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Abstract. Cryopreservation adversely affects embryo quality and viability in vitro. We investigated the effects of
cryopreservation solutions supplemented with the antioxidant carnosine on frozen-thawed bovine embryo viability.
Bovine blastocysts were produced in vitro and cryopreserved using slow freezing. The rates of re-expanded and
hatched blastocysts in the 50 ug/ml carnosine-supplemented group at 4, 24, and 48 h after thawing were higher
than those in the control (P < 0.05) group. In frozen-thawed embryos, cryopreservation solution supplemented
with carnosine (50 pg/ml) significantly reduced reactive oxygen species (ROS) production (P < 0.05), decreased
TUNEL-positive apoptotic cells (P < 0.05), and increased the mRNA expression of BCL2 (P < 0.05), an apoptosis
suppressor gene. The expression of translocase of outer mitochondrial membrane 20 (TOMM20), which is involved
in protein mitochondrial transport, in the carnosine (50 pug/ml)-treated embryos was significantly higher than that in
the control group (P < 0.05). ATP production in frozen-thawed embryos in the 50 pug/ml carnosine-supplemented
group was significantly higher than that in the control group (P < 0.05), however no significant difference in the
total number of cells per embryo among the groups was observed. These results suggest that supplementing the
cryopreservation solution with carnosine can improve the viability of frozen-thawed bovine embryos by reducing

oxidative damage.

low freezing is the most widely used method for bovine embryo

cryopreservation. The application of freeze-thaw processes in
vitro-produced embryos has grown exponentially over the past decade
owing to increased consumer demand [1]. Freeze-thaw processes
reduce the quality of embryos and contribute to low conception rates
in cows [2]. Bovine embryos produced in vitro are more susceptible
to chilling injury and have a lower viability than those produced in
vivo [3]. Freeze thawing increases reactive oxygen species (ROS)
production in murine embryos [4], and the associated oxidative stress
reduces mitochondrial function and inhibits embryonic development
[5]. Mitochondria, which are subcellular organelles crucial for cell
death or survival, are involved in many cellular pathways such
as metabolic synthesis and apoptosis. In particular, mitochondria
play a critical role in apoptosis, which is tightly regulated by the
Bcl-2 family of proteins [6]. Bcl-2—mitochondrial interactions are
controlled by translocase of outer mitochondrial membrane 20
(TOMM20), which belongs to the protein import machinery of the
mitochondrial outer membrane [7]. Several strategies have been
proposed to improve the quality of frozen-thawed embryos produced
in vitro by reducing ROS production using antioxidants [8, 9], such
as glutathione [10], L-ascorbic acid [11], B-mercaptoethanol [12],
and vitamin E [13]. Most studies have evaluated the effects of
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antioxidant supplementation during in vitro oocyte maturation and
embryo culture. Recently, Carrascal-Triana et al. [14] demonstrated
that ascorbate supplementation in the cryopreservation solution
(CPS) improved the cryotolerance of bovine embryos produced in
vitro, and controlled-rate freezing reduced oxidative stress and cell
death. However, the efficacy of adding other antioxidants to CPS
to promote the recovery and maintenance of embryo quality after
freeze-thawing remains unclear.

Carnosine is a dipeptide synthesized from the precursors, -alanine
and L-histidine, through the activity of carnosine synthase and is
degraded by carnosinase, which regulates it at cellular level [15].
Carnosine acts as a hydroxyl radical scavenger and exhibits antioxidant
activity through various mechanisms involving chelation of metal ions
and inactivation of ROS [16]. Removing carnosine during seminal
cryopreservation promotes oxidative imbalance by increasing lipid
peroxidation products, thereby reducing sperm quality after thawing
[17]. Thus, we hypothesized that carnosine improves the viability and
quality of frozen-thawed bovine embryos by reducing ROS levels.
We evaluated the effects of CPS supplementation with carnosine on
post-thaw embryo quality by evaluating re-expansion and hatching
rates, ROS content, and intracellular mitochondrial functions. This
is the first study to report the effects of carnosine supplementation
in CPS on the viability of frozen-thawed bovine embryos.

Materials and Methods

Materials and ethical considerations

Ovaries were procured from a commercial slaughterhouse (Mie
Matsusaka Meat Corporation Co., Ltd., Mie, Japan). Therefore,
no prior ethical approval was required for this study. All reagents
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were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless
otherwise stated. All the experiments were performed independently
using different samples.

