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Abstract

Cryoprotectants are required to reduce damage caused to the cells due to low temperatures during the
cryopreservation. Antifreeze proteins (AFP) have a well-known role in cell membrane protection, while
resveratrol is a potent antioxidant. This study assessed the effect of the association of resveratrol
concentrations and AFP | in a ram semen extender. Pooled semen of four rams was allocated into six
treatments in a factorial arrangement: (CONT, only the semen extender); only AFP | (ANT: 0.1 pg/mL of
AFP 1), only resveratrol, one treatment with two levels (10 pM/mL or 50 pM/mL of resveratrol); and two
treatments with the interactions, with one AFP | and one of the two levels of resveratrol (0.1 pg/mL of
AFP | with 10 pM/mL resveratrol; 0.1 pg/mL of AFP | with 50 pM/mL resveratrol). No interaction between
factors was observed on sperm kinetics, plasma membrane integrity, hypo-osmotic test, and
mitochondrial activity parameters. There was a high probability (P = 0.06) of reducing sperm cells with
functional membrane percentage in the hypo-osmotic test and increasing the percentage of sperm with
high mitochondrial activity (P = 0.07) was observed in AFP presence. An interaction of AFP and
resveratrol was observed in non-capacitated sperm (P = 0.009), acrosomal reaction (P = 0.034), and
sperm binding (P = 0.04). In conclusion, the association of resveratrol and AFP did not improve the
quality of frozen-thawed semen and even promoted deleterious effects compared to their single
addition in the semen extender. The supplementation of 50 pM/mL of resveratrol improved the
outcomes of frozen-thawed ram sperm, being a potential cryoprotectant.
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Introduction

Semen cryopreservation is used to manage and preserve male gametes in domestic
animals, preserve endangered species, or accelerate the rate of genetic improvement
(Arav and Saragusty, 2018). However, cryopreservation processes induce several cryoinjuries
mainly provoked by the formation of ice crystals, induction of osmotic stress, and generation
of excessive reactive oxygen species (ROS). These alterations often lead to acrosome
damage, depolarization of the mitochondrial membrane, cryo-capacitation, reduction of
fertilizing capacity, and modifications in plasma membrane permeability and mitochondrial
membrane fluidity, which cannot be repaired due to sperm cell structure and physiology
(Upadhyay et al., 2021).
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Resveratrol and AFPI in ram semen cryopreservation

In particular, only 40-60% of the ram spermatozoa remain motile after thawing, and only 20-30%
maintain their biological function (Lv et al., 2019a). Therefore, several new cryoprotectants have been
tested to reduce the injuries caused by freezing-thawing. In this context, some molecules, such as
antifreeze proteins (AFPs), protect the membranes and, when added to the extender, have important
benefits in the cryopreservation of ram (Payneetal., 1994; Correiaetal., 2021a), rabbit
(Nishijima et al., 2014), and buffalo (Qadeer etal., 2016) spermatozoa. The AFPs induce thermal
hysteresis and reduce ice crystal formation during cryopreservation (Kim et al., 2017). There are four
main types of fish-derived AFP, varying according to their affinity in ice crystal binding faces:
type |, II, lll, and Glycoprotein (AFGP) (see review Correia et al., 2021b). The addition of AFP |, more
precisely at 0.1 pg/mL, to ram semen before the freezing-thawing process resulted in a greater
percentage of motile sperm (Payne et al., 1994), leading to improvement in sperm kinetics, plasma
membrane integrity, and final percentage of normal sperm cells after thawing (Correia et al., 2021a).
Moreover, the addition of 0.1 pg/mL of AFP | did not affect mitochondrial activity, capacitation, and
lipoperoxidation (Correia et al., 2021a), suggesting its activity could not reduce the negative effects of
ROS caused by cryopreservation.

A physiological concentration of ROS molecules is required for sperm capacitation, acrosome
reaction, and zona binding events. However, elevated levels of ROS during cryopreservation induce
oxidative stress, detrimentally impacting sperm motility, DNA integrity, and overall sperm
competence (Gualtierietal., 2021). ROS are mainly represented by several scavengers, but
hydrogen peroxide (H,0,) is the main responsible for inducing greater DNA damage and genome
alteration during cryopreservation. Thus, the increase of H,O, leads to an increase in
lipoperoxidation that is related to DNA instability, chromatin integrity, and semen quality in ram
sperm (Peris et al., 2007). Therefore, several antioxidants have been used, combined or not with
other molecules in semen extenders (Gualtieri et al., 2021). In this context, determining if there is
an association between the effects of AFP and antioxidants can open interesting possibilities to
improve the results of freezing-thawing sheep sperm.

