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ABSTRACT The aim of this study was to evaluate the
effects of freezing diluents supplemented in three potential
amines/amino acids, namely, antioxidant cysteamine
(2-aminoethanethiol [AET]), ergothioneine (ERG), and
serine (SER), in optimization of chicken sperm cryo-
preservation. The semen of 36 Pradu Hang Dum males,
selected based on their motility vigor score, was frozen by
a simple freezing method using nitrogen vapors and
dimethylformamide (DMF). In a first experiment, a wide
range of AET, ERG, and SER doses were tested. Semen
quality was evaluated after incubation at 5�C or after
cryopreservation in straws in the Blumberger Hahnen
Sperma Verd€unner (BHSV) diluent 1 DMF (6% v/v)
with or without AET, ERG, or SER. The best targeted
doses of AET, ERG, or SER were then selected for
experiment 2 that was focused on cryopreserved semen.
Frozen-thawed sperm quality was evaluated by different
in vitro tests and by evaluation of fertility. Objective
motility parameters were evaluated by computer-assisted
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sperm analysis. Membrane integrity, acrosome integrity,
and mitochondria function were evaluated using appro-
priate dyes and flow cytometry. Lipid peroxide production
was assessed by the thiobarbituric acid test (malondial-
dehyde production). Fertility obtained with frozen-
thawed semen supplemented or not in AET, ERG, or
SER was evaluated after artificial insemination of laying
hens. ERG and AET decreased sperm lipid peroxidation
and decreased fertility, even at low doses. The presence of
4 mmol of SER significantly decreased lipid peroxidation,
increased the frozen-thawed sperm quality, and increased
fertility after sperm cryopreservation (90% vs. control
84%,P, 0.05). In a third experiment, the use of 1mmol of
sucrose (the best result of our previous study) added to
4 mmol of SER-supplemented extender was tested. This
addition allowed to the highest levels of fertility (93%). In
conclusion, the addition of 4 mmol of SER in semen
cryopreservation diluents decreases peroxidation and im-
proves the efficiency of the process.
Key words: serine, semen cry
opreservation, chicken, fertility
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INTRODUCTION

The cryopreservation of sperm allows the conserva-
tion of genetic resources in sperm banks. This process
is highly successful in many mammalian species but is
still difficult in birds because of their specific adaptive
reproductive process that increases their need for a
long survival in the female tract with the maintenance
of sperm functions (Blesbois, 2011; 2012). In poultry,
semen cryopreservation represents the most favorite
method for the in vitro conservation of avian genetic
resources and preservation of rare breeds because it is
non-invasive and the least expensive in vitro method
available currently (Blesbois, 2011; Ehling et al., 2012;
Chuaychu-noo et al., 2017; Th�elie et al., 2019). Many
studies have been performed to improve methods for
avian sperm reproductive potential conservation after
freezing-thawing. They were performed to define the
best conditions of freezing to avoid cell damages and pre-
serve fertilization ability (i.e., cooling and thawing rates,
freezing methods and packaging, internal and external
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cryoprotectants, addition of antioxidants to semen
extender) (Seigneurin and Blesbois, 1995; Chalah
et al., 1999; Tselutin et al., 1999; Partyka et al., 2012;
Abouelezz et al., 2015; Rakha et al., 2016; Thananurak
et al., 2016; Chuaychu-noo et al., 2017; Rakha et al.,
2017; Thananurak et al., 2017; Miranda et al., 2018;
Thananurak et al., 2019; Th�elie et al., 2019). Semen
cryopreservation leads to the death of a significant
proportion of sperms in all species (40–60% in the
chicken) and has a critical impact on the quality of
surviving gametes (Blesbois et al., 2005; Partyka et al.,
2012; Najafi et al., 2014; Nguyen et al., 2015;
Chuaychu-noo et al., 2017; Thananurak et al., 2017).
Membrane alterations and oxidative stress are key
factors involved in these alterations (Blesbois et al.,
2005; Tuncer et al., 2010; Naijian et al., 2013;
Chuaychu-noo et al., 2017).

Avian sperm membranes are rich in polyunsaturated
fatty acids and can easily undergo lipid peroxidation
(LPO) in the presence of reactive oxygen species
(Fujihara and Howarth, 1978; Surai et al., 1998;
Cerolini et al., 2006; Partyka et al., 2012). Reactive
oxygen species are reactive molecules produced during
oxygen reduction that induces peroxidation which
alters the sperm functions and viability, if produced at
too high concentrations (Aitken et al., 1989; De
Lamirande and Gagnon, 1993; Partyka et al., 2012).
Peroxidation of polyunsaturated fatty acids in the
sperm cell membrane is an autocatalytic, self-
propagating reaction that can cause cell dysfunctions
associated with loss of the membrane function and integ-
rity and finally leads to decreased fertilizing ability
(Alvarez and Storey, 1982). As a consequence of the
destructive potential of LPO, sperm membranes must
be protected by a highly effective antioxidant system
to prevent the peroxidative damage (Blesbois et al.,
1993; Breque et al., 2003; Cerolini et al., 2006; Partyka
et al., 2012). Among the extracellular factors involved
in the chicken, seminal plasma is a key and complex
biological fluid that modulates sperm function in the
reproduction process (Blesbois and de Reviers, 1992;
Santiago-Moreno et al., 2019). Its amino acid
composition is expected to be involved in defending
chicken sperm from peroxidation (Santiago-Moreno
et al., 2019).

Although sperms contain antioxidant systems, which
include different antioxidant enzymes, that is, gluta-
thione peroxidase, superoxide dismutase, catalase, and
other antioxidants such as vitamins E and C, their activ-
ity is affected by cryopreservation, which increases the
intensity of LPO (Chatterjee et al., 2001; Naijian
et al., 2013; Nguyen et al., 2015). Therefore, naturally
occurring antioxidants may be insufficient to prevent
LPO during the freeze-thaw process. The addition of an-
tioxidants to the extender may have positive effects
(Lewis et al., 1997; Naijian et al., 2013; Salmani et al.,
2013; Zanganeh et al., 2013). There is a great variety
of antioxidant substances, and their mechanisms of
action, toxicity, and effectiveness vary enormously.
Moreover, the effect of antioxidants may change
depending on species, medium, and protocols (Mata-
Campuzano et al., 2012a), and in some cases, their pres-
ence could be detrimental (Mata-Campuzano et al.,
2012b).
Cysteamine (2-aminoethanethiol [AET]), an amino-

