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1 | INTRODUCTION

Sperm cryopreservation is used for storage of superior genetic

resources, improvement of breeding, preservation of genetic resources

XiaobinLiu |

Guanghui Yu

Abstract

Obijectives: This study was conducted to evaluate the effect of adding riboflavin to
boar sperm freezing extender on the challenge of cryopreservation.

Methods: Different concentrations (0, 5, 10, 15, 20 or 25 uM) of riboflavin were
added to the freezing extender. Spermatozoa motility, membrane integrity, acrosomal
integrity, mitochondrial membrane potential and enzyme activities were analysed once
10 min after thawing. Q-PCR was used to detect the mRNA expression of Caspase3, Bcl-
2 and Bax.

Results: The results showed that the addition of 10 uM riboflavin to boar sperm
freezing extender significantly increased the frozen-thawed sperm progressive motil-
ity compared with the control group (p < 0.05). Activities of superoxide dismutase,
glutathione peroxidase and catalase improved after adding riboflavin to the extender
(p < 0.05). During freezing-thawing, the boar sperm mitochondrial membrane poten-
tial, acrosomal integrity, plasma membrane and DNA at 10 uM in the riboflavin group
increased by 6.6%, 9.6%, 5.49% and 5.62% (p < 0.05), respectively, compared with the
control group. The addition of 10 uM riboflavin to the extender significantly decreased
the malondialdehyde (p < 0.05) content, whereas it increased the ATP content (p <
0.05) of boar sperm during freezing-thawing. Furthermore, the expression of Caspase-3
and Bax (p < 0.05) were significantly lower, whereas the expression of BCL-2 (p < 0.05)
was greater than the control group when adding 10 uM riboflavin to the extender.
Conclusions: Riboflavin showed cryoprotective capacity to the freezing extender used
for boar sperm during the process of freezing-thawing, and the optimal concentration

of riboflavin for the frozen extender was 10 uM.

KEYWORDS
antioxidant, boar sperm cryopreservation, riboflavin, sperm quality

of endangered species (Yeste, 2016). Moreover, fertility of frozen-
thawed boar sperm is still very variable compared with other animal
species (Bolarin et al., 2006). Boar sperm cryopreservation has not
been used under production conditions as efficiently as liquid pre-

served sperm, due to the high susceptibility of boar spermatozoa to
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damage during cryopreservation (Waberski et al., 2019; Yeste et al.,
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2017). The plasma membrane of boar sperm is rich in polyunsaturated
fatty acids with low cholesterol to phospholipids compared with other
animals (Wathes et al., 2007). Thus, the membrane structure injury and
lipid peroxidation would lead to the boar sperm damage during cryop-
reservation (Pezo et al., 2021).

Free radicals are essential substances for maintaining normal life,
as well as ‘dangerous killers’ of macromolecules and cells (Halliwell,
2009). When oxygen free radicals and by-products of the metabolic
process are in excess, the body will suffer different degrees of oxidative
damage (Qian et al., 2014). Therefore, adding antioxidants to the freez-
ing process of boar sperm may avoid such oxidative damages. Reactive
oxygen species (ROS) is generated during the cryopreservation process
resulting in lipid peroxidation, which leads to irreversible damage of
sperm cells in the freezing-thawing process (Brouwers et al., 2005) and
the sperm membrane, acrosome and DNA damage (Bennetts & Aitken,
2005). A large number of studies have reported that adding exogenous
antioxidants into cryopreservation medium is an effective strategy to
resist oxidative stress and improve sperm quality during cryopreserva-
tion (Amidi et al., 2016; Taylor et al., 2009; Zhu et al., 2015). Antioxi-
dant addition to the sperm extender can be helpful to the sperm sur-
vival after freezing and thawing (de Albuquerque Lagares et al., 2020).

Riboflavin, also called vitamin B,, is a kind of water-soluble vita-
mins. There are two kinds of the coenzyme forms: flavin mononu-
cleotide and flavin adenine dinucleotide. Riboflavin plays an impor-
tant role in the enzyme reaction (Saedisomeolia & Ashoori, 2018). It
also participates in some vitamin metabolism (Balasubramaniam et al.,
2019). The lack of riboflavin can damage the oxidative folding of the
stress response system (Manthey et al., 2005). Flavin adenine dinu-
cleotide is incorporated into the acrosomal matrix during its forma-
tion. Lack of flavin adenine dinucleotide impairs sperm function and
male reproductive advantage (Yen et al., 2020). Riboflavin was associ-
ated with spermatogenesis in male Wistar rats (Tumkiratiwong et al.,
2006). Riboflavin carrier protein is a phosphoglycoprotein and has
the fertility function appearance during spermatogenesis and role in
sperm function (Sreekumar et al., 2005). At present, there is no evi-
dence reporting the effects of supplementing of riboflavin in sperm
extenders on boar sperm quality. Therefore, the purpose of this study
was to evaluate whether riboflavin could protect boar sperm during

cryopreservation.