In vitro embryo production

Embryo production was performed in vitro as previously described
[18]. Briefly, ovaries were obtained from Japanese Black beef cows
at a local slaughterhouse and transported to the laboratory within 2 h,
where they were stored in physiological saline containing 500 ng/ml
kanamycin sulfate at 25°C. Cumulus-oocyte complexes (COCs) were
collected from 2—6-mm-wide follicles using 18-G needles containing
HEPES-buffered TCM199 (Medium 199, HEPES; Thermo Fisher
Scientific, Waltham, MA, USA) with 10 ng/ml gentamicin sulfate. The
in vitro maturation (IVM) medium consisted of Medium 199, HEPES
supplemented with 10% newborn calf serum (NBCS, heat-inactivated;
Thermo Fisher Scientific), 0.02 AU/ml follicle-stimulating hormone
(Antrin-R10; Kyoritsu Seiyaku, Tokyo, Japan), 50 ng/ml epidermal
growth factor, 5.0 ng/ml dibutyryl cAMP, and 10 ng/ml gentamicin
sulfate. COCs with two or more layers were washed three times with
the IVM medium. Groups of 30—50 COCs were cultured in 4-well
dishes in 500-pl droplets of IVM medium, covered with mineral oil,
and incubated for 21 h at 38.5°C in 5% CO, and saturated humidity.
Frozen semen from Japanese Black bulls (stored in straws; Livestock
Improvement Association of Japan, Tokyo, Japan) was thawed
in water at 37°C for 30 sec and washed twice with 6 ml IVF100
(Research Institute for the Functional Peptides, Yamagata, Japan) by
centrifugation (600 x g, 5 min). Spermatozoa were removed from
the pellets and added to IVF100 to obtain a suspension with a final
sperm concentration of 5.0 x 10° cells/ml, which served as the in
vitro fertilization (IVF) medium. After IVM, COCs were removed
from the maturation medium and washed three times with IVF100.
Up to 30 COCs were incubated in 35-mm dishes containing 100-pu1
droplets of IVF medium covered with mineral oil for 6 h at 38.5°C
in 5% CO, and saturated humidity. Potassium simplex optimization
medium (KSOM) [19] with amino acids containing 5% NBCS and
10 ng/ml gentamicin sulfate was used as an in vitro culturing (IVC)
medium. After IVF, cumulus cells and spermatozoa were removed
from the surface of the zona pellucida by high-speed vortexing, and
the putative zygotes were washed three times with the [IVC medium.
Up to 50 zygotes were cultured in 4-well dishes in 500-pl droplets
of IVC medium covered with mineral oil for 7 days at 38.5°C in 5%
CO,, 5% O,, and 90% N, with saturated humidity.

Effects of carnosine supplementation in CPS

CPS supplemented with different concentrations (0, 5, and 50 pg/
ml for experiment 1, 0, and 50 pg/ml for experiment 2, 3, 4, 5, 6)
of carnosine was used for embryo cryopreservation. Each embryo
was transferred to wells of ultra-low attachment U-bottomed 96-well
plates (PrimeSurface; Sumitomo Bakelite, Tokyo, Japan) containing
100-pl blastocyst culture medium (KSOM with 10% NBCS and 10
ng/ml gentamicin sulfate) and cultured at 38.5°C in 5% CO, with
saturated humidity.

Freezing and thawing embryos

Blastocysts were randomly selected, cryopreserved, and thawed as
previously described [20]. Briefly, blastocysts obtained 7 days after
IVF were collected, and their quality was determined according to
the methods specified in the International Embryo Transfer Society
(IETS) manual [21]. The CPS comprised M 199 supplemented with
20% heat-inactivated NBCS (Thermo Fisher Scientific), 5% ethylene
glycol, 6% propylene glycol, 0.1 M sucrose, and 10 ng/ml gentamicin