thiol antioxidant known to be an efficient scavenger of
the hydroxyl radical (Ishii et al., 1981), enhances gluta-
thione synthesis (Issels et al., 1988) and may contribute
to the maintenance of the redox status in oocytes
(Guerin et al., 2001). The addition of AET to the oocytes
in vitro maturation medium increased glutathione
(GSH) synthesis (Matos et al., 1995) and improved
the embryo development in bovine (Takahashi et al.,
1993; Matos et al., 1995; 2002; Anand et al., 2008) and
increased the embryo development rates in the goat
(Rodríguez-Gonz�alez et al., 2003). In some reports,
AET improved the cryopreservation of frozen ram sperm
(Bucak et al., 2007), increased motility, and decreased
the number of abnormal sperm in postthaw Angora
goat semen (Bucak et al., 2009). However, addition of
AET to freezing extender of semen of various species
generated contradictory results (Bucak et al., 2009;
Tuncer et al., 2014; Najafi et al., 2014; Sari€ozkan et al.,
2015; Akalin et al., 2016; B€uy€ukleblebici et al., 2016;
Gungor et al., 2016; Swami et al., 2017).
Ergothioneine (ERG) is an amino acid derived from

histidine and present in millimolar concentrations in
some tissues such as erythrocytes, kidneys, seminal fluid,
and the liver (Kaneko et al., 1980). It scavenges singlet
oxygen (Dahl et al., 1988), hydroxyl radicals (Akanmu
et al., 1991), and peroxyl radicals (Asmus et al., 1996).
ERG is the predominant sulfhydryl in human, stallion,
and pig semen (Haag and McLeod, 1959). Its role is to
protect sperm from oxidative stress, given the exception-
ally high metabolic rate, and counteracts the deleterious
effects of peroxides on sperm viability and survival dur-
ing storage (Mann and Leone, 1953; Haag and McLeod,
1959). ERG improves sperm DNA integrity during short
storage at 5�C and frozen-thawed motility in ram and
stallion (Coutinho de Silva et al., 2008; Metcalf et al.,
2008; Ҫoyan et al., 2011; Ari et al., 2012; Ҫoyan et al.,
2012; Najafi et al., 2014).
Serine (SER), recently classified as a conditionally

non-essential amino acid, plays important biological
roles ranging from protein synthesis to cell signaling,
the latter mostly through posttranslational modification
by phosphorylation (Metcalf et al., 2008; Hunter, 2012).
It is important in all SER-threonine protein kinases to
transfer phosphates to the oxygen atom of a SER or thre-
onine sidechain. SER have many other actions: It could
reduce oxidative stress by regulating the expression of
glutathione synthesis–related genes and by increasing
glutathione concentration (Zhou et al., 2017a,b). SER
was reported to improve glutathione peroxidase
activity (Wang et al., 2016), to enhance glutathione
content (Sim et al., 2015), to lower malondialdehyde
concentration, and to increase concentration of superox-
ide dismutase, GSH-Px, and catalase in the digestive
system of piglets (Zhou et al., 2018). The SER antioxi-
dant function seems rather indirect by supporting
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glutathione synthesis and methionine cycle, mostly by
condensing with homocysteine to synthesize cysteine
and providing one-carbon units for homocysteine reme-
thylation (Zhou et al., 2017a).
As there is no study on chicken semen cryopreserva-

tion with based extender containing amines/amino-
acid antioxidant, our first aim was to examine the effects
of AET, ERG, and SER, used at osmotic levels normal
for semen (called here “inactive”), on the success of
chicken sperm in vitro conservation. A simple sperm
cryopreservation method using nitrogen vapors and
dimethylformamide (DMF) cryoprotectant was used.
We successively examined the effect of a wide range of
AET, ERG, and SER doses on the quality of unfrozen
and frozen-thawed semen in vitro (motility vigor score
and membrane integrity/viability). Then, we restrained
the observations to the most promising doses that we
tested on frozen-thawed semen in vitro (objective
motility measurements with computer-assisted sperm
analysis [CASA], membrane integrity/viability, acro-
some integrity, mitochondria function, lipid peroxide
production) and in vivo (fertility rate) quality. In our
more recent study (Thananurak et al., 2019), we showed
that a sucrose (SU) supplementation of the standard
freezing medium used here increased the results of
fertility obtained after semen thawing. We thus wanted
to know if a combination of the most successful amine/
amino acid studied here and SU addition could show ad-
ditive beneficial actions on sperm. We thus also tested
the effect of combining SU and SER addition on the
fertility obtained with frozen-thawed chicken semen.
MATERIALS AND METHODS

All experimental procedures used were approved by
the Animal Ethics Committee of the Khon Kaen Univer-
sity, based on the Ethic of Animal Experimentation of
National Research Council of Thailand (Approval No:
0514.1.75/22).

Chemicals

Unless otherwise indicated, all chemicals used in this
study were purchased from Sigma-Aldrich (St. Louis,
MO).
Animals

A flock of 60 adult males of the Thai native breed,
Pradu Hang Dum, was breed at the Khon Kaen Univer-
sity facilities. Their age ranged from 40 to 63 wk between
the start and the end of the experiment. Thirty-six of
these males were chosen for our experiments based on
their semen capacities (vigor motility, semen produc-
tion). Animals were kept individually in cages. The birds
were offered commercial poultry cock breeder food
(130 g/364 Kcal/D; Betagro Public Company Limited,
Songkhla, Thailand) and were exposed to natural light
(mean 12L:12D). Fresh water was available ad libitum
throughout the experimental period.
The females were 60 in number and of a commercial
layer type (ISA Brown; Betagro Public Company
Limited, Songkhla, Thailand). They were 38 wk old at
the beginning of the experiment. They were exposed to
natural photoperiod (12L:12D) and received a laying
hen diet supplemented with calcium of 110 g/
308 Kcal/D. For all the animals, care was taken to
ensure maximized welfare (constant care and gentle
manipulations).
Semen Collection and Preparation

Semen was routinely collected twice a week, by the
dorsoabdominal massage method (Burrows and Quinn,
1937). This technique respects welfare. The animals
are simply caught by hand and free to go after the
abdominal massage, without suffering any injury. Semen
from individual cocks was collected in a 1.5-mL micro-
tube. Semen samples were evaluated under a microscope
within 15 min after collection and were selected on the
basis of the following criteria: mass motility score �4
(score range 0–5, phase contrast microscope !40);
sperm concentration� 3! 109 sperm/mL (hemocytom-
eter counting method); and membrane integrity/
viability (SYBR-14 and propidium iodide [PI]; Live/
dead sperm viability kit L7011, Invitrogen, Vista,
CA) � 90%. To maximize semen quality and quantity,
collection was always performed by the same people, un-
der the same conditions, at the same time, and using the
massage method. Special care was taken to avoid
contamination of semen with feces, urates, and trans-
parent fluid, which decreases semen quality.
Extender Preparation and Processing

Experiment 1: Effects of aWide Range of AET, ERG,
and SER Doses The experiments involving AET (0,
0.001, 0.002, 0.004, 0.006, 0.008, 0.01, 0.05, 0.1, and
0.5 mmol), ERG (0, 0.01, 0.02, 0.04, 0.06, 0.08, 0.1,
0.5, 1, and 5 mmol), and SER (0, 1, 2, 4, 6, 8, 10, 15,
and 20 mmol) were performed. The experimental doses
were chosen based on the different doses expected to
act as antioxidant in the literature in another species.