2 | MATERIALS AND METHODS

2.1 | Animals and sperm collection

Sperm was collected from 8 boars (Duroc, aged 20 + 4 months). Boar
sperm was collected using the gloved-hand technique, then filtered and
incubated in an incubator at 17°C, and subsequently delivered to the
laboratory within 30 min for sperm quality evaluation. Sperm concen-
tration was determined using a haemocytometer. Only ejaculate sperm
samples with more than 90% motility were used for further study. To
exclude individual differences, each sample was made from a mixed

sample from 8 different boar sperm.

2.2 | Sperm freezing

The basic medium for boar sperm freezing was Tris-citric acid-glucose
solution (100 ml) which contained 46.6 mM Tris, 15.1 mM citric
acid, 153 mM glucose, 26.7 mM trisodium citrate, 11.9 mM sodium
hydrogen carbonate, 6.3 mM EDTA-2Na and 100,000 IU penicillin-
streptomycin solutions. The extender | (80% lactose and 20% egg
yolk; volume fraction) contained different concentrations of riboflavin
including O uM (control group), 5 uM (group 1), 10 uM (group Il), 15 uM
(group I11), 20 uM (group 1V) and 25 uM (group V), respectively.

Sperm was diluted with Tris-citric acid-glucose solution (v:iv = 1:1)
and incubated for 2 h at 17°C. It was centrifuged at 800 x g for 10 min.
The supernatant was then removed and the sediments were diluted to
3x107 cells/ml with a mixture of extender | (80% lactose and 20% egg
yolk; volume fraction) and different concentrations of riboflavin, which
was cooled slowly to 4°C in a refrigerator for 2 h. After cooling, then
sperm was resuspended 1:1 with extender Il (including 95.5% exten-
der | containing different concentrations of riboflavin, 3% glycerol and
1.5% Orvus Ex Paste; volume fraction) at 4°C. The diluted spermatozoa
were placed in a 4°C refrigerator for another 30 min. The sperm was
transferred into 0.5 ml straws. Sealed straws were placed horizontally
on arack and frozen in a vapour 3 cm above liquid nitrogen for 10 min.

After freezing, the straws were immersed in liquid nitrogen for storage.

2.3 | Sperm thawing

Thawed sperm (42°C for 10 s in a water bath) were extended at 37°C
with Tris-citric acid-glucose (4:1). After incubation for 10 min (He et al.,
2020; Shen et al., 2016), sperm quality was determined for the next
experiments.

2.4 | Assessments of sperm motility and velocity
after freezing-thawing

Sperm motility was analysed using a computer-assisted sperm analysis
(CASA) system (QH-III, Spain). Briefly, sperm samples were suspended
in Tris-citric acid-glucose to a concentration of 2-3 x 107 sperm/ml. For
each evaluation, a 4 ul aliquot of sperm sample was placed in a pre-
warmed (37°C) counting chamber and three fields were analysed at
37°C, assessing a minimum of 100 sperm per sample. The values for
the following variables were recorded: curvilinear velocity (VCL, um/s),
straight-line velocity (VSL, um/s), average path velocity (VAP, um/s), lin-
earity (LIN, %) and straightness (STR, %).

2.5 | Assessments of sperm membrane integrity,
acrosome integrity and DNA integrity after
freezing-thawing

Membrane integrity and acrosome integrity were detected using
the sperm fluorescein isothiocyanate-peanut agglutinin (PNA-FITC,
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GENMED SCIENTIFICS INC, USA). Briefly, 100 ul of sperm sample
were transferred into culture tubes, and dyes were added at a final
concentration of 100 nM SYBR-14, with 1 ug/ml of peanut agglutinin
conjugated with phycoerythrin solution and 12 4M propidium iodide
(PI). Samples were mixed and incubated for 10 min at 37°C in dark-
ness. Just before analysis, 400 ul phosphate-buffered saline (PBS) was
added to each sample and remixed before they were detected through
a flow cytometer. Analysed sperm were allocated into the following
four categories: viable with intact acrosome (PNA-FITC-/PI-); viable
with acrosomal exocytosis (PNA-FITC+/PI-) and nonviable cells with
damaged acrosome (PNA-FITC+/Pl+). Only viable spermatozoa were
analysed.