sulfate. Blastocysts classified as code 1 or 2 were transferred to the
CPS and packed in 0.25 ml straws (IVM Technologies, L’ Aigle,
France) within 15 min. The straws were placed into an alcohol bath
of a programmable freezer (ET-1N; Fujihira Industry, Tokyo, Japan)
and precooled to —7°C. After 2 min, the straws were seeded with
ice using forceps (precooled in liquid nitrogen), incubated at —7°C
for 10 min, cooled to —30°C at a rate of —0.3°C/min, and immersed
into liquid nitrogen. The straws were stored in liquid nitrogen for
at least one week. The straws were removed from liquid nitrogen
and thawed at room temperature for 10 sec. Post which, they were
placed in water maintained at 30°C for 20 sec, after which they were
completely thawed. In experiment 1, the survival rates of embryos were
determined by observing the cumulative number of re-expanded and
hatched blastocysts at 4, 24, and 48 h after thawing. In experiments
2,3,4,5, and 6, the expanded blastocysts were collected 4 h after
thawing. ROS generation in frozen-thawed blastocysts was quantified
using CM-H2DCFDA (Experiment 2). The expression of the apoptotic
genes BCL2 and BAX in frozen-thawed blastocysts was quantified
by qRT-PCR (Experiment 3). The proportion of apoptotic DNA
fragmentation in frozen-thawed blastocysts was measured using the
TUNEL assay (Experiment 4). Expanded frozen—thawed blastocysts
were subjected to immunostaining for TOMM20 (Experiment 5).
ATP production in frozen-thawed blastocysts was quantified using
the luciferin-luciferase assay (Experiment 6).

Measurement of ROS levels

Blastocysts classified as codes 1 or 2 were cryopreserved. Four
hours after thawing, the expanded blastocysts were incubated in KSOM
with amino acids containing 10 uM 2',7'-dichlorodihydrofluorescein
diacetate (DCHFDA; CM-H2DCFDA, Thermo Fisher Scientific) for
20 min at 38.5°C, 5% CO,, and saturated humidity. After incubation,
the embryos were washed twice with phosphate-buffered saline (PBS),
and their intracellular ROS levels were examined by fluorescence
microscopy (IX71; Olympus, Tokyo, Japan) using a U-MWIB3
fluorescent filter unit (excitation range 460—495 nm; emission at
510 nm). Fluorescence images were acquired using a digital camera
(AdvanCam-E3R; Advan-Vision Co., Ltd., Tokyo, Japan) in a darkened
room. Fluorescence images were captured at the same exposure
times (302.8 msec). The fluorescence intensity of whole embryos
was measured using ImageJ v. 1.53 (National Institutes of Health,
Bethesda, MD, USA).

RNA extraction and quantitative real-time reverse
transcription polymerase chain reaction

Blastocysts classified as codes 1 or 2 were cryopreserved. Four
hours after thawing, expanded blastocysts were pooled and im-
mediately immersed in liquid nitrogen. RNA was extracted from
the pooled blastocysts (each pool comprised 10 blastocysts) using
a Nucleospin RNA XS Kit (Macherey-Nagel, Diiren, Germany),
following the manufacturer’s instructions. Isolated RNA was reverse-
transcribed into cDNA using ReverTra Ace qPCR RT Master Mix with
Genomic DNA Remover (TOYOBO, Osaka, Japan), following the
manufacturer’s instructions. The cDNA samples were stored at —20°C
until further use. Real-time PCR was performed using an Applied
Biosystems QuantStudio 5 Real-Time PCR System (Thermo Fisher
Scientific) in a 20 pl reaction mixture containing 10 pmol of each
primer, diluted cDNA as a template, and THUNDERBIRD SYBR
qPCR Mix (TOYOBO). The primer pair was designed based on a
similarity-based search using BLAST, and the sequences for each gene
are as follows: BCL2 forward, 5'-GATGACCGAGTACCTGAACC-3;
BCL2 reverse, 5'-AGGAGAAATCAAACAGGGGC-3;
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BAX forward, 5'-CGCCCTTTTCTACTTTGCCAG-3'; BAX
reverse, 5'-GGCCGTCCCAACCACC-3"; ACTB forward,
5'-ACCTAACTTGCGCAGAAAACG-3'; and ACTB reverse, 5'-
TGTCACCTTCACCGTTCCAG-3'. The cDNA sequences were
amplified using a 40-cycle reaction of denaturation (15 sec, 95°C)
and annealing/extension (60 sec, 58°C). The formation of a single
product was determined by melting curve analysis. The mRNA
quantification was performed using the comparative Ct method and
B-actin mRNA was used as an endogenous reference. Fold increase
above control levels was determined through the 222t method, where
AACt = ACt treatment — ACt control.