Resveratrol (3,5,4-trihydroxystilbene) is a polyphenol with an antioxidant function found in
numerous plant species and red wine (Harikumar and Aggarwal, 2008). Resveratrol has been applied
in several studies in mammalian reproduction (Pasquariello et al., 2020). In ram semen, the use of
resveratrol was related to positive effects on sperm motility in semen stored at 5 °C (Sarlés et al.,
2002), and when added to the cryopreservation extender at concentrations of ~20 to 90 pM/mL it
enhanced the mitochondrial membrane potential in frozen-thawed sperm (Silvaetal, 2012).
Moreover, 10 to 100 uM/mL of resveratrol reduced ROS, promoted greater plasma membrane
integrity (Lvetal., 2019b), and reduced apoptosis in goat semen (Falchietal.,, 2020). The same
concentrations induced lower DNA fragmentation, lipid peroxidation, higher fertilization capacity, and
antioxidant activity in buffalo semen (Longobardi et al., 2017; Ahmed et al., 2020). However, it is still
unclear whether resveratrol can improve ram sperm motility. Therefore, this study hypothesized that
the addition of resveratrol associated with AFP | enhances rams’ sperm cryotolerance and kinetics.
Thus, this study aimed to determine if the association between different concentrations of resveratrol
and a fixed concentration of AFP | enhances the quality of post-thawed ram sperm.

Methods

Chemical reagents

All reagents were acquired from Sigma Chemical Co (St. Louis, MO, USA), except the AFP |
acquired from A/F Protein Inc (Waltham, MA, USA), and were diluted according to the
manufacturer’s instructions.

Ethics approval, experimental conditions, and animals

The Ethics Committee for Use of Animals of Universidade Federal Fluminense approved this
study (#3696250121). Semen collection, pre- and pos-thawing evaluations were conducted at
Unidade de Pesquisa em Caprinos e Ovinos (UniPECO), in Cachoeiras de Macacu, Rio de Janeiro,
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Brazil (22° 27' S, 42° 39" W) during the late breeding season (August and September). Samples
were collected from four healthy adult Santa Inés breed rams aged 3 to 4 years old, with a body
condition score of 3 to 4 (scale 1-5), that previously underwent andrological and clinical
assessment (CBRA, 2013). Animals remained in partial confinement and received concentrate
and Napier grass (Pennisetum purpureum) at night, according to nutritional requirements and had
free access to pasture during the day, with free access to water and mineral salt.

Experimental design

Semen was collected in an artificial vagina from each ram four times with intervals of 12 h to
homogenize the status of the animals, and then the rams had a sexual rest of one day before
beginning the study. For cryopreservation, semen collection was carried out only once a day, in the
morning, following the same order of rams for six days. The ejaculates were microscopically
evaluated (mass sperm motility, motility, vigor, concentration) according to CBRA (2013). Each
ejaculate was assessed and those with = 70% of motile sperm were pooled. The total volume of
each ejaculate was used in the preparation of the pool, to minimize individual influences. The
sperm pool concentration was assessed by Neubauer chamber, and semen was allocated into six
experimental treatments in a factorial arrangement, with a final concentration of 100 x 10°
spermatozoa per straw (0.25 mL). The factors were the addition of AFP | (0.0 or 0.1 pg/mL) and/or
resveratrol (0, 10, or 50 pM/mL) to the semen extender. Therefore, the treatments were: control
(CONT, only the semen extender); only AFP | treatment, with only one level (ANT: 0.1 pg/mL of AFP I);
only resveratrol (R10: 10 uM/mL resveratrol or R50: 50 uM/mL resveratrol); and the two interactions
treatments, with one level of AFP | and one of the two levels of resveratrol each (AR10: 0.1 pg/mL
of AFP | with 10 pM/mL resveratrol or AR50: 0.1 pg/mL of AFP | with 50 pM/mL resveratrol).
Immediately after dilution, sperm kinetics, plasma membrane integrity, hypo-osmotic test, and
mitochondrial activity analyses were performed in one single sample for each treatment daily.
Atthe same time, semen was cryopreserved by a slow freezing technique. Immediately after
thawing, all the previous analyses were performed, and sperm capacitation and acrosome reaction,
morphology, sperm binding, and lipoperoxidation were also assessed (Figure 1). All evaluations
were performed by the same technician and followed the same criteria.