DNA integrity was measured using the acridine orange (Solarbio,
China) staining (Zribi et al., 2012). Preliminary sample processing was
the same as described above. Appropriate amount of spermatozoa cell
suspension and acridine orange stain (19:1) were collected, mixed and
incubated for 10 min at 37°C in darkness. Just before analysis, 400 ul
PBS was added to each sample and remixed before they were detected
using a flow cytometer. Analysed sperm were allocated into the follow-
ing two categories: damaged sperm DNA and intact double-stranded
DNA. Damaged sperm DNA will be denatured into single-stranded
under the action of acid, emitting red or blue fluorescence, while intact

double-stranded DNA will emit green fluorescence.

2.6 | Assessments of sperm mitochondrial
membrane potentials and ROS content after
freezing-thawing

The mitochondrial membrane potentials of the sperm were detected
using JC-1 (lipophilic cation 5, 5, 6, é’-tetrachloro-1, 1/, 3, 3'-
by Mitochondrial
Membrane Potential Detection Kit (Beyotime Institute of Biotechnol-

tetraethyl-benzimidazolylcarbocyanine iodide)

ogy, China). Briefly, sperm samples were stained with JC-1 working
extender, and incubated for 20 min at 37°C in darkness. Subsequently,
samples were washed twice with JC-1 buffer and resuspended in
JC-1 buffer. Samples were analysed using a flow cytometer (FACS
Calibur, BD Biosciences). Sperm with high mitochondrial membrane
potentials that showed red fluorescence were measured in the FL2
channel (585 nm). Sperm with low mitochondrial membrane potentials
that showed green fluorescence were measured in the FL1 channel
(530 nm). Data were processed using the FCS Express 5.0 program (De
Novo Software) and 10,000 sperm-specific events were evaluated.
ROS content was measured using a Reactive Oxygen Species
Assay Kit (Beyotime Institute of Biotechnology, China), as previously
described by Zhu et al. (2015). Briefly, sperm samples were suspended
in Tris-citric acid-glucose extender containing 10 uM DCFH-DA and
suspensions (107 sperm/ml) were incubated for 20 min at 37°C in dark-
ness. After incubation, the sample was centrifuged to wash away dihy-
drodichlorofluorescein diacetate (H,DCF-DA). Samples were analysed
using the flow cytometer. The fluorescent signal detected at 488 nm
excitation and 525 nm emission is expressed with flow cytometry. The

experiment was replicated three times.

2.7 | Assessment of sperm SOD, CAT and GPx
activities after freezing-thawing

The post-thaw sperm samples (about 108 sperm each group) were cen-
trifuged at 1200 x g for 5 min at 4°C. After removing the supernatant,
the sperm sediment was resuspended with 400 ul of PBS for extracting
enzymes. Subsequently, the lysates resulting from sperm cell disrup-
tion using an ultrasonic homogeniser (JY92-1IN, Ningbo Xinzhi Biotech-
nology Co., Ltd, China) in a cooling bath were centrifuged at 4000 x
g for 10 min at 4°C, and its supernatant was used for the SOD, CAT
and GPx analysis. The antioxidant enzyme activities of SOD, CAT and
GPx were detected by commercial enzyme kit (Jiancheng Bioengineer-
ing Institute, Nanjing, China) according to the manufacturer’s protocol.
The absorbance at 532 nm (SOD), 405 nm (CAT) and 412 nm (GPx) was
recorded by a microplate reader (Infinite M Nano, TECAN, Switzer-

land), respectively.

2.8 | Assessments of sperm intracellular ATP
content and lipid peroxidation after freezing-thawing

Adenosine triphosphate (ATP) content in sperm was measured by an
ATP assay kit (Beyotime Institute of Biotechnology, China). The lumi-
nescence was immediately measured using a luminometer (GloMax
20/20, Promega, USA). A standard curve of ATP content was detected
from five ATP-gradient concentrations ranging from 0.1 to 1.0 umol/L.
The experiment was repeated three times.

