and preserved in LN,. To analyze
sperm characteristics, cryopreserved samples were thawed

at 37°C for 45 sec.

4. Flow cytometry

Flow cytometry was used to measure plasma membrane
intact, acrosomal damage, mitochondrial activity, reactive
oxygen species (ROS) level and lipid peroxidation in fro-
zen-thawed boar sperm. The data from flow cytometry
were obtained from total 10,000 of spermatozoa using
FACsCalibur and were analyzed by CELLQuest version
6.0.

1) Measurement of plasma membrane intact, acro-
somal damage and mitochondrial activity

To measure intact of plasma membrane, 6 nM SYBR-14
was used, and 3 puM Lectin from Arachis hypogagea
(FITC-PNA) and 2 uM Rhodamine123 were used to ana-
lyze acrosomal damage and mitochondrial activity, respec-
tively. Frozen-thawed sperm samples were stained using
each fluorescent dye at 38°C in dark room for 5 min. Then,
2 uM propidium iodide was added to stained samples and

subsequently incubated in same condition for 5min.

2) Intracellular ROS level in live sperm

Intracellular ROS level in live spermatozoa was meas-
ured using H,DCFDA (0.8 UM, Molecular probes, USA).
Thawed sperm was stained by H,DCFDA at 38°C in dark
room for 15 min. Then, 2 pM propidium iodide was added
to stained samples and subsequently incubated in same

condition for 5 min.

3) Lipid peroxidation (LPO) in frozen-thawed sperm
To measure LPO level in samples, C11-BODIPY 581/591
(3.5 uM, Molecular probes, USA) was added to frozen-
thawed boar sperm and they were incubated at 38C in
dark room for 30 min. Then, fluorescent intensity of stained

samples were measured.

5. Observation of tail movement

The frozen-thawed semen was diluted at 4x108 sperma-
tozoa/mL with modified Modena B (30 g/L glucose, 2.25
g/L EDTA, 2.5 g/L sodium citrate, 1 g/L sodium bicar-
bonate, 5.00 g/L tris, 2.5 g/L citric acid, 0.05 g/L cysteine
and 0.3 g/L gentamicin sulfate). Then, 7 pL of semen sam-
ple was placed onto a pre-warmed glass slide (37.5C) and
it was covered by cover slip. To maintain sperm motility,
samples were placed on 37.5°C warm stage and a total of
200 spermatozoa in randomly selected five section were

observed using light microscope. The sperm with tail
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movement was decided as motile sperm. can’s modified multiple range test (p<0.05).
6. Morphological abnormality RESULTS
Rose Bengal staining was used to observe morphologi-
cal abnormality of frozen-thawed boar spermatozoa. The 1. Effect of ALA combined with BSA or MBCD on

samples were smeared on slide glass and were dehydrated ~ Plasma and acrosomal membrane damage, mito-
at room temperature. Then, samples on slide glass were ~ chondrial activity and morphological abnormality

stained using 3% (v/v) Rose Bengal solution and excessive Changes of membrane integrity, mitochondrial activity
Rose Bengal solution was removed. After dehydration of ~ and morphologically abnormal sperm were presented in

stained sperm, retained Rose Benga| was washed using Table 1. Both of carrier prOtEinS combined with ALA en-

water and sperm samples were dehydrated for observation. hanced plasma membrane intact and mitochondrial activi-
Morphological abnormality of sperm was classified by  ty, and reduced acrosomal membrane damage and sperm
following criteria; in head:detach, big head, small head, abnormalities compared to control group (p<0.05). In par-
and twin head; in middle piece:cytoplasmic droplet, fold- ticular, treatment of ALA combined with MBCD improved
ed, and absence; in tail:folded, coiled, short tail, and ab- ~ Plasma and acrosomal membrane potential compared with

sence. The sperm with abnormal morphology were ob-  Single treatment of ALA, BSA and MBCD (p<0.05). Inter-
served under a light microscopic at x400 magnification  estingly, acrosomal damage was decreased by ALA and
and a total of 200 spermatozoa in randomly selected five ~ carrier proteins regardless of combination (p<0.05).

section were counted.
2. Changes of motility and oxidative stress by ALA

7. Statistical analysis combined with BSA or MBCD

Data were analyzed using Statistical Analysis System Effect of ALA combined with BSA or MBCD on mo-
software (SAS® version 9.4, Cary, NC, USA). All data were tility and oxidative stress status in frozen-thawed boar
analyzed using general linear model (GLM) and treatment ~ SPerm were showed in Fig. 1 and 2, respectively. The ratio

groups were Compared for differences though use of Dun- of sperm with tail movement in ALA combined with both

Table 1. Effects of alpha-linolenic acid (ALA) with or without bovine serum albumin (BSA) or methyl-beta-

cyclodextrin (MBCD) on membrane damages and morphology of frozen-thawed boar sperm

