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Simple Summary: Glycerol, a common permeating cryoprotectant, is toxic to dog spermatozoa.
Carboxymethyl cellulose (CMC), a cellulose derivative, can be used as a nonpermeating cryoprotectant to
reduce the toxicity of glycerol. Therefore, different concentrations 0 (control), 0.1, 0.25, 0.5, and 0.75 % (w/v)
CMC were added to the freezing extender. After freezing and thawing, the sperm kinematics (CASA), viability
(SYBR-14/PI), and acrosome integrity (FITC-PSA) were assessed. Additionally, the expression of genes related
to apoptosis (BCL2, BAX, and ANAXA), motility (BACTIN), cold shock protein (YBX3), and ROS (CAT,
ROMOY1, and SMOX) was evaluated using qPCR. As a result, the addition of CMC to the sperm freezing
extender significantly increased sperm motility (0.1 % CMC), upregulated the gene expression of BCL2 (0.1 %
CMC), and downregulated BAX (0.1 and 0.25 % CMC), SMOX (0.1 and 0.25 % CMC), and YBX3 (0.25 % CMC).

Abstract: Carboxymethyl cellulose (CMC) can act as a nonpermeating cryoprotectant, reducing the toxicity of
glycerol. The dog spermatozoa were diluted and frozen in freezing extender supplemented with 0 (control),
0.1, 0.25, 0.5, or 0.75 % (w/v) CMC. Post-thaw, the sperm kinematic parameters (CASA), viability (SYBR-14/PI),
and acrosome integrity (FITC-PSA) were evaluated. The expression of genes related to apoptosis (BCL2, BAX,
and ANAXA), motility (BACTIN), cold shock proteins (YBX3), and ROS (CAT, ROMO1, and SMOX) was
evaluated using qPCR. The total motility was higher in the 0.1 % CMC group compared to the other groups
(p<0.05). In addition, the expression of the antiapoptotic gene BCL2 was upregulated in 0.1 % CMC group
compared to the control, whereas the gene expression of BAX and SMOX exhibited lower levels in 0.1 and 0.25
% CMC groups than the control group (p<0.05). The expression of YBX3 genes was significantly decreased with
0.25 % CMC supplementation. No significant differences were found in viability, acrosome integrity, or the
relative expression of ANAXA, BACTIN, CAT, and ROMOI1 genes between the groups. In conclusion, the
addition of CMC to a freezing extender improved sperm motility and alleviated cryostress by regulating the
gene expression of BCL2, BAX, SMOX, and YBX3.

Keywords: Carboxymethyl cellulose; dog sperm; cryopreservation; gene expression

1. Introduction

The preservation of genetic material through sperm cryopreservation will be very useful in
future breeding programs in dogs to preserve the fertility of superior males and reduce the transport
costs of live dogs [1-3]. Freezing extenders are abasic and vital factor in improving sperm
cryopreservation efficiency. Freezing extenders are used to improve the freezing ability and post-
thaw characteristics of spermatozoa by protecting the sperm from unfavorable conditions during
freezing [4]. Certain components of the freezing extender, including nutrients, buffers, antibiotics,
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and cryoprotectants, are required for sperm cryopreservation [5]. The most important element in the
extender is the cryoprotectant, and glycerol is the most commonly used cryoprotectant. However, it
is permeable and toxic to sperm during freezing [6]. Therefore, a combination of non-permeable
cryoprotectants, such as polysaccharides, poly-L-lysine, and hydroxyl ethylene starch, has been
shown to improve post-thaw sperm recovery compared with glycerol alone [5,7,8].

Carboxymethyl cellulose (CMC) is a cellulose derivative with a carboxymethyl group that
contributes to its water solubility. CMC also has other characteristics such as being impermeable,
osmotically inert, having low viscosity, and having no toxic effects [6]. Recently, supplementation
with CMC as a freezing extender for ram semen was found to reduce sperm membrane damage,
including membrane integrity and mitochondrial membrane potential [6]. Therefore, CMC may be
helpful in reducing damage to dog sperm during freezing using a glycerol-supplemented extender.
To the best of our knowledge, this is the first time that CMC has been used for dog sperm
cryopreservation.