Lipid peroxidation of spermatozoa was analysed by determining the
malondialdehyde content with the lipid peroxidation malondialdehyde
assay kit (Beyotime Institute of Biotechnology, China) according to the
manufacturer’s protocol. The sperm samples (about 108 sperm each
group) were lysed in 100 ul of cell lysis reagent. After centrifuging at
10,000 x g for 10 min, the supernatant was used to detect the mal-
ondialdehyde. Subsequently, the samples were incubated for 40 min
at 95°C, and 200 ul of each incubated sample was added to 96-well
plates. The absorbance at 532 nm was recorded by a microplate reader
(Infinite M Nano, TECAN, Switzerland), and malondialdehyde content
of the samples was calculated using the formula derived from the stan-

dard curve.

2.9 | The expression of apoptosis-related genes
after freezing-thawing

Boar sperm were collected with or without riboflavin treatment during
freezing-thawing. Three pools each containing 1 ml of sperm (1.5x10°
sperm) were used to carry out the RNA extraction and Q-PCR anal-
ysis. RNA was extracted by the RNA Prep Pure animal tissue extrac-
tion kit (TaKaRa, Dalian, China). Reverse transcription was carried out
with a EvoM-MLV reverse transcription kit (TaKaRa, Dalian, China), and
complementary DNA (cDNA) samples from the reverse transcription
reaction were diluted with nuclease-free water to 60 ul. The quantifi-
cation of all gene transcripts of Caspase-3, B-cell lymphoma 2 (Bcl-2),
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TABLE 1 Primersused for Q-PCR
Annealing Fragment
Gene name Primer sequence (5’-3’) temperature size
GAPDH F:CCCCAACGTGTCGGTTGT 60 91
R:CTCGGACGCCTGCTTCAC
Caspase-3 F:CAGACAGTGGTGCTGAGGATGA 60 73
R:GCTACCTTTCGGTTAACCCGA
Bcl-2 F:AGGGCATTCAGTGACCTGAC 60 193
R:CGATCCGACTCACCAATACC
Bax F:TGCCTCAGGATGCATCTACC 60 199
R:AAGTAGAAAAGCGCGACCAC
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein.
TABLE 2 Effects of riboflavin treatments on boar sperm motility after freezing-thawing
Goer Riboflavin
motility Control 5uM 10uM 15uM 20 uM 25uM
VCL (um/s) 95.1 + 0.7f 104.9 + 1.9e 134.6 + 0.92 1285 + 1.1b 1233 + 1.9c 1121 + 1.3d
VSL (um/s) 40.7 + 0.62f 53.0 + 0.6 69.1 + 0.8° 64.4 + 0.4° 59.9 + 0.9¢ 50.3 + 0.9¢
VAP (um/s) 73.8 + 0.3¢ 87.2 + 0.7¢ 108.7 + 0.72 106.5 + 0.6% 103.5 + 2.7° 90.6 + 0.6°
LIN (%) 42.8 + 0.4° 50.6 + 1.5° 51.3 + 0.6° 50.1 = 0.2° 48.6 + 1.4° 44.8 + 0.5°
STR (%) 552 + 14 60.8 + 1.1 635 + 14° 60.5 + 0.9 58.0 + 3.31° 555 + 1.9¢

Note: Values denote mean + standard error (SEM). Different superscript letters in the same line indicate significant difference (p < 0.05).
VCL, curvilinear velocity; VSL, straight-line velocity; VAP, average path velocity; LIN, linearity; STR, straightness.

Bcl-2-associated X protein (Bax) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)) was performed by Q-PCR using the SYBR
Green | chimeric fluorescence method (SYBR® Premix Ex Tag™ I,
TaKaRa, Dalian, China). The accession number and primer sequence
were presented in Table 1. Each reaction mixture (20.0 ul) consisted
of 10.0 ul of SYBR® Premix Ex Tag™ Il, 0.8 ul of each of forward (10
umol/L) and reverse (10 umol/L) primers, 0.4 ul of Rox Reference Dye
11, 2.0 ul of cDNA and 6.0 ul of dH,0O. Q-PCR was conducted using the
CFX Manager 3.0 system (Bio-Rad, USA) under the following condi-
tions: 95°C for 30 s and 40 cycles of 95°C for 5 s and 60°C for 30 s.
The relative expression levels of genes analysed using porcine GAPDH
as the housekeeping gene and Safety Data Sheet (SDS) software for rel-
ative quantification (Bio-Rad CFX Manager 3.0 system).