Semen samples were pooled, each one assigned to one
treatment. Semen aliquots were diluted 1:2 with BHSV-
based diluent (5 g glucose, 2.5 g inositol, 28.5 g sodium
glutamate, 0.7 g magnesium acetate tetrahydrate, 5 g
potassium acetate, all of which were dissolved in
1,000 mL of double-distilled water; Schramm, 1991) sup-
plemented with different levels of AET, ERG, and SER.

The diluent osmolality was assessed using an osmom-
eter (FISKE Mark 3 Osmometer; FISKE Associates,
Norwood, MA). The pH was assessed using a pH meter
(CORITON Instrument, S.A., Spain). The dose of
AET (higher than 0.01 mmol), ERG (higher than
0.1 mmol), and SER (higher than 6 mmol) showed a
consistent increase in the osmolarity of the diluent
(Table 1). The pH of the diluent was not affected by
any concentration of the ERG and SER tested. However,



Table 1. Osmolality and pH of the BHSV diluent supplemented
with different doses of cysteamine, ergothioneine, and serine.

Factor pH
Osmotic pressure

(mOsm/kg)

Control 0 6.8 421
Cysteamine (mmol) 0.001 6.8 423

0.002 6.8 423
0.004 6.8 423
0.006 6.8 423
0.008 6.8 423
0.01 6.8 423
0.05 8.8 447
0.10 9.5 606
0.50 9.9 1,407

Ergothioneine (mmol) 0.01 6.8 421
0.02 6.8 422
0.04 6.8 423
0.06 6.8 423
0.08 6.8 423
0.1 6.8 423
0.5 6.8 430
1 6.9 459
5 6.9 492

Serine (mmol) 1 6.8 422
2 6.8 424
4 6.8 425
6 6.8 426
8 6.8 431
10 6.8 434
15 6.8 464
20 6.8 481

Abbreviation: BHSV, Blumberger Hahnen Sperma Verd€unner.
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the dose of AET higher than 0.01 mmol increased the pH
of the diluent (Table 1).

Then, the diluted semen samples were cooled down
from 25�C to 5�C in 1 h (1�C per 3 min). Unfrozen semen
was then equilibrated 24 h at 5�C. For frozen semen, we
added DMF (Sigma Aldrich, St. Louis, MO) diluted in
BHSV to each semen-extender treatment previously
cooled down to 5�C (final dilution 1:3; final concentra-
tion of 6% DMF). Semen was then immediately loaded
into 0.5-mL plastic straws (IMV Technologies, L’Aigle,
France), sealed with polyvinylpyrrolidone powder
(IMV Technologies, L’Aigle, France) and equilibrated
at 5�C for 15 min. After equilibration, the filled straws
were laid horizontally on a rack 11 cm above the surface
of LN2 (235�C) for 12 min, then placed 3 cm above
liquid nitrogen vapor (2135�C) for 5 min and subse-
quently immersed in LN2 as previously described
(Vongpralub et al., 2011). Semen straws were trans-
ferred to a LN2 container for storage. Sperm was thawed
for 5 min in a water bath adjusted to 5�C. After thawing,
the straws were quickly opened, and semen was trans-
ferred to a 1.5-mL microtube and then evaluated for
various sperm functions. Sperm quality were determined
in six replicates in both incubated unfrozen and frozen-
thawed semen samples.
Experiment 2: Effects of Targeted Doses of AET,
ERG, and SER Semen samples were pooled and split
into 10 aliquots, each one assigned to one treatment.
Semen aliquots were diluted with BHSV-based
extender and supplemented with different levels of
AET (0.001, 0.002, and 0.004 mmol), ERG (0.01, 0.02,
and 0.04 mmol), and SER (2, 4 and 6 mmol). After
dilution and cooling from 25�C to 5�C for 1 h, samples
were frozen as stated previously in experiment 1. Three
days later, frozen semen samples were thawed. Sperm
quality was determined in 12 replications.
Experiment 3: Combination Between SU and SER
Added on Extender Pooled semen was divided into 2
aliquots and extended with BHSV-based extender (con-
trol) or BHSV-based extender containing SER
4 mmol 1 SU 1 mmol (the best result of our previous
study, Thananurak et al., 2019). Semen samples were
frozen and assessed as stated previously for experiment 2.

Analysis of Vigor Motility Score

Vigor motility scores (1–5) were assessed using an
arbitrary scale of 0–5 (0: no movement, 1: little move-
ment, 2: no swirls, but prominent individual movement,
3: slower swirls and eddied, 4: medium swirls and eddied,
and 5: very strong movement and rapid dark swirls). A
drop of 15 mL of semen sample (semen diluted with
BHSV extender; 1:3) was dropped on a slide and
observed under microscope at 10! magnification.

Analysis of Membrane Integrity/Viability

Spermmembrane integrity was determined by double-
fluorescent labeling technique, using SYBR-14 and PI
(LIVE/DEAD Sperm Viability Kit; Invitrogen, Thermo
Fisher Scientific, Waltham, MA), according to the pro-
tocol adapted from the study by Chalah et al. (1999).
Briefly, each sample was diluted to a concentration of
150 ! 106 sperm/mL. Portions of the diluted samples
were dropped into a polystyrene round-bottom tube
and 5 mL of SYBR-14 (commercial solution diluted 50-
fold). Samples were mixed and incubated at room tem-
perature for 10 min. The cells were counterstained
with 5 mL of PI for 5 min and then fixed with 30 mL of
20% formaldehyde. The sperm was then evaluated under
a fluorescent microscope IX71 (Olympus, Tokyo, Japan)
in experiment 1 or by flow cytometry in experiment 2
(FACSCalibur; Becton Dickinson, San Jose, CA).