Detection of apoptosis by the TUNEL assay

The mitochondrial membrane potential of the blastocysts was
measured using an In Situ Apoptosis Detection Kit (Takara Bio Inc.,
Shiga, Japan) following the manufacturer’s instructions. Blastocysts
classified as codes 1 or 2 were cryopreserved. Four hours after
thawing, the expanded blastocysts were fixed in 4% paraformaldehyde
in PBS at 25°C for 20 min. After washing three times with PBS
containing 0.3% polyvinylpyrrolidone, the fixed embryos were
treated with permeabilization buffer (Takara Bio Inc.) at 0°C for 5
min. After incubation, the embryos were washed twice with PBS
containing 0.3% polyvinylpyrrolidone and TUNEL-positive nuclei
were examined by fluorescence microscopy (IX71; Olympus) using a
U-MWIB3 fluorescent filter unit. Fluorescent images were acquired
using a digital camera (Advan Vision Co.). After staining with
Hoechst 33345 (Thermo Fisher Scientific), the embryos were mounted
on slides using an antifade reagent (VECTASHIELD Mounting
Medium; Vector Laboratories, Newark, CA, USA) and the signals
were recorded using a fluorescence microscope (IX71; Olympus). The
proportion of apoptotic cells was calculated as the ratio of terminal
deoxynucleotidyl transferase dUTP nick end labeling-positive nuclei
to the total number of nuclei.

Immunostaining and total cell count

Blastocysts classified as codes 1 or 2 were cryopreserved. Four
hours after thawing, the expanded blastocysts were fixed in 4%
paraformaldehyde in PBS at 25°C for 20 min. After washing three
times with PBS containing 0.3% polyvinylpyrrolidone, fixed embryos
were treated with 0.5% Triton X-100 in PBS at 25°C for 60 min
and blocked in PBS containing 5 mg/ml bovine serum albumin and
0.02% Tween-20 (PBST) at 4°C overnight, followed by staining
with a mouse anti-translocase of outer mitochondrial membrane 20
(TOMM20) antibody (Anti TOM20, #sc-17764, 1:200; Santa Cruz
Biotechnology Inc., Dallas, TX, USA). Embryos were washed thrice
in PBST before incubation with the secondary antibody (Alexa
Fluor 488-conjugated goat anti-mouse IgG, 1:1,000; Thermo Fisher
Scientific) in PBST at 25°C for 1 h. After staining with Hoechst
33345 (Thermo Fisher Scientific), the embryos were mounted on
slides in an antifade reagent (Vector Laboratories, Burlingame,

CA, USA) and staining signals were recorded using a fluorescence
microscope (IX71; Olympus). The fluorescence intensity of whole
embryos was measured using the ImageJ v. 1.53 software (National
Institutes of Health).

ATP assay

Mitochondrial ATP production in frozen-thawed blastocysts was
measured using an ATP assay kit (Dojindo Laboratories, Kumamoto,
Japan) according to the manufacturer’s instructions. Blastocysts
classified as codes 1 or 2 were cryopreserved. After thawing, the
blastocysts were incubated in KSOM supplemented with 10% FCS
for 4 h. Expanded blastocysts were collected and washed three times
with PBS before incubation. The embryos were incubated with 100
ul working solution on a microplate mixer and incubated in dark
conditions for 10 min at 25°C. The luminescent signal was detected
using a luminometer (Infinite 200 PRO microplate plate reader;
Tecan Group Ltd., Zurich, Switzerland) and it was calculated using
a calibration curve generated by the serial dilution of ATP standard
solutions with PBS.

Statistical analysis

Statistical differences (P < 0.05) in the rates of blastocyst re-
expansion and hatched among the different carnosine-supplemented
groups (0, 5, and 50 pg/ml) were analyzed via chi-squared testing
with Bonferroni correction. Other results are expressed as mean +
SEM. For the frozen-thawed blastocysts, Student’s #-tests were used
to determine the statistical differences (P < 0.05) in the fluorescence
intensity of 2',7'-dichlorofluoroscein (DCF), the proportion of TUNEL-
positive nuclei, BCL2 and BAX mRNA expression, the fluorescence
intensity of TOMM?20, and the ATP concentrations by comparing the
carnosine-supplemented (50 pg/ml) and control groups.

Results

Experiment 1

The rates of blastocyst re-expansion in the 50 pg/ml carnosine-
supplemented group at 4, 24, and 48 h after thawing were higher
than those in the control and 5 pg/ml carnosine-supplemented groups
(P <0.05, Table 1). The rates of hatched blastocyst in the 50 pg/ml
carnosine-supplemented group at 4, 24, and 48 h after thawing were
higher than those in the control.

Experiment 2

The blastocysts stained with DCF exhibited green fluorescence (Fig.
1A), indicating the presence of intracellular ROS. The intensity of the
green fluorescence signal in the 50 pg/ml carnosine-supplemented
group was lower than that in the control (P < 0.05, Fig. 1B).