2.10 | Statistical analysis

Values were expressed as mean + standard error of the mean (SEM).
Normality of data was checked using the Shapiro-Wilk test. The effects
of riboflavin treatment were analysed by one-way ANOVA analysis
using GLM procedure in SAS 9.4 (SAS Institute, Inc., Cary, NC). Multi-
ple comparisons were performed using the Tukey’s HSD test of SAS 9.4
(SAS Institute, Inc., Cary, NC). The level of statistical significance was
set to 5%.

3 | RESULTS
3.1 | Effects of riboflavin on sperm motility after
freezing-thawing

The motility of frozen-thawed sperm including straight-line velocity
(VSL), curvilinear velocity (VCL) and average path velocity (VAP) were
significantly improved by the addition of riboflavin (from 5 to 25 uM)
compared with the control group (Table 2, p < 0.05). Sperm motility in
the extender containing 10 uM of riboflavin is significantly greater than

the control group (p < 0.05).

3.2 | Effects of riboflavin on sperm SOD, CAT and
GPx enzyme activity after freezing-thawing

The extender containing 10 uM of riboflavin showed greater SOD
and GPx enzyme activities than other treatment groups and the con-
trol group (Table 3, p < 0.05). The CAT and GPx activities were
significantly improved by the addition of riboflavin compared with
the control group (Table 3, p < 0.05). The extenders with 10 and
15 uM of riboflavin showed significantly improved CAT activities
as compared with other treatment groups and the control group
(p <0.05).
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TABLE 3

Effects of riboflavin on sperm enzyme activities of SOD, CAT and GPx after freezing-thawing

Riboflavin

Enzyme activities Control 5uM 10 uM 15uM 20 uM 25 uM
SOD (nmol/ml) 68.82 + 1.05° 71.33 + 0.54%  75.63 + 0392 72.67 + 0.53 68.63 + 0.58¢ 70.34 + 0.52°
CAT (nmol/ml) 1.33 + 0.26° 2.26 + 021° 3.84 + 0.20° 3.40 + 0.167 2.39 + 0.12b 2.67 + 009
GPx (nmol/ml) 4420 + 0.85° 48.67 + 0.64° 53.55 + 0.557 51.03 + 0.45 48.46 + 0.36° 46.14 + 0.24¢

Note: Values denote mean =+ standard error (SEM). Different superscript letters in the same line indicate significant difference (p < 0.05).

SOD, superoxide dismutase; CAT, catalase; GPx, glutathione peroxidase.

60— (a) b a abp
d ¢ C
S
Z. 40—
E
]
‘s
Z
< 20—
=
0 -

Controll I I IV V
Concentrations of riboflavin (uM)

Specimen_001-Pl real Specimen_001-FITC -real

80 —

(b)

&
S
|

IS
S
|

Acrosome integrity(%)

N
)
|

() -
Control I

o m v Vv

Concentrations of riboflavin (unM)

Specimen_001vb-nc Specimen_001+b5

Yo o] ", 1
1 (0) = (d) = (e)
D o] .
g 1 1 ]
0% Q2 fo ]
73 o @ = Q2
NE_- ND_- g 6,
- & = B L = o
L o —. : = @ o
- - - T T TTTTm T TTITm LLLLLLLL
; ||U|||||m:|32 T lIlIl:ga T llIlI:ga T lllll;gs T 9 T HI Iaz T ”"I'U|3 T "'“1'3, T '”";gs T 0 4817| L A ||||n0|:I T I“”;‘A‘ T |||||1|g T 3”4523 ltlp 1& 13‘ Iol
# FITC-4 127 FTCA FITC-A FITC-A
Specimen_001+b10 Specimen_001-b15 Specimen_001-vb 20 Specimen_001-vb 25
) w T o A - - - .
= (8) = (h) =@ =0
g g
< ] < 3 < ] 4 ]
w1 w w7 w_
L% o ! N %] L
3 Q1 i Qt Q2 i E 3 Qt,
=S k: ) : o e
it BETEE ! ! |
@ ] LE & & s o —- R )
% TTTT |2l HH"[a T lllll"[‘ LILRRLLL -':. LI O [ PRLLALLLLLL PRI B A LLLL B R AL ST ALl (AL LA AL DR L L1 O N L L UL PRSI PR R LLLL R L
010 10 10 10 102 * 0 10° 10 10* 10 0 10 10° 10 10°
9 FITC-A 207001 Frca ° K 228 FITC-A 25 FITC-A
FIGURE 1 Effects of riboflavin on sperm membrane integrity and acrosome integrity after freezing-thawing. (a) Membrane integrity, (b)