Assessment

Artificial vagina m@ Macroscopic Microscopic
semen collection = “Volume + Mass sperm motility
f ) -Color - Motility
our rams ‘Odor - Vigor
-Appearence +Concentration
Semen (pool) A “Concentration
Treatments: *;f: -Sperm kinetics
b -Plasma membrane integrity
CONT' ANT *Hypo-osmaotic test
R10; R50 “Mitochondrial activity

AR10; AR50;
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Figure 1. Experimental design scheme: CONT) control containing only extender; ANT) added of AFPI; R10)
10 pM/mL resveratrol; R50) 50 uM/mL resveratrol; AR10) AFP | with 10 uM/mL resveratrol; AR50) AFP | with
50 pM/mL resveratrol. The concentration of AFP | was: 0.1 pg/mL.
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Cryopreservation media and thawing process

Semen cryopreservation was performed according to each treatment, using TRIS egg yolk
extender [(3.63 g TRIS, 0.50 g fructose, 1.99 g citric acid, 15 mL egg yolk, 100.000 IU penicillin,
100 mg streptomycin, 5% glycerol, glass-distilled water to 100 mL (Correia et al., 2021a)], with pH
7.4 and 1180 mOsm/kg. The extender was divided into aliquots for each treatment and kept
frozen until daily use. After semen dilution, the plastic straws of 0.25 mL were filled, identified,
and sealed (polyvinyl alcohol). Afterward, straws were placed inside a warm metal basket in a
heating plate at 37 °C and were cooled for 2 h in a refrigerator until it reached 5 °C (-0.25 °C/min)
and maintained in the refrigerator for two more hours for stabilization. Immediately after the
refrigerator step, the metal basket was submerged in liquid nitrogen vapor for 10 min until
reaching -140 °C (-15.26 °C/min) and immersed in liquid nitrogen at -196 °C (Jha et al., 2019).
Thawing was performed in a water bath at 35 °C for 30 s.

Sperm kinetics

The sperm kinetics was analyzed by Computer-Assisted Semen Analysis (CASA) using the SCA
system (Sperm Class Analyzer Microptic, Nikon Eclipse Ci - Tokyo, Japan), after software
configuration for ram sperm (Olivares et al., 2017). The parameters were set as the head dimension
between 18 and 60 pm?; static - curvilinear velocity (VCL) lower than 10 um/s; slow - between 10 and
45 pm/s; medium - between 45 and 75 pm/s; fast - more than 75 pm/s; progressive motile sperm -
straightness (STR) of sperm cells above 80%. According to the standard parameters, the following
kinetic patterns were defined: percentages of motile sperm and progressive motile sperm; fast,
medium, and slow speed sperm; average path velocity (VAP), curvilinear velocity (VCL), straight-line
velocity (VSL), the amplitude of lateral head displacement (ALH), beat/cross frequency (BCF),
percentage of straightness (STR), of linearity (LIN), and WOB (mean value of the ratio between VAP
and VCL). Twenty-five images/s were captured in 100x magnification; measurements were
performed in a 24x24 mm cover slide with a 10 pL drop of each sample. A minimum of
500 spermatozoa per sample were evaluated in at least five different fields.

Epifluorescence microscopy assessment

All analyses were performed with a protected filter for optimized reading at an epifluorescence
microscope (Nikon Eclipse Ci- Nikon Corporation - Japan). The samples were distributed on a glass
slide overlaid with a cover slip for each staining protocol and observed in 1000x magnification with
oil immersion. At least 200 sperm cells were assessed and counted, except for the sperm-binding
protocol. No background correction was applied due to cell counting of cells was performed
immediately and in the same settings.

Plasma membrane integrity

Membrane integrity was evaluated according to Alfradique etal. (2018), using two
fluorescent probes that bind to nucleic acids: acridine orange (1:10,000) and propidium iodide
(0.5 mg/mL). Acridine orange is permeable in viable cells and emits green fluorescence.
Propidium iodide is permeable in nonviable cells and cells with compromised membranes and
emits red fluorescence. The filter used was 515-555 nm emission.