Experiment 3
The expression of BCL2 mRNA in the 50 pg/ml carnosine-

Table 1. Effects of different concentrations of carnosine on the number of re-expanded and hatched blastocysts

Number of Number of blastocysts re-expanded (%) Number of hatched blastocysts (%)
Treatment groups
blastocysts cultured 4h 24 h 48 h 4h 24 h 48 h
Control 67 31(46.3)*  40(59.7)* 40 (59.7) 2 2.0 7(10.4)2 9(13.4)2
Carnosine, 5 pg/ml 54 23 (42.6)*  29(53.7)* 29(53.7)2 4(7.4) 6(11.1) 6(11.1)*
Carnosine, 50 pg/ml 54 39(72.2)®  45(833)®  45(83.3)° 14(259)® 15(27.8)® 18(33.3)°

3,b P < (.05, based on five independent experiments. Different lowercase letters indicate significant differences between the treatment groups.
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Fig. 1. Effects of CPS supplemented with carnosine on intracellular ROS
levels determined by DCF staining. (A) Representative images of
bovine blastocysts in the control (left) and carnosine-supplemented
(right) groups after DCF staining. (B) DCF fluorescence intensity
of the control and carnosine-supplemented group. Data are
presented as the mean £ SEM. * P < 0.05.

supplemented group was higher than that in the control group (P <
0.05, Fig. 2A). No significant difference was observed in the expression
of BAX mRNA between the groups (Fig. 2B).

Experiment 4

Blastocysts stained with TUNEL reagent and Hoechst stain
exhibited green and blue fluorescence signals, respectively. The ratio
of TUNEL-positive cells in the 50 pg/ml carnosine-supplemented
group was lower than that in the control (P < 0.05, Fig. 3).

Experiment 5

Blastocysts stained with TOMM20 and Hoechst stain exhibited
green and blue fluorescence, respectively. The intensity of green
fluorescence, indicating the mitochondrial activity, was found to be
higher in the 50 pg/ml carnosine-supplemented group compared to
that in the control (P < 0.05, Fig. 4A). The numbers of cells exhibiting
blue fluorescence, indicating the number of cells, were similar in the
50 pg/ml carnosine-supplemented and control groups (Fig. 4B).

Experiment 6

The ATP concentration per embryo in the 50 pg/ml carnosine-
supplemented group was significantly higher than that in the control
group (P <0.05, Fig. 5).

Discussion

Bovine blastocysts frozen and thawed in CPS supplemented with
carnosine exhibited greater competence for re-expansion and hatched
after thawing than those without carnosine supplementation. Carnosine
supplementation reduced intracellular ROS levels and increased
BCL2 mRNA expression in frozen-thawed embryos. In addition,
the intensity of TOMM20 and ATP levels were higher in embryos
frozen-thawed using CPS with carnosine. These results suggest that
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Fig. 2. Quantitative real-time PCR analysis of mRNA levels of BCL2 (A)
and BAX (B), normalized to ACTB levels, in bovine blastocysts
frozen and thawed. Data are presented as mean + SEM. * P < 0.05.
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Fig. 3. Effects of CPS supplemented with carnosine on apoptosis in bovine
blastocysts frozen and thawed. Percentage of TUNEL-positive
cells per embryo in the control and carnosine-supplemented
groups. TUNEL is a marker of the fragmented DNA in apoptotic
cells. Data are presented as mean + SEM. * P < 0.05.

carnosine improves cell viability by reducing oxidative damage. This
is the first study to demonstrate that carnosine supplementation with
CPS promotes the recovery and maintenance of embryo viability
after cryopreservation of bovine embryos.

We showed that bovine blastocysts cryopreserved with carnosine-
supplemented CPS had higher re-expansion and hatching rates than
those cryopreserved with control CPS. The process of freezing and
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Fig. 4. Effects of CPS supplemented with carnosine on translocase of outer membrane 20 (TOMM20) expression. (A) TOMM20 fluorescence intensity
of the control and carnosine-supplemented groups. Data are presented as mean + SEM. * P <0.05. (B) Total number of cells per bovine embryo.
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Fig. 5. Effects of CPS supplemented with carnosine on the ATP production
in embryo. The ATP level per embryo in the control and carnosine-
supplemented groups. Data are presented as mean + SEM.
*P<0.05.