acrosome integrity, (c)-(j) flow cytometer quadrant categories. (c)-(j) Quadrants: Left lower quadrant means sperm live with intact acrosome and
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3.3 | Effects of riboflavin on sperm membrane
integrity, acrosome integrity and DNA integrity after
freezing-thawing

Supplementation of riboflavin to the extender significantly improved

membrane integrity of boar sperm compared with the control group

(Figure 1a, p < 0.05) during freezing-thawing. The sperm membrane
integrity of frozen-thawed sperm with 10 and 15 uM riboflavin treat-
ment groups were much higher than other treatment groups and the
control group (Figure 1a, p < 0.05). However, there was no signifi-
cant difference for 10 and 15 uM riboflavin treatments (p > 0.05). In

addition, the sperm membrane integrity declined from the riboflavin
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FIGURE 3

Effects of riboflavin on sperm mitochondrial membrane potentials after freezing-thawing. (a) Mitochondrial membrane potentials,

(b)-(g) flow cytometer categories. (b)-(g) Green fluorescence means sperm with low mitochondrial membrane potentials. Blue fluorescence means

sperm with high mitochondrial membrane potentials

concentration of 15 to 25 uM (Figure 1a, p < 0.05). The acroso-
mal integrity of frozen-thawed sperm with 10 uM riboflavin treat-
ment was significantly higher than other treatment groups and the
control group (Figure 1b, p < 0.05). DNA integrity in the 10 uM
riboflavin treatment was significantly higher than the control group
(Figure 2a, p < 0.05). The extenders with 10 uM of riboflavin showed
significantly improved integrities of membrane, acrosomal and DNA
(Figures 1and 2).

3.4 | Effects of riboflavin on sperm mitochondrial
membrane potential after freezing-thawing

The mitochondrial membrane potential of frozen-thawed sperm with
10 and 15 uM riboflavin treatment groups were significantly higher
than other treatment groups and the control group (Figure 3a, p <
0.05). There was no difference between the control group and the
extenders with 5 uM, 20 uM and 25 uM of riboflavin (Figure 3, p > 0.05).
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3.5 | Effects of riboflavin on sperm ROS, riboflavin group was significantly greater than other treatment groups
malondialdehyde and ATP content after and the control group (Figure 5b, p < 0.05).

freezing-thawing

There was no difference for the ROS level of frozen-thawed sperm 3.6 | Effects of riboflavin on the sperm

between the control group and riboflavin treatment groups at the con- apoptosis-related genes mRNA expression after
centrations of 5 and 10 uM (Figure 4a, p > 0.05). The lowest ROS level freezing-thawing

was observed in the 10 uM riboflavin supplementation in the extender

among riboflavin groups. However, 15, 20 or 25 uM riboflavin supple- The addition of 5, 10 and 15 uM riboflavin to the extender significantly

mentation exerted a negative effect on the ROS levels as compared to decreased the expression level of Caspase-3 of the frozen-thawed
the control group (Figure 4, p < 0.05). The malondialdehyde of frozen- sperm. The lowest expression level of Caspase-3 was observed in the
thawed sperm was significantly decreased by the riboflavin treatments 10 uM riboflavin supplementation in the extender among riboflavin
(Figure 5a,p < 0.05). The 5 and 10 uM riboflavin treatments showed the groups (Figure 6a, p < 0.05). The expression level of BCL-2 of the
lowest malondialdehyde levels compared with other treatment groups frozen-thawed sperm was significantly greater in the 10 uM riboflavin
and the control group (Figure 5, p < 0.05). The ATP content of boar group compared with other treatment groups (Figure 6b, p < 0.05). The
sperm by riboflavin treatment during cryopreservation were shown level of Bax of the frozen-thawed sperm was significantly decreased by

in Figure 5b. The ATP content of frozen-thawed sperm with 10 uM increasing riboflavin concentration in the extender, especially for the
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FIGURE 6 Effects of riboflavin on mRNA expressions after freezing-thawing. (a) Caspase-3 expression, (b) Bcl-2 expression, (c) Bax expression.