Analysis of the Postthaw Sperm Motion
Parameters

Sperm motion parameters were evaluated in frozen-
thawed sperm diluted a second time in each extender at
a ratio of 1:15 using CASA (HTM-IVOS Model 10 Sper-
matozoa Analyzer; Hamilton Thorne Biosciences, Bev-
erly, MA). For each sample, 2 slides (maintained at
25�C) were filled with 5 mL of diluted semen, and three
fields per slide were recorded for 10 s. The instrument set-
tings for CASA were as follows: Apply sort 5 0, frames
acquired 5 30, frame rate 5 60 Hz, minimum
contrast5 25, minimum cell size 4 pixels, minimum static
contrast 5 15, threshold 5 80.0%, average path velocity
(VAP) cutoff 5 5 mm/sec, prog. min. VAP 5 20 mm/s,
straight line velocity (VSL) cutoff 5 20 mm/s, cell
size 5 4 pixels, cell intensity 5 50, static head
size 5 0.72 to 8.82, static head intensity 5 0.14 to 1.84,
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static elongation 5 0 to 47, slow cell motile 5 yes,
magnification 5 1.92, video frequency 5 60 frames/s,
bright filed 5 no (i.e., no bright field), chamber
depth5 20 mm, field selection mode5 auto, and integra-
tion time 5 1 frame. The following motility characteris-
tics were determined: percentage of total motile sperm
(MOT), progressive motile sperm (PMOT), VAP,
VSL, and curvilinear velocity (VCL).
Analysis of Acrosome Integrity

Sperm acrosome integrity was assessed by fluorescein
isothiocyanate–conjugated peanut agglutin (Sigma
L7381). Samples of semen were diluted to a concentra-
tion 150 ! 106 sperm/mL with BHSV-based extenders.
Then, 300-mL aliquot from diluted semen samples were
mixed with 5 mL of fluorescein isothiocyanate–
conjugated peanut agglutin working solution (2 mL/
mL) and incubated for 5 min in room temperature in
dark. After incubation, samples were then centrifuged
at 1,200 ! g for 3 min. The sperm pellets were resus-
pended in 500 mL of BHSV-based diluent and 3 mL of
PI (LIVE/DEAD Sperm Viability Kit L7011; Invitro-
gen, Thermo Fisher Scientific, Waltham, MA) to iden-
tify dead cells in a population (1 mg/mL) and these
were added before cytometric analysis (adapted from
the study by Partyka et al., 2011).
Analysis of Mitochondrial Function of
Viable Sperm

Sperm mitochondrial function was determined by
evaluating the mitochondrial membrane potential using
fluorescence staining with the 5, 50, 6, 60-tetrachloro-1,
10, 3, 30 tetraethylbenzimidazolyl-carbocyanine iodide
(JC-1; Sigma, C50390) and PI. The 1-mmol stock solu-
tion of JC-1 in DMSO was prepared. From each sample,
300 mL of sperm was stained with 2 mL of JC-1. The sam-
ples were incubated at room temperature in the dark for
8 min before cytometric analysis. Sperm emitting orange
fluorescence were classified as high mitochondrial func-
tion, emitting both green and orange fluorescence as me-
dium, and emitting only green fluorescence as low
mitochondrial function (adapted from the study by
Partyka et al., 2011, and Thananurak et al., 2019).
Flow Cytometry

Flow cytometric analyses were performed on a FACS-
Calibur (Becton Dickinson, San Jose, CA) flow cytome-
ter with a triple filter, showing set UV-2E/C (excitation
340–380 nm and emission 435–485 nm), B-2E/C (excita-
tion 465–495 nm and emission 515–555 nm), and G-2E/
C (excitation 540–525 nm and emission 605–655 nm).
The non-sperm events were gated out based on scatter
properties and not analyzed. A total of 100,000 events
were analyzed for each samples (adapted from the
studies by Andrade et al., 2007; Partyka et al., 2011;
Consiglio et al., 2013).
Production of Lipid Peroxide

The test was performed according to the procedure of
Partyka et al. (2007). Sperm lipid peroxides were deter-
mined using the thiobarbituric acid reactive test, which
is an indicator of malondialdehyde production. Semen
aliquots of each treatment were incubated in the pres-
ence of 2.78% ferrous sulfate ! 7H2O (Ajex, 0906251)
and 0.1 mL of 0.22% butylated hydroxytoluene (Sigma,
B1378) at 37�C for 60 min. The reaction was stopped by
adding 1 mL of 35% trichloroacetic acid (Sigma, T6399)
and kept on ice for 15 min. Samples were centrifuged at
7,800 ! g for 15 min, and the supernatant was retained.
The progress of endogenous peroxidation was followed
by adding 1 mL of 0.36% thiobarbituric acid (Sigma-
T550-0) to 2 mL of supernatant. The mixture was boiled
for 10 min, allowed to cool, and then the production of
lipid peroxide was measured by using a Carry Conc.
UV-visible Spectrophotometer (Specord 250 Plus, Ana-
lytik Jena, Jena, Germany), and absorbance levels ac-
quired by spectrometry were at 532 nm.
Artificial Insemination

For fertility test, straws were thawed in an ice water
bath at 5�C for 5 min. All hens (6 hens/each treatment)
were inseminated once every 14 D with frozen/thawed
semen from each group at a dose of 0.4 mL (mean 400
million sperm). Artificial insemination was performed
between 3:00 and 5.00 pm. Ten replications of the
fertility test were carried out, and change of female, be-
tween each replication. Eggs were collected on days 2–8
after each insemination before incubation.

Fertility was determined by candling eggs on day 7 of
incubation. The fertility rates were calculated with the
following formulas: (Total number of fertile eggs/Total
number of incubated eggs) ! 100.
Statistical Analysis

Data were analyzed using the software SAS system
(SAS Institute, Cary, NC). Statistical differences among
various treatment means were determined by Duncan’s
new multiple range test, and a P � 0.05 was considered
to be statistically significant. All the data were checked
for normal distribution by UNIVARIATE procedure
and Shapiro-Wilk test, and the percentages were trans-
formed to arcsine square root before analysis.
RESULTS

Effect of a Wide Range of AET Doses on
Vigor and Membrane Integrity of Unfrozen
Stored or Cryopreserved Chicken Sperm

The effects of 0 to 0.5 mmol of AET added to
BHSV-based extender for unfrozen stored semen or to
BHSV1 6% DMF for frozen-thawed semen are reported
on Table 2. All the higher doses tested (up to 10 mmol)
severely decreased sperm viability and are not reported



Table 2. Effect of the addition of cysteamine on the vigor score and membrane integrity of
chicken sperm stored frozen or unfrozen.

Cysteamine (mmol) Vigor score (1–5) Membrane integrity (%)

Unfrozen semen (incubated for 24 h) 0 4.34 6 2.14b 87.96 6 2.44a

0.001 4.59 6 3.20a 89.60 6 3.06a

0.002 4.45 6 2.15a,b 88.62 6 2.35a

0.004 4.42 6 2.11a,b 90.06 6 2.12a

0.006 4.24 6 2.07b 76.70 6 2.82b

0.008 3.34 6 3.24c 68.17 6 2.63c

0.01 2.93 6 3.12d 47.90 6 3.24d

0.05 2.04 6 3.25e 46.32 6 2.58d

0.1 1.41 6 2.26f 35.64 6 2.99e

0.5 0.53 6 3.41g 13.48 6 3.44f

Frozen-thawed semen 0 3.55 6 2.11a 40.69 6 4.58a,b

0.001 3.69 6 3.14a 41.87 6 3.29a

0.002 3.57 6 3.08a 42.61 6 2.49a

0.004 3.69 6 2.14a 41.05 6 4.83a,b

0.006 3.59 6 3.07a 39.35 6 5.08b

0.008 2.19 6 4.18b 19.43 6 3.95c

0.01 1.08 6 3.06c 11.99 6 5.73d

0.05 0.51 6 2.49d 8.12 6 4.77e

0.1 0 0
0.5 0 0

The results are expressed as means 6 standard deviations. N 5 6. Different letters (a–g) indicate
significant differences within columns (P , 0.05).
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here (data not shown). The lowest dose tested,
0.001 mmol, significantly increased the vigor in semen
stored unfrozen, but the doses higher to 0.006 decreased
it (P , 0.05). Sperm membrane integrity of unfrozen
semen stored for 24 h at 5�C was not affected by 0.001
to 0.004 mmol AET but was altered by the higher doses
(P , 0.05).