Gene and protein expression, mRNA stability, and epigenetic content of spermatozoa are
modified throughout the freeze-thaw process [4]. Hence, to have access to a safe approach for
freezing, it may be essential to promote cryopreservation by studying a wide variety of semen quality
biomarkers, including gene and protein expression [9,10]. Quantitative PCR-based quantification is
an important technique for determining alterations in gene expression in sperm resulting from
cryopreservation [11-13].

Therefore, the purpose of this study was to investigate the effect of CMC supplementation in
freezing extenders on dog sperm cryopreservation. We evaluated post-thaw sperm motility, viability,
and acrosomal integrity. In addition, the cryoprotective effect of CMC was focused on evaluating
gene expression levels as a marker of cryodamage occurring during freezing of dog spermatozoa.
Therefore, we determined gene expression levels related to: apoptosis (B-cell lymphoma, BCL2; BCI2-
associated X protein, BAX; Annexin2, ANAXA2); cold shock (Y-Box Binding Protein 3, YBX3);
motility (B-actin, BACTIN); ROS (catalase, CAT; reactive oxygen species modulator 1, ROMO1;
spermine oxidase, SMOX).

2. Materials and Methods

2.1. Chemicals

All reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated.

2.2. Animals

Four healthy male dogs aged 3-5 years (two beagles and two Pomeranians) were used in this
study. The dogs had palpable normal genitalia and normal libido, and were housed in separate cages
at the College of Veterinary Medicine, Jeonbuk National University. The dogs were fed commercial
dog food (BioMill®, Jindo, South Korea) daily and given fresh drinking water ad libitum. All the dogs
were trained for routine semen collection. The dogs used in this study were treated and received care
under the Guiding Principles for the Care and Use of Research Animals established by Jeonbuk
National University.

2.3. Preparation of Semen Extender

Semen extender was prepared using the method described by Linde-Forsberg [14]. The
composition of extender 1 was: 3.025 g Tris, 1.7 g citric acid, 1.25 g fructose, 0.06 g Na benzylpenicillin,
0.1 g streptomycin sulphate and 20 mL egg yolk per 100 mL ultra-pure water (ProGen life sciences,
NY, United States). Extender 2 was composed of extender 1 and 8 % glycerol (final concentration of
4 %). Both extenders were supplemented with 0, 0.1, 0.25, 0.5 and 0.75 % (w/v) CMC as a final
concentration.

2.4. Semen Collection
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Semen from each of the four dogs was obtained by digital manipulation, and the second fraction
was collected using a glass funnel and a 15-ml sterilized, previously warmed (at 37 °C) conical tube
(SPL Life Sciences Co., Gyeonggi, Korea). Normal ejaculates with sperm concentrations > 200 x 106
sperm/mL, motility > 70 % and normal morphology > 80 % were included in this study. For each
replicate, ejaculates from the four dogs were centrifuged at 300 x g for 12 min and the supernatant
was removed. The pellets were then pooled into a single final sample.

2.5. Sperm Freezing Process and Post-Thaw Sperm Evaluation

Semen freezing was performed with some modifications, as previously described by Rahman et
al. [15]. The sperm pellets were resuspended in two steps. In the first step, the sperm pellet was
diluted in extender 1 at 32 °C (digital dry bath incubator; Fisher Scientific, Iowa, USA) to a
concentration of 200 x 106 sperm/mL and allowed to equilibrate for 1 h at 4 °C. The next step, after
the equilibration period, was to add an equal volume of extender 2 that had been cooled to 4 °C to
the sperm suspension (100 x 10° sperm/mL). After an additional equilibration period of 30 min at 4
°C, the samples were loaded into 0.5 mL French straws (IMV Technologies, Saint Quen-Surlton,
France) and sealed. Straws were then horizontally frozen in liquid nitrogen vapor (7 cm above liquid
nitrogen) for 20 min and stored in liquid nitrogen at -196 °C until evaluation [15].