Bcl-2, B-cell lymphoma, Bax, Bcl-2 associated X protein

riboflavin treatment groups at the concentrations of 10 and 15 uM to
the extender (Figure 6c, p < 0.05). There was no difference among the
groups with 10, 15, 20 and 25 uM of riboflavin (Figure 6c, p > 0.05).

4 | DISCUSSION

Boar sperm cryopreservation is associated with sperm damage via
different levels of plasma membrane injury and oxidative stress
(Saadeldin et al., 2020). Such damage is caused by drastic tempera-
ture changes during the freeze-thawing process (Lee & Kim, 2018).
Addition of antioxidants to freezing extenders could help spermato-
zoa against oxidative stress and improve the viability of sperm after
freeze-thawing (Naijian et al., 2013). Some researchers have demon-
strated the antioxidant function of riboflavin (Tang et al., 2014), and
show that an altered riboflavin level causes spermatozoa morphologi-
cal and bioenergetic defects in mice (Kuang et al., 2021). Riboflavin has
recently been used to assist cryopreservation of platelets (Jimenez-
Marco et al., 2021). However, their functions in boar sperm are not well
known. This is the first report on the effect of riboflavin on boar sper-
matozoa during the freezing-thawing process. In the present study, the
effects of different concentrations of riboflavin in extenders were eval-
uated. Our results showed that sperm motility was well protected by
riboflavin treatment. The velocity was significantly improved by adding
riboflavin to the extender (Table 2). In the current study, the optimum
concentration of riboflavin was 10 uM.

Riboflavin deficiency is associated with reduced antioxidant
enzymes activity, and the addition of riboflavin can enhance the
activity of these enzymes (Tumkiratiwong et al., 2003). In this study,
SOD, GPx and CAT activity of the frozen-thawed sperm was greater
in the groups supplemented with 10 uM of riboflavin as compared
with the control group (p < 0.05). This is in agreement with previous
research (Chen et al., 2015), in which riboflavin deficiency can lead to
decreased activity of SOD, GPx and glutathione reductase. The reason
may be that riboflavin provides protection for boar spermatozoa

against oxidative stress because of its antioxidant properties, which

can reduce the oxidative damage by scavenging ROS or inhibiting the
generation of ROS. Riboflavin status has an effect on reduced GPx
content in tissues, since the reduction of oxidised glutathione is a
riboflavin dependent process (Al-Harbi et al., 2015). However, the
antioxidant activities of riboflavin decreased at high concentrations.
The possible reason may be the greater amounts of antioxidant addi-
tive destroyed the mitochondria of the spermatozoa (Hu et al., 2013).
Reportedly, when the riboflavin concentration is exceeded 12.76
nmol/L, the oxidative stress is weakened (Ashoori & Saedisomeolia,
2014).

Oxidative stress is one of the deleterious effects occurred during
freezing-thawing damage caused by the increase of free radicals in the
body, which leads to changes in the structure and function of cells, and
finally leads to apoptosis and even necrosis of cells (Gong et al., 2014).
In this study, integrity of the plasma membrane, acrosome and DNA of
frozen-thawed boar sperm was improved by the addition of riboflavin
compared with the control group. Results indicate that riboflavin could
reduce DNA damage caused by cryopreservation. Riboflavin effec-
tively resists oxidative stress caused by the increase of ROS, thus pro-
tecting the internal structure of sperm cells and reducing sperm apop-
tosis in the freeze-thawing process. The addition of riboflavin in the
extenders resulted in increased vitality and decreased apoptosis in
spermatozoa. Similar to the measurement of only one time point after
freezing-thawing reported in other studies (He et al., 2020; Shen et al.,
2016), the limitation of this study was that the boar sperm was only

tested once 10 min after thawing.

5 | CONCLUSION

In conclusion, supplementation with riboflavin could provide cry-
oprotective capacity for frozen-thawed boar sperm. The addition of
riboflavin to the sperm extender can increase the activities of SOD,
CAT, GPx and enhance the antioxidant defence system of sperm.
Thus, it improves sperm motility, plasma membrane integrity, acro-

somal integrity and mitochondrial activity. Adding riboflavin to the
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sperm extender can also reduce sperm apoptosis and DNA damage.
This research helps us understand how riboflavin affects sperm qual-
ity, which will provide new insights into the field of swine reproduction.
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