Cryopreservation significantly decreased vigor and
membrane integrity (P , 0.05). The AET doses 0.001
to 0.006 mmol did not affect vigor or membrane integrity
of cryopreserved chicken sperm. All the doses tested
Table 3. Effect of the addition of ergothione
sperm characteristic.

Ergothioneine (mmol)

Unfrozen semen (incubated for 24 h) 0
0.01
0.02
0.04
0.06
0.08
0.1
0.5
1
5

10
Frozen-thawed semen 0

0.01
0.02
0.04
0.06
0.08
0.1
0.5
1
5

10

The results are expressed as means 6 standard d
significant differences within columns (P , 0.05).
higher than 0.006 mmol were severely harmful to cryo-
preserved sperm (more than 80% sperm death).

Effect of a Wide Range of ERG Doses on
Vigor and Membrane Integrity of Unfrozen
Stored or Cryopreserved Chicken Sperm

The effects of 0 to 10 mmol of ERG added to BHSV-
based extender for unfrozen stored semen and BHSV
1 6% DMF for frozen-thawed semen are reported on
Table 3. The doses of ERG higher than 0.5 mmol had
ine on unfrozen or cryopreserved chicken

Vigor score (1–5) Membrane integrity (%)

4.46 6 3.14a 87.24 6 4.59a,b,c

4.49 6 2.18a 88.93 6 4.31a,b

4.67 6 3.19a 90.34 6 3.09a

4.55 6 2.23a 90.05 6 3.88a

4.54 6 2.24a 85.49 6 5.94b,c

4.34 6 2.16a 85.37 6 5.46b,c

4.33 6 3.14a 83.69 6 3.65c

4.02 6 2.54a,b 81.81 6 3.47c,d

3.57 6 2.58b 80.15 6 3.56d

3.36 6 3.12b 77.63 6 2.47e

3.21 6 3.46b 69.47 6 4.18f

3.42 6 3.11a,b 40.24 6 3.28a,b,c

3.67 6 4.46a,b 41.87 6 2.94a

3.85 6 3.12a 41.92 6 4.40a

3.79 6 2.23a 41.06 6 3.74a,b

3.34 6 4.60b 39.38 6 3.97b,c

2.68 6 3.55c 38.78 6 2.57c

2.40 6 3.42c 35.49 6 3.48d

2.01 6 2.59c,d 28.52 6 4.42e

1.41 6 3.24d 12.46 6 3.51f

0.32 6 2.13e 8.51 6 2.47g

0.1 6 3.36f 2.12 6 3.96h

eviations. N 5 6. Different letters (a–h) indicate



Table 4. Effect of the addition of serine on unfrozen or frozen-thawed chicken sperm
characteristic.

Serine (mmol) Vigor score (1–5) Membrane integrity (%)

Unfrozen semen (incubated for 24 h) 0 4.52 6 3.08a,b,c 88.49 6 5.00a,b

1 4.41 6 4.10b,c 86.48 6 3.37b,c

2 4.66 6 2.37a 89.55 6 2.48a,b

4 4.71 6 3.11a 92.31 6 4.17a

6 4.55 6 2.53a,b 87.48 6 4.14b

8 4.43 6 4.21b,c 85.63 6 4.66b,c

10 4.33 6 3.42c 82.98 6 4.05c

15 4.32 6 3.04c 78.98 6 3.57d

20 4.11 6 4.22d 73.44 6 3.04e

Frozen-thawed semen 0 3.53 6 4.27b 39.21 6 3.25b,c

1 3.45 6 5.06b 39.41 6 3.89b,c

2 3.65 6 3.20a,b 40.78 6 3.21b

4 3.84 6 2.54a 44.35 6 4.03a

6 3.49 6 4.07b 41.23 6 2.32b

8 3.12 6 3.65c 37.56 6 3.50c

10 3.13 6 4.14c 35.10 6 3.85d

15 3.01 6 3.45c 29.20 6 2.87e

20 2.89 6 3.16d 22.14 6 3.26f

The results are expressed as means6 standard deviations. N 5 6. Different letters (a–f) indicate
significant differences within columns (P , 0.05).
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significant negative effects on sperm vigor score and
membrane integrity of sperm stored unfrozen. The lower
doses did not affect these parameters.
On the frozen-thawed semen, the doses of ERG higher

than 0.06 mmol decreased the vigor score and the dose
higher than 0.08 decreased the membrane integrity (P
, 0.05). All the ERG doses tested higher than
0.08 mmol were severely harmful to sperm (more than
60% sperm death).
Effect of a Wide Range of SER Doses on
Vigor and Membrane Integrity of Unfrozen
Stored or Cryopreserved Chicken Sperm

The effects of 0 to 20 mmol SER added to BHSV-
based extender for unfrozen semen and BHSV 1 6%
DMF of frozen-thawed semen are reported on Table 4.
The doses 0.01, 0.02, 0.04, 0.06, 0.08, 0.1, 0.5, and
1 mmol were also tested but did not show any effect
and were not reported here (data not shown). The vigor
of sperm stored unfrozen was not affected by 1 to
15 mmol but was altered by higher doses (P , 0.05).
Table 5. Effect of different concentrations of cysteamine,
VSL, and VCL of frozen-thawed semen.

Factor MOT (%) PMOT (%

Control 0 61.08 6 4.78a,b 23.92 6 2.
Cysteamine (mmol) 0.001 57.50 6 4.64c,d 24.50 6 3.

0.002 60.08 6 5.94b 25.00 6 2.
0.004 57.08 6 3.67d 24.16 6 3.

Ergothioneine (mmol) 0.01 56.83 6 4.97d,e 24.08 6 3.
0.02 56.50 6 4.64e 25.16 6 2.
0.04 57.58 6 5.61c,d 24.66 6 2.

Serine (mmol) 2 58.00 6 4.37c 25.58 6 4.
4 62.66 6 5.33a 25.85 6 3.
6 60.33 6 4.33b 26.55 6 2.

The results are expressed as means6 standard deviations. N5
differences (P , 0.05).

Abbreviations: MOT (%), percentage of total motile sperm; PM
(mm/s), percentage of velocity average path; VCL (mm/s), percent
straight line.
The membrane integrity was decreased by the doses
higher than 8 mmol (P , 0.05). As for the other trials,
cryopreservation significantly decreased the semen
in vitro quality parameters.