Sperm capacitation and acrosome reaction

A chlortetracycline (CTC) solution was prepared daily in a buffer containing 20 mM Tris, 130 mM
NaCl, 0.75 mM CTC, and 5 mM cysteine, pH 7.8. For staining, 10 pL of sperm sample was mixed with
10 pL of CTC solution onto a glass slide and evaluated with an emission filter of 470 nm. The
spermatozoa were classified into three patterns: F-pattern corresponds to non-capacitated and
acrosome-intact spermatozoa (bright fluorescence over the whole head); B-pattern corresponds to
capacitated and acrosome-intact spermatozoa (fluorescence-free band in the post-acrosomal
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region); and AR-pattern corresponds to acrosome-reacted spermatozoa (dull fluorescence over the
whole head except for a thin, bright band of fluorescence along the equatorial region and in
mid-piece (Olivares et al., 2017).

Mitochondrial activity

MitoTracker Green was used for staining, with a final concentration of 20 pM. The evaluation
was performed after incubation of semen (10 pL) and MitoTracker solution (10 pL) for 10 min
at 37 °C, and an emission filter of 488 nm. The fluorochrome only labels the mitochondria with
mitochondrial membrane potential (MMP) of live spermatozoa (Druart et al.,, 2009). Sperm
were classified as high MMP (bright green fluorescence), low MMP (low green fluorescence),
and inactive MMP (no green fluorescence observed).

Sperm binding

The perivitelline membrane was obtained by separating the intact egg yolk from the
albumen of non-fertile chicken eggs. The membrane was washed with PBS inside a petri dish
covered with parafilm until all the yolk was removed. Then, the membrane was cut into squares
of 0.5 cm?. The membrane was covered with 1 mL of FERT-TALP medium (0.33 g NaCl, 0.011 g
KCl, 100 pL NaH,PO,, 93 pL Na lactate, 0.105 g NaHCOs, 100 L Phenol Red, 0.0135 g caffeine,
0.0147 g CaCl,.2H,0, 50 pL MgCl,, 0.119 g HEPES) and 20 pL of sperm sample was added. The
semen sample with the membrane was incubated for 1 h at 38.5 °C with 5% of CO,. After
incubation, the membrane was washed with PBS to remove any unbound sperm, distributed
on a glass slide, 1 pL of Hoechst 33342 (1 mg/mL) was added, and covered with a coverslip
sealed with fingernail polish. Five fields were counted per sample, and the results of
spermatozoa binding were expressed as mm? of membrane (Barbatoetal., 1998;
Moraes et al., 2010).

Hypo-osmotic assay and morphology

For the hypo-osmotic assay, aliquots of 30 pL of semen were placed in tubes with 1000 pL
of Milli-Q water (0 mOsm) (Menezes et al., 2013). Then, these aliquots were incubated at 37 °C
for 20 min, and 10 pL was distributed in a glass slide covered with a coverslip and evaluated in
phase contrast microscopy at 1000x magnification with oil immersion (Ramu and Jeyendran,
2013). For morphology, a 30 pL sample of semen was added to 1000 pL of formol saline and
stored at 4 °C until evaluation. Samples were distributed on a glass slide overlaid with a cover
slip and sealed with fingernail polish. Abnormal sperm were classified as major and minor
defects. At least 200 sperm cells were evaluated in both assays (CBRA, 2013).

Lipoperoxidation

Aliquots of 500 pL of samples from each treatment and 1000 pL of 10% trichloroacetic acid
solution (10% TCA) were centrifuged at 1800 g for 15 min at 15 °C for precipitation of proteins.
Aliquots of 500 pL of the supernatant were placed in tubes along with 500 pL of 1%
thiobarbituric acid, dissolved in 0.05 N sodium hydroxide, freshly prepared. The tubes were
incubated in a water bath at 100 °C for 10 min and then cooled in ice to stop the reaction.
Thiobarbituric Acid Reactive Species (TBARS) were quantified in a spectrophotometer, at a
length of 532 nm. Each semen sample was evaluated in triplicates, and distilled water was used
as a negative control. The results were compared with a standard MDA curve and expressed
in ng/mL of TBARS per semen sample (Sarlés et al., 2002).
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Statistical analysis

Data analyses were performed in IBM SPSS version 25. Data were compared using a generalized
linear mixed model (GLMM), including evaluation moment (before and after cryopreservation),
AFP |, resveratrol, and their interactions as main effects in endpoints, with data of the different
treatments nested to the pooled sample. In analyses carried out only after thawing, the GLMM
included AFP |, resveratrol, and their interactions as main effects in endpoints. The Sidak test was
used for post hoc comparisons. For all tests, differences were considered significant when P < 0.05,
and as a high probability when 0.10 = P > 0.05 (Ferreira and Patino, 2015), and data are presented
as LSmeans (+SEM).