Treatment groups

Parameters (%)
Control ALA BSA MBCD ALA+BSA ALA+MBCD

Plasma membrane intact ~ 58.29+1.54*  51.21£1.1*  60.99+1.17®* 60.88+1.71® 64.09+1.71"  65.67+0.95°
Acrosomal damage 18.54+0.70°  15.09+0.71°  15.25+0.69®  15.50+0.35° 14.51+0.62°  13.10+0.70°
Mitochondrial activity 55.87£2.35*  61.12+1.46® 60.84£2.29% 60.76+2.32® 62.59+1.70° 63.01+1.26°

Morphological abnormality 27.05+£5.36*  19.20+2.70® 22.26+1.04* 22.50+0.81®® 16.60+1.10°  13.90+0.70°

#¢Mean values with different superscripts are significantly difference within same rows (p<0.05).
Control, without ALA, BSA, and MBCD; ALA, with 3 ng/mL ALA; BSA, with 0.7 png/mL BSA; MBCD, with 14 ng/mL
MBCD; ALA+BSA, with 3 ng/mL ALA and 0.7 pg/mL BSA; ALA+MBCD, with 3 ng/mL ALA and 14 ng/mL MBCD.
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Fig. 1. Effect of alpha-linolenic acid (ALA; 3 ng/mL)
combined with bovine serum albumin (BSA; 0.7
pg/mL) or methyl-beta-cyclodextrin (MBCD; 14
ng/mL) during freezing on mobility of frozen-
thawed boar sperm. Asterisks indicate significant
difference in treatment groups compared with con-
trol (p<0.05). All data were presented as mean+=SEM

from 6 repeated experiments.

of carrier proteins were higher than control (p<0.05). Both
of live sperm with high level of ROS and LPO were re-
duced by supplementation of ALA combined with both of
BSA and MBCD compared to control group (p<0.05).

DISCUSSION

This study was conducted to confirm effect of ALA
combined with carrier proteins during cryopreservation on
membrane damage, morphological abnormality, motility
and oxidative stress status of boar sperm. The findings in
this study show that 1) ALA combined with BSA and
MBCD during cryopreservation reduced plasma and acro-
somal membrane damages, and 2) reduced membrane
damage improved mitochondrial activity, morphological
intact and motility. Finally, 3) treatment of ALA combined
with carrier proteins could decreased LPO derived from
ROS generation.

As one of detrimental factor during freezing of sperma-
tozoa, change of membrane structure is occurred by redis-
tribution of lipids and proteins in sperm plasma membrane

during cooling process at from 22°C to 1°C (Parks &
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Fig. 2. Changes of H:0: levels in live sperm and fluo-
rescence intensity of C11-BODIPY (lipid perox-
idation) in frozen-thawed boar sperm by 3
ng/mL alpha-linolenic acid (ALA) with or with-
out 0.7 ng/mL bovine serum albumin (BSA) and
14 ng/mL methyl-beta-cyclodextrin (MBCD)
during freezing process. Asterisks indicate signif-
icant difference in treatment groups compared with
control (p<0.05). All data were presented as mean=+

SEM from 3 repeated experiments.

Graham, 1992). During the temperature change, fatty acids
that caused to reduce membrane fluidity and permeability
are released from plasma membrane (Watson, 2000). Kaka
et al. (2015) reported that supplementation of ALA with
ethyl alcohol during cryopreservation of bull sperm in-
creased ALA concentration in spermatozoa and improved
motility, membrane and acrosome integrity, and viability.
However, because outer side of plasma membrane have
hydrophilic property, fatty acids including ALA is hard to
pass through membrane. Therefore, carrier proteins such as
BSA and MBCD are commonly used to enhance efficiency

of fat-soluble substrates in various researches. The BSA
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combined with oleic and linoleic acids promoted growth
activity of human diploid fibroblasts (Kan & Yamane,
1982) and supplementation of cyclodextrin combined fat-
soluble substrates including cholesterol and vitamin E im-
proved quality of frozen-thawed ram sperm (Benhenia et
al., 2016; Benhenia et al., 2018).

Both of plasma membrane and mitochondria of sperma-
tozoa play a crucial roles in motility, fluidity and viability,
however, they were damaged by a variety of damages that
are occurred during freezing and thawing process (Watson,
2000). In particular, mitochondria is involved in produc-
tion of energy and movement of sperm flagellum (Cardullo
& Baltz, 1991). Their functions are closely related to
sperm motility and motility of sperm is important parame-
ter for quality because sperm with high motility has a high
probability of fertilization with oocyte (Talevi et al., 2013).
Therefore, reduction of damage on plasma membrane and
mitochondria is most important to maintain the sperm via-
bility, motility and function, and a variety of substrates
such as fatty acids, saccharides and antioxidants were add-
ed to freezing extender for reduction of cryo-stress (Pena
et al., 2003; Bucak et al., 2007; Kaka et al., 2015). In pre-
sent study, supplementation of ALA combined with BSA
and MBCD enhanced the plasma membrane intact, mito-
chondrial activity and sperm motility, whereas single
treatment of ALA, BSA and MBCD did not affect com-
pared to control group. These results were corresponded to
our previous results that treatment of diluted ALA using
0.1% BSA increased viability and mitochondrial intact of
frozen-thawed boar spermatozoa compared to non-treated
group, however, individual treatment did not differ (Lee et
al., 2016a). The addition of n-3 ALA to extender elevated
PUFA content of sperm membrane and this led to improve
the fluidity of sperm membrane and increase sperm motili-
ty (Towhidi & Parks, 2012). Thus, we expected that treat-
ment of ALA with carrier proteins could enhanced effect
of fatty acid on function and motility of spermatozoa via