For the frozen-thawed semen, the dose 4 mmol
increased the vigor score and membrane integrity (P ,
0.05). The doses higher than 6 mmol significantly
decreased the vigor, and the dose of 10 mmol decreased
also the membrane integrity (P , 0.05).
Effect of Targeted Doses of AET, ERG, and
SER on Motility Parameters of Frozen-
Thawed Chicken Sperm

Table 5 shows the motility parameters analyzed by
CASA of chicken semen frozen-thawed with different
targeted levels of AET, ERG, and SER. Addition of
AET (0.001 and 0.004 mmol), ERG (0.01 to
0.04 mmol), and SER 2 mmol decreased MOT, unlike
SER 4 mmol that significantly increased MOT (P ,
0.05). The PMOT parameter was not affected by any
treatment. The VAP parameter was significantly
ergothioneine, and serine on the MOT, PMOT, VAP,

) VAP (mm/s) VSL (mm/s) VCL (mm/s)

08 63.79 6 3.38a,b 47.76 6 3.26c 111.60 6 2.92a

10 61.04 6 3.60b 49.80 6 4.78b 104.12 6 4.49b,c

04 64.46 6 2.26a,b 49.18 6 4.93b 109.82 6 4.79a,b

03 64.24 6 4.92a,b 46.54 6 4.03c 108.84 6 3.86b

08 61.82 6 3.02b 46.00 6 3.20c 105.74 6 4.69b,c

65 63.80 6 3.35a,b 49.30 6 4.48b 110.62 6 5.79a,b

90 64.34 6 4.35a,b 49.01 6 3.51b 111.06 6 5.23a

50 56.72 6 2.62c 44.38 6 3.36d 103.35 6 4.24c

39 66.98 6 3.58a 52.56 6 5.30a 112.46 6 5.90a

87 62.91 6 3.94b 48.25 6 4.89b,c 109.49 6 5.83a,b

12. Different letters (a–e) within columns indicate significant

OT (%), percentage of spermwith progressive motility; VAP
age of velocity curvilinear; VSL (mm/s), percentage of velocity



Table 6. Effects of different concentrations of cysteamine, ergothioneine, and serine supplementation of diluent on membrane integrity,
acrosome integrity, functional mitochondria, and malondialdehyde of frozen-thawed chicken sperm.

Factor Membrane integrity (%) Acrosome integrity (%) Functional mitochondria (%) MDA (mm/mL/150 ! 106 spz)

Control 0 40.49 6 3.00 36.88 6 3.17b,c 49.81 6 3.25c 1.98 6 0.14a

Cysteamine (mmol) 0.001 42.34 6 3.97 35.49 6 4.11c,d,e 49.73 6 2.80d 1.40 6 0.17b

0.002 42.81 6 4.61 34.26 6 4.17e 49.53 6 3.51c 1.39 6 0.28b

0.004 41.93 6 5.16 34.08 6 3.88e 48.59 6 2.45c,d 1.39 6 0.15b

Ergothioneine (mmol) 0.01 40.17 6 3.99 36.33 6 3.97b,c,d 50.06 6 2.03c 1.31 6 0.19b

0.02 41.75 6 4.09 35.01 6 4.10d,e 49.65 6 3.66c 1.29 6 0.26b

0.04 43.02 6 4.33 36.24 6 4.07c,d 49.94 6 4.35c 1.36 6 0.21b

Serine (mmol) 2 41.34 6 3.37 37.21 6 3.38b,c 49.89 6 5.64c 1.39 6 0.13b

4 43.34 6 4.29 40.99 6 4.21a 56.32 6 3.89a 1.38 6 0.22b

6 41.56 6 5.07 38.04 6 5.86b 51.78 6 4.40b 1.35 6 0.15b

The results are expressed as means 6 standard deviations. N 5 12. Different letters (a–e) within columns indicate significant differences (P , 0.05).
Abbreviation: MDA, malondialdehyde.
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decreased by 2 mmol SER (P , 0.05). The VSL param-
eter was increased by 0.001 and 0.002 mmol AET, by
0.02 and 004 mmol ERG, and by 4 mmol SER, which
showed VSL was significantly higher than that in all
the other treatments (P , 0.05). The doses of 0.001
and 0.004 mmol AET, 0.01 mmol ERG, and 2 mmol
SER decreased the VCL parameter (P , 0.05).
Effect of Targeted Doses of AET, ERG, and
SER on Membrane Integrity, Acrosome
Integrity, Mitochondria Function, and Lipid
Peroxide Production of Frozen-Thawed
Chicken Sperm

Table 6 shows the effects of different doses of AET,
ERG, and SER on membrane integrity, acrosome integ-
rity, mitochondrial membrane potential, and levels of
malondialdehyde production. The different doses of
AET, ERG, and SER did not affect sperm membrane
integrity. The acrosome integrity was negatively
affected by 0.002 and 0.004 mmol AET and by
0.02 mmol ERG, unlike 4 mmol SER that reduced the
decrease of acrosome integrity (P , 0.05) due to cryo-
preservation and 6 mmol that did not affect this param-
eter. The mitochondrial membrane potential was
increased by 4 and 6 mmol SER; 4 mmol was the most
efficient treatment, followed by 6 mmol SER (P ,
0.05). Only 0.001 mmol AET decreased the sperm mito-
chondrial membrane potential (P , 0.05).
Table 7. Effects of different concentrations of cysteam
diluent on fertility obtained with frozen-thawed chicken

Factor No. of fertile eggs No

Control 0 338
Cysteamine (mmol) 0.001 261

0.002 276
0.004 241

Ergothioneine (mmol) 0.01 259
0.02 242
0.04 256

Serine (mmol) 2 316
4 356
6 311

The results are expressed as means 6 standard deviations.
nificant differences (P , 0.05).
All the AET, ERG, and SER doses tested decreased
the levels of malondialdehyde production measured by
thiobarbituric acid reactive test (P , 0.05).
Effect of Targeted Doses of AET, ERG, and
SER on Fertility Obtained With Frozen-
Thawed Chicken Sperm

The results of fertility rate after insemination with
frozen-thawed sperm are shown in Table 7. Fertility levels
of the eggs collected from hens inseminated with frozen-
thawed semen containing 4 mmol SER were significantly
higher (90%) than those in the control BHSV extender
(84%) and in other treatments (P , 0.05). The higher
dose of SER, 6 mmol, did not show significant difference
in fertility with the control BHSV, but the dose 2 mmol
showed significantly lower results than the control even
if very close to the result obtained with 6 mmol SER.
All the doses of AET and ERG showed fertility results
severely lower than the control and significantly lower
than any SER dose tested here (P , 0.05).
Effects of the Combination of SU and SER
Added to the Diluent on the Sperm Motility
Parameters of Frozen-Thawed Chicken
Semen

The MOT, VAP, and VSL obtained with 1 mmol SU
and 4 mmol SER were significantly higher than the
ine, ergothioneine, and serine supplementation of
semen.