Results

Immediately after dilution and before cryopreservation, no differences were observed in
experimental treatments on sperm kinetics, plasma membrane integrity, hypo-osmotic test,
and mitochondrial activity parameters immediately after dilution (Table 1). There was also no
interaction between the moment of evaluation, AFP |, and resveratrol. However, thawing had
significant effects on several variables evaluated (Table 1).

Table 1. Ram sperm endpoints after dilution (before freezing) and immediately after thawing in
extenders containing (+) or not (-) antifreeze protein (AFP) type | (0.1 pg/mL), associated or not with
different concentrations of resveratrol (0, 10, or 50 pM/mL) during cryopreservation (LSmeans + SEM).

AFPI Before cryopreservation Frozen-Thawed
(g/mL) Resveratrol (WM/mL) Resveratrol (uM/mL)

Endpoints Evaluation AFPxResveratrol
10 50 10 50 AFP| Resveratrol xEvaluation
moment
moment

Total motility - 99.0+40 994+40 983+40 253+38 339138 243138

(%) + 996+40 99.1+40 992+40 287+38 240+38 239+38

- 743+60 721+60 669+60 237+60 241160 226+6.0

VCL (pm/s) ns. ns. 0.001 ns.
+ 742+60 699+60 694+60 248+60 251160 218164
- 304+25 271+25 251+25 155+25 151125 132+25

VSL (um/s) ns. ns. 0.001 ns.
+ 289+25 283+25 252+25 15325 157%25 139125

- 462+37 427+37 397+37 188+37 186+37 168+37

ns. ns. 0.001 ns.

VAP (um/s) ns. ns. 0.001 ns.
+ 457+37 431137 407+37 190+37 195+37 172437
LIN - 378126 386124 363126 645+24 621124 577124
ns. ns. 0.001 ns.
(%) + 387+24 406+24 371+24 605+24 623+24 610124
STR - 628+19 641+18 622+19 816+18 80.7+18 778+18
ns. ns. 0.001 ns.
(%) + 632+18 654+18 627+18 795+18 803+18 805+1.8
WOB - 598+1.8 597+1.7 584+18 789+17 768+17 738+1.7
ns. ns. 0.001 ns.
(%) + 61.2+1.7 615+1.7 59017 758+17 774+17 757+1.7
ALH - 33+03 35+03 34+03 29+03 34:03 33x03
ns. ns. 0.001 ns.
(M) + 40+03 33+03 38+03 27+03 27+03 27+03
BCF - 77+09 76+09 75+09 23+10 19+10 17£10
ns. ns. 0.001 ns.
(H2) + 72+09 78+09 7809 14+10 12+10 1410
Plasma - 81.1+23 81.1+23 826+23 241+24 302+23 28723
Membrane ns. ns. 0.001 ns.
Integrity (%) + 786+27 813123 819+23 275+23 303+23 279125
Hypo- ti - 90.7+21 929+21 923+21 197+21 249121 224+21
ypo-osmotic 0.06 ns. 0.001 ns.
(%) + 91.1+21 903+21 913+21 174+21 189121 200+2.1
High MMP - 695+35 695+35 696+42 236+38 294+35 233+38
0.07 ns. 0.001 ns.
(%) + 725+35 745+35 718+35 306+35 253+38 330135
Low MMP - 195+38 205+35 200+38 350+35 359+35 405+38
ns. ns. 0.001 ns.
(%) + 220+35 196+35 178+35 365+35 370+35 306+38
Inactive MMP - 69+54 7154 90+54 389+50 347+50 294+54
ns. ns. 0.001 ns.
(%) + 64+54 9450 103+50 329+50 346+50 32450

Abbreviations: VCL: curvilinear velocity; VSL: straight-line velocity; VAP: average path velocity; LIN: linearity;
STR: straightness; WOB: wobble; ALH: amplitude of lateral head displacement; BCF: beat/cross-frequency;
MMP: mitochondrial membrane potential; n.s.: non-significant.
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In frozen-thawed semen, there were no significant effects on sperm kinetics, plasma
membrane integrity, hypo-osmotic test, and mitochondrial activity parameters. However, the
addition of AFP | shows a high probability of reducing the quantity of sperm with functional
membrane percentage in the hypo-osmotic test (P = 0.06) and increasing the percentage of
sperm with high mitochondrial activity (P =0.07) (Table 1). On the other hand, the concentration
of resveratrol did not affect any of these variables (Table 1).