For sperm evaluation, frozen straws were thawed by placing them in 37 °C water for 25 s.
Subsequently, thawed samples were transferred to a 1.5 mL Eppendorf tube and maintained at 37 °C
for 5 min. Sperm quality (motility, viability, and acrosomal integrity) and gene expression levels were
analyzed as described below.

2.6. Motility Assessment

Motility was measured by a computer-assisted sperm analysis system (CASA), using Sperm
Class Analyzer (SCA®) version 6.3.0.32 software. Microptic S.L., Barcelona, Spain). A phase-contrast
microscope (Nikon Eclipse E-200; Nikon Corporation, Kanagawa, Japan) was used. The microscope
was equipped with a Basler camera (acA1300-200uc, Ahrensburg, Germany) and an attached heating
stage set at 37 °C (Tokai Hit Co., Ltd., Shizuoka-ken, Japan). A 2 uL of thawed spermatozoa was
placed into a preheated (37 °C) Leja standard-count 8 chambered slide with a 20 um (Leja Products
B.V., NieuwVennep, The Netherlands). For each sperm sample, five videos lasting three seconds each
were recorded in different fields. Sperm motility parameters were analyzed, including total motility
(MOT, %), progressive motility (PMOT, %), average path velocity (VAP, um/sec), curvilinear velocity
(VCL, pm/s), straight line velocity (VSL, um/s), linearity (LIN, %), straightness (STR, %), wobble
(WOB, %), amplitude of the lateral head displacement (ALH, pm), and beat cross frequency (BCF,
Hz). As described by Dorado et al.[16], with minor modifications, the manufacturer's recommended
software settings were adjusted to obtain a clear identification of the individual spermatozoa as
follows: grid distance: 100 pm, frame rates: 25 frames/sec, number of images: 25, depth of sample
chamber: 20 um, volume per chamber: 3 pl, temperature of analysis: 38 °C, area (min): 10 um?, area
(max): 80 pum?, static: 10 um/s, slow-medium: 25 pm/s, rapid: > 45 um/s, progressive: STR > 45 %,
connectivity: 14 pixels, VAP points: 5 pixels, sperm to analyze: 500, fields to analyze: 5 fields.

2.7. Assessment of Sperm Viability

Viability based on sperm plasma membrane integrity was assessed using propidium iodide (PI)
and SYBR-14 kit (LIVE/DEAD™ Sperm Viability Kit, Thermo Fisher Scientific, Oregon, USA) using
the procedure described by Yu [17]. Briefly, SYBR-14 (5 pl, 100 nM) was added to 50 pl of frozen-
thawed spermatozoa, and the mixture was incubated for 5 min at room temperature in the dark; 5 pl
of PI (12 uM) was then added, and the mixture was incubated for an additional 5 min. For each
sample, at least 500 spermatozoa were examined under a fluorescence microscope (Axio, Carl Zeiss,
Gottingen, Germany). Sperm cells labeled green were considered live cells with an intact membrane,
whereas those labeled red were considered dead cells with damaged membranes.

2.8. Assessment of Acrosome Integrity
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Sperm acrosome integrity was evaluated using fluorescein isothiocyanate —Pisum sativum
agglutinin (FITC-PSA), as previously reported by Yu [17]. Briefly, frozen-thawed spermatozoa were
stained with 30 pl FITC-PSA (100 mg/mL); the smear was covered with parafilm for 20 min, placed
in a distilled water container for 15 min, and then dried. After staining, at least 200 spermatozoa were
assessed under the above-mentioned microscope. Spermatozoa with intact acrosomal membranes
(stained intense green fluorescence in the anterior acrosomal region of the spermatozoa), whereas
spermatozoa with defective or damaged acrosomes stained pale green.