. of incubated eggs Fertility (% fertile/incubated eggs)

398 84.69 6 5.11b

384 67.89 6 4.49d,e

396 69.86 6 5.65d

377 63.84 6 4.37e

390 66.27 6 4.18d,e

369 65.52 6 3.34d,e

382 66.78 6 3.74d,e

394 80.01 6 5.26c

391 90.91 6 3.81a

381 81.40 6 5.61b,c

N 5 10. Different letters (a–e) within columns indicate sig-



Figure 1. Effect of the combination of sucrose and serine supplementation in the diluent on the sperm motility parameters of frozen-thawed
semen. Results are expressed as fold change relative to the Blumberger Hahnen Sperma Verd€unner (BHSV) and BHSV with 1 mmol sucrose and 4
mmol serine (1SU1 4SER) (mean6 standard deviation). Statistical differences are represented by letters a and b. Bars with the different superscript
letter of each parameter are significantly different. N5 6. Abbreviations: MOT (%), percentage of total motile sperm; PMOT (%), percentage of sperm
with progressive motility; VAP (mm/s), percentage of velocity average path; VCL (mm/s), percentage of velocity curvilinear; VSL (mm/s), percentage
of velocity straight line. P , 0.05.
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control (BHSV-based extender) (65.85 6 4.32 vs. 60.31
6 3.56, 68.53 6 4.51 vs. 64.05 6 3.88, and 54.41 6
3.13 vs. 49.32 6 5.71, respectively) (P , 0.05) and are
presented in Figure 1. The PMOT and VCL were not
affected by the combination SU 1 SER.
Effects of the Combination of SU and SER
Added to the Diluent onMembrane Integrity,
Acrosome Integrity, Mitochondria Function,
and Lipid Peroxide Production of Frozen-
Thawed Chicken Semen

The treatment with 1 mmol SU and 4 mmol SER
showed significantly higher (P , 0.05) membrane integ-
rity, acrosome integrity, andmitochondria function than
the sample with BHSV-based extender (control)
(53.11 6 4.48 vs. 42.41 6 3.45, 49.32 6 3.82 vs.
36.92 6 4.57, and 55.23 6 3.44 vs. 48.22 6 3.36, respec-
tively), data are presented in Figure 2. Likewise, the
treatment of 1 mmol SU and 4 mmol SER decreased
the lipid peroxide production evaluated with malondial-
dehyde (1.42 6 0.19 vs. 2.16 6 0.26) (P , 0.05).
Effects of the Combination of SU and SER
Added to the Diluent on Fertility Rate
Obtained With Frozen-Thawed Chicken
Sperm

The data related to the number of eggs and fertility
rate after insemination with frozen-thawed semen
supplemented with 1 mmol SU and 4 mmol SER
compared with the control (BHSV-based extender) are
shown in Table 8. The combination of 1 mmol SU and
4 mmol SER treatment show significantly higher fertility
(93%) than the control (85%) (P , 0.05).
DISCUSSION

The present study was undertaken to obtain a suit-
ably modified semen extender for improving the quality
of the cryopreserved semen of chicken and the fertility
rate after artificial insemination under field condition.
This study was mainly performed to investigate which
antioxidant amine or amino acids—AET, ERG, or
SER—would provide the most effective protection
against oxidative damages during the freeze-thaw pro-
cess of chicken sperm and to observe the potential conse-
quences on sperm quality after cryopreservation. Indeed,
cryopreservation include huge decrease in temperature
at freezing, then increase in temperature at thawing,
and concomitant osmotic shocks that enhance oxidative
stress and LPO, which irreversibly damage the sperm
membranes and organelles (Aitken et al., 1989, 1998;
De Lamirande and Gagnon, 1992; Maxwell and
Watson, 1996). The consequences are changes in
membrane fluidity, reduction in sperm viability,
motility, metabolism efficiency, ability to undergo
acrosome reaction, and finally fertilizing ability in all
species including the chicken (Nguyen et al., 2015).

We show that AET, ERG, and SER effectively
decrease the malondialdehyde production that reflects



Figure 2. Effect of the combination of sucrose and serine supplementation in the diluent on the membrane integrity, acrosome integrity, func-
tional mitochondria, and malondialdehyde of frozen-thawed chicken sperm. Results are expressed as fold change relative to the Blumberger Hahnen
Sperma Verd€unner (BHSV) and BHSVwith 1mmol sucrose and 4mmol serine (1SU1 4SER) (mean6 standard deviation). Statistical differences are
represented by letters a and b. Bars with the different superscript letter of each parameter are significantly different. N 5 6. Abbreviation: MDA,
malondialdehyde. P , 0.05.
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LPO production in cryopreserved sperm. However, the
effects on sperm quality are contrasted and depend on
the component tested. None of them affect sperm mem-
brane integrity or the proportion of PMOT, but they
affect different parameters such as motility criteria,
acrosome integrity, and mitochondrial membrane poten-
tial. Finally, only SER 4 mmol shows a clear positive ef-
fect on fertility. The AET and ERG showed toxic effects
on sperm at the dose tested for SER. Even if AET and
ERG were used at much lower concentrations than
SER, they affected negatively the fertility rate obtained
with frozen-thawed semen.

Different amines/amino acids are expected to protect
cells toward environmental injuries (Shahsavari et al.,
2018). These properties may include scavenging the
free radicals, a protection method of the cell membrane
against osmotic shocks or specific interactions with
membrane receptors. Some organisms are known to
accumulate specific amino acids in response to cold
shock.
Table 8. Effect of the combination of SU and
fertility obtained with frozen-thawed chicken sp

Factor No. of fertile eggs No. of incubat

Control 198 230
1Su 1 4Se 213 228

The results are expressed as means 6 standard d
columns indicate significant differences (P , 0.05).