increasing absorption into plasma membrane surrounding
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the spermatozoa including head, middle piece and tail.
However, ALA concentration in sperm by using of carrier
proteins is needed to measure.

The ice crystal formation during cryopreservation of
sperm is one of detrimental factors of changes of mem-
brane composition including re-aggregation of phospholip-
ids and redistribution of the membrane domain (Muller et
al., 2008). These changes in sperm membrane led to altera-
tion of membrane permeability, intracellular calcium con-
centration and morphology (Parks & Lynch, 1992). Espe-
cially, intact plasma membrane in spermatozoa is im-
portant for maintenance of their morphology and efflux of
phospholipids in plasma membrane during cryopreserva-
tion is caused the morphological abnormalities (Brinsko et
al., 2005). In our present findings, morphologically ab-
normality sperm in ALA with both of carrier proteins
groups were lower than control group and it was corre-
sponded with result of plasma membrane intact. In bull,
treatment of ALA during freezing process increased ratio
of normal morphology of spermatozoa after thawing and
these tendency of morphological results was corresponded
with results in membrane integrity and motility (Kaka et
al., 2015). Therefore, these results suggest that supplemen-
tation of ALA with BSA or MBCD could replace released
phospholipids from plasma membrane, and it contributed
stabilization of membranes integrity and structure against
cold shock.

Acrosome reaction is an essential phenomenon for pene-
tration of sperm into the oocyte and acrosome reacted
sperm before access to oocytes lost their fertility and via-
bility (Bleil et al., 1988). Because the first step of acro-
some reaction is fusion of plasma and acrosomal mem-
brane, maintenance of membrane integrity in spermatozoa
is closely associated with prevention of early acrosome
reaction. It is induced by various physical and chemical
stress such as ROS generation, ice crystal formation and
osmotic pressure (Lamirande et al., 1998). In this present

study, acrosomal damage was decreased by ALA, BSA
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and MBCD regardless of complex treatment, in particular,
ALA combined with MBCD showed lowest acrosomal
damage. These results was similar to our previous study
that treatment of ALA, BSA and ALA diluted by BSA
reduced acrosome reacted sperm (Lee et al., 2016a). These
our results showed that acrosomal membrane was more
sensitively affected to ALA and carrier proteins than plas-
ma membrane and mitochondrial activity.

Because plasma membrane of boar spermatozoa con-
tains higher concentration of PUFAs than other species,
they are more sensitive to damage from ROS and ROS-
induced LPO (Tavilani et al., 2006). The efflux of PUFASs
from plasma membrane is caused to ROS generation and
LPO, and induced LPO repeatedly effuse fatty acids in
plasma membrane though activation of phospholipase A2
(Wathes et al., 2007). These efflux of fatty acids, genera-
tion ROS and LPO lead to damage on mitochondrial
membrane and DNA, loss of motility, acrosome integrity
and viability (Schiller et al., 2000; O’Connell et al., 2002;
Kadirvel et al., 2009). Kaka et al. (2015) reported that
malondialdehyde levels in frozen-thawed bull sperm that is
used for measurement of LPO were dose-dependently in-
creased by ALA diluted with ethanol and this results indi-
cated that high concentration of ALA during cryopreserva-
tion of sperm could induce LPO. In our findings, intracel-
lular H20; level in live sperm and LPO were decreased by
ALA combined with both of BSA and MBCD compared to
non-treated group. We used final concentration of 3 ng/mL
ALA in this study, and expected that this ALA concentra-
tion did not induced LPO in frozen-thawed boar sperm.
Therefore, these results suggest that low concentration of
ALA with carrier proteins could reduce ROS generation
and ROS-induced LPO without increasing of LPO through
stabilization of plasma membrane.

In conclusion, we found that treatment of ALA com-
bined with carrier proteins during cryopreservation en-
hanced plasma and acrosomal membrane intact, mitochon-

drial activity, motility, and morphology, and reduced intra-

cellular ROS and LPO levels in frozen-thawed boar sper-
matozoa. These findings suggest that carrier proteins such
as BSA and MBCD could enhanced efficiency of ALA
during freezing process of sperm, and ALA combined car-
rier proteins could protect membrane and functional integ-
rity of sperm, and morphology through reduction of ROS

generation and LPO by stabilization of plasma membrane.
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