There were significant interactions between AFP | and resveratrol in the percentage of
non-capacitated sperm (P = 0.009) and sperm with acrosomal reaction (P = 0.034) (Figure 2B
and 2CQ). This interaction reduced the percentage of non-capacitated sperm in the presence
of AFP | and 50 pM/mL of resveratrol in the extender, an effect that was not observed in the
absence of AFP I. The percentage of sperm with acrosomal reaction increased with the
addition of AFP | and in the presence of 10 or 50 pM/mL of resveratrol, an effect that was not
observed with AFP | without resveratrol. Moreover, this variable had a high probability of
differences according to the resveratrol concentration factor (P = 0.057). There were no
effects of the treatments or their interactions on the percentage of capacitated sperm.

A Capacitated sperm
259
204
15+
Bl
104
5
o 10 50
Resveratrol uM/mL
B Non-capacitated sperm
154
a
A
10
1 ab
Bb
0 10 50
Resveratrol yMimL
C Acrosome-reacted sperm

90=

b Ab

85=

80+

® 75+

65+ &

T T T
0 10 50

Resveratrol uM/mL
—— without 0.1 pg/mL AFP | With 0.1 pg/mL AFP |

Figure 2. Interaction of (A) capacitated sperm, (B) non-capacitated sperm, and (C) acrosome-reacted sperm
of frozen-thawed ram semen with or without the association of AFP | and different concentrations of
resveratrol, immediately after thawing. Within a column or row, values with different superscripts differ
significantly (P < 0.05). A,B differs between the absence or presence of AFP | (0.1 ug/mL). *bdiffers among
resveratrol concentrations (0, 10, or 50 pM/mL).
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There was an interaction between AFP | and resveratrol in the percentage of sperm that
bound to the egg perivitelline membrane (P = 0.04) (Figure 3). The addition of AFP | and
resveratrol per se did not affect the percentage of spermatozoa bound to the perivitelline
membrane. However, when added simultaneously, it led to a decrease in it. Nevertheless, no
significant differences were observed if only either AFP | or resveratrol were added. Regarding
peroxidation, there was no interaction (Table 2), although there was a high probability of
increasing the concentration of TBARS by adding AFP | (P=0.085) (Table 2). Lastly, AFP |,
resveratrol, or their interaction did not affect sperm morphology.

2000

e

1500

1000

Sperm binding/(mm?)

500

0 1 1 1
0 10 50

Resveratrol pM/mL
—— without 0.1 yg/mL AFP | with 0.1 yg/mL AFP |

Figure 3. Interaction between the association of AFP | and resveratrol concentrations in semen extender
on frozen-thawed ram sperm bound to egg perivitelline membrane test, immediately after thawing.
*represents the high probability (P =0.071) of sperm bound in a single addiction of 0.1 pg/mL of AFP | in
interaction analysis; **represents the high probability (P = 0.058) of sperm bound in a single addiction of
50 pM/mL of resveratrol in the interaction analysis.

Table 2. Normal morphology and lipid peroxidation assessed by thiobarbituric acid reactive substances
(TBARS) levels of cryopreserved ram sperm in extenders containing (+) or not (-) antifreeze protein type |
(0.1 pg/mL), associated or not with different concentrations of resveratrol (0, 10 or 50 uM/mL) during
cryopreservation (LSmeans + SEM).

) AFP | (pg/mL) Resveratrol (WMM/mL)
Endpoints s ——
0.1 10 AFP | Resveratrol AFPxResveratrol
- 79.8 +2.1 77.8+2.1 77.1+2.3
Normal Morphology (%) n.s. n.s. n.s.
+ 81.7+2.3 80.1+2.6 79.5+2.3
- 477.2+66.2 613.9+60.5 534.7+66.2
TBARS (ng/mL) 0.085 n.s. n.s.
+ 568.2+60.5 666.1+60.5 664.6+60.5

Abbreviations: n.s.: non-significant.