Abbreviations: 1Su 1 4Se, 1 mmol sucrose and 4 m
SER is one of the main free amino acids present in
chicken seminal plasma (Santiago-Moreno et al., 2019).
Its amount depends on the breed, but it is the second
most abundant amino acid in the seminal plasma of
many of them, after glutamic acid. SER is an amino
acid that contains a hydroxyl group and forms a polar
residue that may be phosphorylated, a reason why it is
an important actor of SER-threonine kinases. Its indi-
rect antioxidant properties have also been described in
somatic functions (Zhou et al., 2017a,b, 2018). SER
was shown to exert cryoprotective action on human
endothelial cells (Maralani et al., 2012). However, SER
had never been used to protect sperm during the cryo-
preservation process before the present study. A study
by Santiago-Moreno et al. (2019) showed that the abun-
dance of SER in the chicken seminal plasma was posi-
tively correlated with the conservation of DNA
integrity in cryopreserved semen, which is an indication
of a beneficial effect of SER in some circumstances. In
our study, the dose of 4 mmol SER was efficient in
SER supplementation in the diluent on the
erm.

ed eggs Fertility (% fertile/incubated eggs)

85.87 6 4.93b

93.03 6 3.67a

eviations. N 5 6. Different letters (a, b) within

mol serine; SER, serine; SU, sucrose.

mailto:Image of Figure 2|eps
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decreasing the LPO indicator malondialdehyde but was
also efficient in increasing cryopreserved sperm vigor,
VCL, membrane and acrosome integrity, mitochondrial
membrane potential, so all the indicators of in vitro
semen quality, and finally also the fertilizing ability of
frozen-thawed sperm. The positive effects of 4 mmol
SER do not show a classical dose-response curve because
the lower dose of 2 mmol and the higher dose of 6 mmol
did not show the same optimized effect. As a very wide
range of SER doses were tested in vitro in our study,
with repeatable results, and because a large number of
repetitions were made for the fertility test (10 repeated
experiments for fertility measurements with regular
changes of females/treatment), these results are sure.
However, we do not provide a total explanation of
them. We however propose that the antioxidant effect
of SER may pass by pathways that include malondialde-
hyde production and also by other pathways and that
fragile balances in cellular oxidations assures that the
efficient and positive effects of SER occurs at a narrow
range of concentration. Maralani et al. (2012) suggested
that the cryoprotective antioxidant effect of SER raised
also from the SER-induced elevation of the crucial anti-
oxidant factors Nrf2, HO-1, and NO. This is still an
active hypothesis.
The simple aminothiol AET is a natural antioxidant

derived from the amino acid cysteine. AET is also a
key component of coenzyme A (Co A) because its thiol
is involved in the interactions of Co A with carboxyl
groups, leading to Co A actions in fatty acids meta-
bolism, Krebs cycle, and sugar and protein metabolism
(Theodoulou et al., 2014).
AET, as antioxidant supplement in in vitromedia, has

been reported to have a positive action on gametes and
embryos. It contributed to the maintenance of the redox
status in oocytes (Guerin et al., 2001). The addition of
AET to the oocyte in vitro maturation medium
increased GSH synthesis (Matos et al., 1995) and
improved the embryo development in bovines
(Takahashi et al., 1993; Matos et al., 1995; 2002;
Anand et al., 2008). Higher embryo developments were
observed when AET was added to the maturation
medium of goat oocytes (Rodríguez-Gonz�alez et al.,
2003). AET was reported to provide an effective protec-
tion against oxidative damage during the cryopreserva-
tion of sperm (Najafi et al., 2014). In some reports,
AET improved the cryopreservation of frozen ram sperm
(Bucak et al., 2007) and led to higher rates of motility
and lower rates of abnormal sperm of postthaw Angora
goat semen (Bucak et al., 2009). In contrast, AET
showed negative effects on sperm kinetics and motility
parameters in bull semen (Tuncer et al., 2014;
B€uy€ukleblebici et al., 2016; Swami et al., 2017). In our
study, only very low doses of AET supplementation in
the diluent of sperm were compatible with the
maintenance of membrane integrity/viability (less
than 0.008 mmol). The dose 0.001 to 0.006 mmol AET
showed contrasted effects on in vitro quality
parameters of sperm, except for the acrosome integrity
that was systematically decreased at any dose despite
the positive effect of AET on malondialdehyde
production observed in our study. Finally, even the
lower AET doses decreased the fertility obtained with
frozen-thawed semen. We thus definitively suggest that
supplementation of chicken sperm storage diluent in
AET is not recommended despite its positive action on
LPO. The extracellular addition of this aminothiol, key
point of many intracellular metabolism functions,
seems to disrupt too much of the chicken sperm that
were already highly stressed by the cryopreservation
process.

ERG is an amino acid derived from histidine. It is a
powerful scavenger of hydroxyl radical (�OH) and inhib-
itor of iron or copper ion-dependent generation of �OH
from hydrogen peroxide (H2O2) (Akanmu et al., 1991).
ERG is an important component of seminal plasma in
many mammals where it is expected to protect sperm
from oxidative stress, to counteract the effects of perox-
ides on sperm viability, and to enhance the viability of
sperm during storage (Mann and Leone, 1953; Haag
and McLeod, 1959). Addition of ERG in the diluent
improved the post-thawed motility in ram (Ҫoyan
et al., 2011; Ari et al., 2012; Ҫoyan et al., 2012; Najafi
et al., 2014) and stallion (Coutinho de Silva et al.,
2008; Metcalf et al., 2008). However, some reports
failed to show the antioxidant action of ERG on goat
semen conservation (Bucak et al., 2007, 2009; Ҫoyan
et al., 2011). Unlike mammals, ERG does not make
part of the main seminal plasma amino acids of
chicken seminal plasma (Santiago-Moreno et al., 2019).

In our study, the toxic effect of ERG appeared at
higher doses than that of AET, but at lower doses
than that of SER. Doses lower than 0.08 mmol did not
alter membrane integrity/viability. The doses 0.01 to
0.04 mmol showed a clear positive effect of the reduction
of production of malondialdehyde but contrasted effects
on in vitro quality sperm parameters. Finally, 0.01 to
0.04 mmol ERG showed a negative effect on fertility ob-
tained with chicken frozen-thawed semen. Despite the
positive action of ERG on malondialdehyde production
by cryopreserved chicken sperm, we thus do not recom-
mend its addition in chicken sperm diluents.

In a previous study, we demonstrated that the
external cryoprotectant SU, used at low concentration
that does not increase the osmolality, is a successful ad-
ditive to chicken semen cryopreservation medium
(Thananurak et al., 2019). We now show that the com-
bination SU 1 SER maintains the positive effect of SU
and that of SER on sperm cryopreservation because
they yield an overall higher quality of the thawed sam-
ples than the control and also because the level of
fertility obtained with this combination seems higher
than that with the supplementation of SU or SER alone.
We hypothesize that the combination SU 1 SER gives
an added advantage to increase the fertility obtained
with frozen-thawed semen. However, this need confirma-
tion because, here, the differences are not significant.
Clearly, we expect that SU and SER do not have the
same action on sperm, but if each of them contribute
to improve the sperm conservation, they may show a
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benefit when they are together in the same semen
diluent.

In conclusion, the success of efficient utilization of
semen cryopreservation is multifactorial. In the chicken,
it must combine careful breeding of the animals, specific
attention to their welfare, good initial semen quality,
and an efficient method of cryopreservation. The present
study shows that semen cryopreservation of a Thai local
breed raised in careful and good conditions is successfully
developed by the use of a combination of a simple freeze-
thaw process and the addition of SER 4 mmol in the
BHSV diluent. This success could be potentiated by a
combination of SU and SER in the freezing extender in
addition to an internal cryoprotectant to increase
chicken semen freezability.
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