2.9. Gene Expression Level

2.9.1. RNA Extraction

RNA was extracted from the spermatozoa using RiboEx (GeneAll Biotechnology Co., Ltd., Seoul,
Korea) according to the manufacturer’s instructions. RNA samples were quantified and assessed for
quality using an Epoch Microplate Spectrophotometer (BioTec Instruments Inc., Winooski, USA).
Quantitative real-time PCR (qPCR) was conducted to assess the transcript abundance using
oligonucleotide primer sequences (Table 1).

Table 1. Overview of primer sequences used to characterize gene expression in dog spermatozoa.

Fragment length Annealing temperature

(bp) (W(®)
F: GGAGAAAGCTGCCAAATATG
GAPDH R: ACCAGCAAATGAGCTIGACA 152 53.4 NM_001003142.2

F: CTCCTGGCTGTCTCTGAAGG
BCL2 R: GTGGCAGGCCTACTGACTTC 172 59.5 NM_001002949.1

F: GACGGCCTCTCTCCTACTT
BAX R: GGTGAGTGACGCAGTAAGCA 120 57.4 NM_001003011.1

F: CTGGGGACTGATGAGGACTC
ANAXA2 R: CGGGCATCTTGGTCAATCAG 227 57.4 NM_001002961.1

F: ACTGGGACGACATGGAGAAG
BACTIN R: CATGGTTGGGGTGTTGAAGG 164 >74 2700441

F: TGAAGGAGAGAAGGGTGCAG
YBX3 R: CCAATCTCACCGGCATTACG 150 57.4 NM_001003127.1

F: CCAGCCCTGACAAAATGCTT
CAT R: CACCCTGATTGTCGAGCATG 165 57.4 NM_001002984.1

Gene Primer sequence Accession number.

F: TGTCTCAGGATGGGAATGCG
ROMO1 R: TCCCGATGGCCATGAATGTG 219 57.4 XM_038433666.1
F: AGAAGTGTGATGACGAGGCG

SMOX R: TCGGAAGTATGGGTTGCTGC 128 574 XM_855324.3

Note: F, forward; R, reverse; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; Bcl-2, B-cell lymphoma 2;
BAX, Bcl-2-associated X protein; ANAXA2, Annexin2; Bactin, $-actin; YBX3, Y-Box Binding Protein 3; CAT,
catalase; ROMOY, reactive oxygen species modulator 1; SMOX, spermine oxidase.

Primers were designed and tested for specificity using the Primer Designing Tool
(http://www .ncbi.nlm.nih.gov/tools/primerblast/primertool.cgi). The mRNA expression levels of
apoptotic genes (BCL2, BAX, and ANAXAZ2), cold shock protein gene (YBX3), motility (BACTIN),
and ROS-related genes (ROMO1, SMOX, and CAT) were analyzed using qPCR.

2.9.2. Quantitative RT-PCR

Relative quantification was performed using the One Step TB Green® PrimeScriptTM RT-PCR
kit IT (Takara Bio Inc., Shiga, Japan). A One-Step TB PrimeScript RT-PCR Kit II (Perfect Real Time)
was used to synthesize cDNA from RNA using PrimeScript Reverse Transcriptase, followed by PCR
with Takara Ex Taq HS DNA Polymerase in one tube. The PCR amplification products were
monitored in real time using TB Green as an intercalator. The reactions were conducted using a
QuantStudioTM Real-Time PCR instrument (Applied Biosystems, Life Technologies Holdings Pte
Ltd., Marsiling, Singapore) according to the manufacturer's instructions. The expression of each
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target gene was quantified relative to that of the housekeeping gene GAPDH as an internal control.
The RT-PCR was performed in 20 ul of solution containing 10 pl of 2X One Step TB Green RT-PCR
Buffer, 0.8 pl of PrimeScript 1 Step Enzyme Mix, 0.8 pl of PCR Forward Primer (10 uM), 0.8 pl of PCR
Reverse Primer (10 uM), 0.4 ul of ROX Reference Dye II (50X), 2 pl of total RNA and 5.2 pl of RNase
Free dH20. The PCR experiments were performed using the following run method setup: stage 1 and
2 reverse transcription: 5 min at 42 °C and then 10 s at 95 °C; stage 3, PCR reaction: 40 cycles of 5 s at
95 °C and 34 s at 60 °C; stage 4, dissociation stage: 15 s at 95 °C, 1 min at 60 °C and 15 s at 95 °C. The
formation of single products in the TB Green assay was confirmed by analyzing the melting curves
of the amplicons. The data were analyzed using the Livak and Schmittgen equation, where fold
change = 2-24¢t [18].