Discussion

In general, the results of this study showed that the association of AFP | with resveratrol for
cryopreservation of ram semen did not generate positive results, and there were even inferior
results when the concentration of resveratrol increased. Conversely, the addition of 50 pM/mL
of resveratrol or 0.1 pg/mL of AFP |, without associating with each other, led to a higher sperm
binding, suggesting that both can improve the fertilizing capacity. Therefore, adding both
molecules was disadvantageous for sperm cryopreservation.
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The addition of AFP | had no positive effects on fresh semen. However, it should be
expected that the main effects of adding AFP | would be in thawed sperm, as it avoids the
formation of ice crystals. In this sense, the lack of positive results differs from a previous
study performed by the same group (Correia et al., 2021a), where the addition of AFP |
increased the percentage of sperm with intact membranes, improved the LIN and STR rate
in the kinetic parameters, and increased the percentage of normal sperm. Moreover, in the
present study, the addition of AFP | induced an increase in mitochondrial activity, and plasma
membrane functionality decreased, after cryopreservation. The semen collection was the
main methodological difference between both studies as Correia etal. (2021a) used
electroejaculation, while in the present study, an artificial vagina was used. Of note, the same
extender composition, as well as freezing and thawing protocols, were applied in both
studies. According to Ledesma et al. (2015), the ram sperm collected by electroejaculation is
more resistant to cryopreservation than that collected by an artificial vagina. This may be
explained by the greater amount of seminal plasma proteins in the semen collected by
electroejaculation, which could increase sperm cryoresistance (Marco-Jiménez et al., 2005;
Ledesma et al., 2015). Moreover, the addition of seminal plasma proteins associated with
membrane protectors, such as vitamin E, increases sperm viability after heat shock
(Pérez-Pé et al., 2001). In Macaca fascicularis, the addition of 0.1 pg/mL of AFP Ill in semen
extender significantly reduced the number of differential proteins in cryopreserved
compared to fresh spermatozoa (Chen et al., 2021). Thus, the greater amount of seminal
plasma might have potentiated the cryoprotective effect of AFP I. In the study conducted by
Correia et al. (2021a), the addition of 0.1 pg/mL of AFP | increased the percentage of normal
sperm after cryopreservation, while in the present study, there was no statistical difference
between the AFP | group and the control, and this difference that can be explained by the
facts mentioned above. However, to confirm this possible action, it would be required to
compare the effects of AFP | in sperm collected with both techniques in a single study.

Resveratrol is known to prevent premature acrosomal reaction (Silva et al., 2012), which
is consistent with the greater percentage of non-capacitated sperm observed in this study
when only 50 pM/mL of resveratrol was added to the semen extender. Similarly, this
concentration reduced the cryo-induced capacitation in buffalo sperm (Longobardi et al.,
2017). On the other hand, AFP | alone did not produce this effect on capacitation status and
acrosomal reaction. In the previous report conducted by Correia et al. (2021a), no differences
were observed in the acrosome integrity pattern, suggesting that the addition of AFP does
not affect capacitation during cryopreservation. When evaluating the addition of both AFP |
and resveratrol, an increase in the percentage of acrosomal reaction and a reduced
percentage of non-capacitated sperm was observed. This phenomenon could be related to
calcium influx leading to cellular alterations during cryopreservation (Watson, 2000) or by
molecular destabilization in sperm; however, the cryocapacitation mechanisms are not fully
elucidated (Benko et al., 2022).

The egg perivitelline membrane displays homology to mammalian ZP3 and, thus, the
binding test is closely related to the sperm fertilizing capacity (Losano etal., 2015). This
technique has already been demonstrated to present a linear relationship with in vivo fertility
in roosters (Barbato et al., 1998), high sensibility for in vitro penetration assay in Vesper Mice
(Corcinietal., 2012), and positive correlations for acrosomal and membrane integrity,
mitochondrial activity, and motility in bulls (Losano et al., 2015) and dogs (Brito et al., 2017).
The use of resveratrol at 50 pM/mL concentration associated with AFP | decreased the binding
rate to the egg perivitelline membrane. Compared to the control group, the addition of
50 uM/mL resveratrol alone did not have any deleterious effect and led to an increase in sperm
binding. In Buffalo, the supplementation of 50 pM/mL of resveratrol was able to increase the
in vitro fertilization ability but did not affect the in vivo outcomes (Longobardi et al., 2017), while
100 pM/mL of resveratrol was able to increase in vivo pregnancy (Ahmed etal., 2020).
Moreover, the use of AFP | alone promoted a similar higher amount of sperm bounded.
However, it is still necessary to test these treatments on in vivo conditions to determine the
potential of these molecules in artificial insemination. There was also a high probability of
TBARS level to increase after AFP | addition in the semen extender. This deleterious response
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could be related to a decrease in plasma membrane functionality. These results indicate that
50 pM/mL of resveratrol without association with AFP could be able to increase the fertilizing
capacity of ram-frozen sperm and maintain both TBARS levels and plasma membrane
functionality. In goat semen, resveratrol supplementation did not affect the TBARS
concentration, similar to that observed in the current study (Falchi et al., 2020). In the sheep
study by Al-Mutary et al. (2020), the addition of resveratrol to cooled/chilled semen increased
sperm motility and increased the blastocyst rate. In human, the addition of resveratrol also did
not affect any analyzed sperm parameters but led to a significant decrease in the DNA
fragmentation rate (Nashtaeietal., 2017). Resveratrol can activate the 5' adenosine
monophosphate-activated protein kinase protein (AMPK) (Pasquariello etal.,, 2020) by
resveratrol-induced ROS reduction in cryopreserved human semen samples (Branco et al.,
2010; Nashtaei et al., 2017). In boar, an improvement in the quality of cryopreserved semen
was identified by the resveratrol-activated AMPK pathway (Zhu et al., 2019), reducing DNA
damage, increasing mitochondrial activity, and reducing ROS levels, among other factors
evaluated. Thus, although the AMPK pathway was not assessed in the present study, the
increase in binding to the perivitelline membrane may have occurred due to acrosome
maintenance and to the lower genetic material damage induced by ROS, as in other studies
reported above.