thawing has deleterious effects on mammalian embryos, causing
acute shrinkage and trophectoderm damage [22, 23]. Failure of
blastocyst re-expansion and cavity collapse are the most common
adverse effects of freeze-thaw [24]. Sefid et al. [25] demonstrated
that the addition of VK2, an antioxidant, to the culture medium
before and after vitrification significantly reduced ROS produc-
tion and improved the rates of embryo survival, re-expansion, and
hatching post-vitrification. In mammalian embryos, ATP production
significantly increases during the blastocyst stage [26, 27]. During
the blastocyst stage, ATP production by mitochondrial oxidative
phosphorylation is activated [28], and this oxidative phosphorylation
enhances ROS production. Oxidative stress is caused due to an
imbalance between ROS and antioxidants [29, 30] and can lead to
cell injury or even cell death [31, 32]. In embryos, high intracellular
ROS levels cause various types of cellular damage, including DNA
fragmentation and apoptosis, resulting in developmental retardation
and embryo fragmentation [33, 34]. In the present study, the green
fluorescence signal of DCF in carnosine-supplemented embryos
was significantly lower than that in the control group, indicating
that carnosine reduced ROS production in frozen-thawed embryos.
Therefore, in this study, carnosine-induced ROS reduction may have
resulted in higher re-expansion and hatching rates of frozen-thawed
embryos.

The ratio of TUNEL-positive cells per embryo in the 50 pg/ml
carnosine-supplemented group was significantly lower than that in
the control. BCL2 mRNA in the carnosine-supplemented group was

significantly higher than in the control group. BCL2 is involved
in apoptosis [35]. These findings suggest that carnosine inhibits
apoptosis. The fluorescent signals of TOMM?20 in the carnosine-
supplemented blastocysts were stronger than those in the control
group. TOMM20 regulates the BCL2—mitochondria interaction
[36]. TOMM20 overexpression in cells leads to upregulation of the
anti-apoptotic protein BCL2, thereby promoting growth in vivo and
in vitro [37]. Park et al. [38] demonstrated that siTOMM?20-treated
cells stalled in the S phase owing to a delay in DNA synthesis caused
by reduced ATP synthesis. In addition to cell cycle dysregulation,
TOMM20 downregulation induces apoptosis, resulting in reduced cell
proliferation [38]. Accordingly, reducing ROS levels in frozen-thawed
bovine blastocysts through carnosine supplementation could inhibit
apoptosis caused by cryodamage in embryos.

TOMM20, located on the mitochondrial outer membrane, has
been used as a marker of mitochondrial mass, metabolic activ-
ity, and oxidative phosphorylation [39, 40]. Cryopreservation can
cause extensive damage to membranes by reducing cell metabolism
and disrupting cell bioenergetics by damaging the mitochondria.
Cryopreservation of porcine and murine germinal vesicle oocytes
reduces their TOMM20 expression, inhibiting cell development [41,
42]. Sustained mitochondrial damage disrupts energy metabolism,
thereby reducing ATP production [43]. In the present study, the
TOMM20 fluorescent signal in carnosine-treated blastocysts was not
only stronger but also had higher ATP levels, suggesting enhanced
intracellular mitochondrial function. Considering that the amount
of ATP affects oocyte and embryo quality and viability [44], the
carnosine-induced increase in mitochondrial activity in CPS may
improve frozen-thawed bovine blastocyst viability, thereby increasing
re-expansion and hatching rates. Spontaneously hatched blastocysts
have greater potential for implantation and development into a positive
pregnancy [45]. The hatching rate of the cryopreserved embryos is
a reliable indicator of embryonic development.

As shown in this experiment, addition of carnosine to CPS in-
creased the re-expansion and hatching rates of frozen-thawed bovine
blastocysts, whereas carnosine supplementation alone in [VM medium
has been reported to have no effect on the developmental kinetics
of frozen-thawed bovine blastocysts [46]. This discrepancy may be
due to the presence of serum in the medium [46], as an antioxidant
is generally added to culture media to counter the oxidative effects
of long-chain fatty acids in serum [47]. Moreover, carnosine is more
effective at inhibiting lipid peroxidation than other antioxidants such
as ascorbic acid [48]. Lipid peroxidation mediates ROS production
in phospholipid bilayers and promotes mitochondrial apoptosis [49].
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Therefore, carnosine might be a useful antioxidant that can be added
to serum-containing culture media.

Thus, carnosine supplementation with CPS can protect the

mitochondrial membrane from oxidative damage by reducing ROS
levels, thereby improving the viability of frozen-thawed blastocysts.
Our study provides a novel approach to improve the viability of
slow-frozen cryopreserved bovine embryos.
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