2.10. Experimental Design

The present study was conducted to evaluate the effect of CMC supplementation in a sperm-
freezing extender on the cryopreservation of dog sperm.

First, we determined the optimal concentration of CMC in the sperm-freezing extender by
assessing general sperm parameters. CMC was added to the dog sperm freezing extenders at final
concentrations of 0 (control), 0.1, 0.25, 0.5 or 0.75 % (w/v). Sperms were treated as described above.
After freeze-thawing, the total motility, progressive motility, and kinematic parameters of motility
were measured using the CASA system. In addition, viability and acrosome integrity were evaluated
after freeze-thaw cycles.

After determining the optimal concentrations, spermatozoa were frozen in extender containing
0 (control), 0.1, or 0.25 % CMC, as described above. The expression of apoptosis-related genes (BCL2,
BAX, and ANAXA), cold shock protein (YBX3), motility (BACTIN), and ROS-related genes (CAT,
ROMOY1, and SMOX) were evaluated after freeze-thawing.

2.11. Statistical Analyses

Five replicates were performed for each experiment. All data are presented as mean + SE. Data
were analyzed using one-way ANOVA followed by Duncan's multiple range test, and all calculations
were performed using Statistical Analysis System ver. 8x (SAS, Cary, NC, USA). Statistical
significance was set at p<0.05. differences.

3. Results

3.1. Effect of CMC on Sperm Motility, Viability and Acrosome Integrity

As shown in Figure 1, the CASA results of cryopreserved sperm motion characteristics indicated
that the extender supplemented with CMC concentration (0.1 %) significantly increased total motility
compared to the control group and other groups.

70 1 m Total motility
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30
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Figure 1. The effect of carboxymethyl cellulose supplementation on dog sperm motility after freezing-
thawing. Values are expressed as mean + SE. # B € and & < d different letters indicate differences
between groups (p<0.05).

CMC supplementation of 0.1 % and 0.25 % in the extender had no significant effect on
progressive motility rates. On the contrary, there was a negative significant effect at a concentrations
of 0. 5% and 0.75 % CMC when compared to control and 0.1 %. The data for the kinematic parameters
(VCL, VAP, VSL, STR, LIN, WOB, ALH, and BCF) are listed in Table 2.

Table 2. Effect of carboxymethyl cellulose on kinematic parameters of motility of dog spermatozoa
following freezing-thawing.

CMC VCL VAP VSL STR LIN WOB ALH BCF
(%, w/v) (um/s)  (um/s) (um/s) (%) (%) (%) (um/s) (Hz)
0 43.1+28 29.8+3.323.5+£3.2 59.0+1.239.6 +2.461.4+2.81.7+0.1 5.7+0.3
01 409+3.0 304+3.1243+28 61.8+0.545.0+1.266.8+1.11.4+£0.0 6.0+0.1
025 354+33 26.0+4.2204+4.5 60.6+2.643.9+4.266.2+3.41.3+0.05.5+0.4
0.5 321+2.6 225+2.7169+3.0 58.7+£1.340.9 +2.063.5+1.31.3+£0.0 5.0+ 0.3

075 26.7+1.8 17.9+1.612.2+1.7 56.8 +0.339.1 + 0.863.5+0.81.3+0.0 4.1+0.4

Note: CMC, carboxymethyl cellulose; VCL, curvilinear velocity; VAP, Average path velocity; VSL, straight-line
velocity; STR, straightness; LIN, linearity; WOB, wobble; ALH, amplitude of the lateral head displacement; BCF,
beat cross frequency. Values are expressed as mean + SE.