The effect of antioxidant addition in semen extender differs according to the species,
medium, and antioxidant type and concentration (Silvaetal.,, 2012), and consistent
advantages are still unclear and require elucidation. It is known that resveratrol has multiple
interesting properties for distinct therapeutic activities, such as antioxidant, anti-inflammatory,
neuroprotective, and anticarcinogenic effects, but it is a molecule with very low oral
bioavailability due to low water solubility and stability (Atanackovi¢ et al., 2012), despite its
high permeability (Walle, 2011). Of note, strategies to overcome the limitations of resveratrol
solubility are still being investigated (Ghazwani et al., 2021). Regarding the negative effect of
resveratrol and AFP association, a possible explanation for this unexpected result may
be related to their biochemical and physicochemical molecules. While resveratrol can
bind to proteins and change their functions mainly at hydrophobic sites in the tertiary
structure (Gorji et al.,, 2015; Wu et al., 2020), AFPs bind to ice crystals due to their
hydrophobic sites (Gharib et al., 2022), therefore competing at the site of action and
inhibiting the internalization of resveratrol into the cell, resulting in a deleterious effect
when associated. The interaction of resveratrol with the alpha-helix of AFP | could induce
the inactivation of protein motifs and the function of AFP, influencing the antioxidant
activity of resveratrol (Sun et al., 2022), leading to the formation of insoluble complexes
(Bandyopadhyay et al., 2012).

As already stated, AFP | can protect the membrane cells as an extracellular cryoprotectant
when the correct concentrations are applied but induce deleterious effects when used in
higher concentrations. Reducing the freezing point below the melting point and changing the
crystal shapes efficiently inhibit ice recrystallization when AFP is used (see review
Correia et al., 2021b). Meanwhile, resveratrol can increase the membrane fluidity caused by
disturbances in the activity of transmembrane proteins (Ptachta et al., 2024). However, when
both molecules were associated, adverse effects were detected. Our main hypothesis to
explain this harmful interaction is based on the fact that both resveratrol and AFP | have
hydrophobic sites; thus, a possible competition between them could inhibit the
internalization of the former into the cell. Considering the resveratrol's ability to modify
membrane permeability, it cannot be ruled out that AFP | - typically an extracellular
cryoprotectant used in low concentrations to avoid cytotoxicity - could have penetrated the
sperm, leading to intracellular toxicity (Figure 4). Although those explanations appear
consistent, they should be confirmed with future studies designed specifically to test them.
It is reasonable to indicate, however, that the use of both molecules simultaneously during
cryopreservation appears to be a non-recommended option. Even though the outcomes of
this association were unexpected and, why not disappointing somehow, undesirable results
are extremely useful in providing valuable insights to guide future research, thereby
contributing substantially to the field.
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Figure 4. A diagrammatic figure summarizing the main hypothesis explaining why the association between
antifreeze protein | (AFP |) and resveratrol did not promote benefits for ram sperm cryopreservation.

Conclusion

The association of resveratrol and AFP | did not improve the quality of frozen-thawed ram
semen and induced some deleterious effects compared to the single addition of each one in
the semen extender. The supplementation of 50 pM/mL of resveratrol alone improved the
non-capacitated sperm and fertilizing capacity with no adverse effect on lipoperoxidation or
sperm viability, being a potential cryoprotectant for ram sperm.
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