No differences were detected in kinematic parameters between the groups. Table 3 shows the
results for the viability and acrosome integrity of the cryopreserved sperm.

Table 3. The effect of carboxymethyl cellulose supplementation on dog sperm viability and acrosome
integrity after freezing-thawing.

CMC (%, w Iv) Viability Acrosome integrity
0 46.5 +1.0 48.2 +2.1
0.1 50.2 +0.9 50.6 +2.2
0.25 492 +1.4 40.6 +4.7
0.5 49.8 +1.6 46.3 £4.0
0.75 49.6 +1.0 49.0 +1.6

Note: Values are expressed as mean + SE.

No significant differences in viability or acrosomal integrity were observed between the CMC
and control groups. However, the cell viability in the CMC group was slightly higher than that in the
control.

3.2. Effect of CMC on Gene Expression

As shown in Figure 2A, the relative expression of the antiapoptotic gene (BCL2) was significantly
upregulated in the CMC group compared to that in the control group, whereas the expression of BAX
was significantly lower in the CMC group than in the control group.
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Figure 2. (A) Effects of carboxymethyl cellulose supplementation on different gene expression levels
in dog sperm after freezing-thawing. RQ, relative quantification (2-24<t); Bcl-2, B-cell lymphoma 2;
BAX, Bcl-2-associated X protein; ANAXA2, Annexin2. Values are expressed as mean + SE. A~ Bdifferent
letters indicate differences between groups (p<0.05). (B) Effects of carboxymethyl cellulose
supplementation on different gene expression levels in dog sperm after freezing-thawing. RQ, relative
quantification (2-2A¢t); ratio of BAX and BCL2. Values are expressed as mean + SE. 4 B different letters
indicate differences between groups (p <0.05).

No significant differences were observed in the relative expression of ANAXA2. In the present
study, the Bax/Bcl2 ratio was significantly lower in spermatozoa treated with 0.1 % and 0.25 % CMC
compared to the control (Figure 2B).

Figure 3A shows that the expression of YBX3 genes was significantly decreased with CMC
supplementation.

120 4 =0.00% CMC 2.00
B0.10% CMC
B0.25 % CMC

w0.00 % CMC
0.10 % CMC
20.25 % CMC

1.80
1.60
1.40
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0.80

B 0.60

0.40

0.20

§\ 0.00 X

BACTIN YBX3 CAT ROMO1 SMOX

(a) (b)

Figure 3. (A) Effects of carboxymethyl cellulose supplementation on different gene expression levels
in dog sperm after freezing-thawing. RQ, relative quantification (2-42¢t); BACTIN, B-actin; YBX3, Y-
Box Binding Protein 3. Values are expressed as mean + SE. # B different letters indicate differences
between groups (p<0.05). (B) Effects of carboxymethyl cellulose supplementation on ROS related gene
expression levels in dog sperm after freezing-thawing. RQ, relative quantification (2-44ct); CAT,
catalase; ROMOI, reactive oxygen species modulator 1, SMOX, spermine oxidase. Values are
expressed as mean + SE. A B different letters indicate differences between groups (p<0.05).

However, there was no significant difference in the BACTIN levels between the groups. SMOX
expression was significantly lower in the CMC-treated group than that in the untreated control group
(Figure 3B). However, there were no significant differences in the relative expression of CAT and
ROMOL1 between the groups.

4. Discussion
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Recently, CMC was used as a cryoprotectant to manufacture bio-safe hydrofilm [19].
Moreover, the synergistic effects of CMC and glycerol has been investigated in ram sperm freezing
[6]. However, CMC has not been used as a cryoprotectant for the cryopreservation of dog sperm, and
the molecular effects of CMC on frozen dog spermatozoa have not been determined.

Prior to assay of gene expression in dog frozen sperm, general assay was also evaluated in this
study. Supplementation with 0.1 % CMC led to a significant increase in the post-thawed dog sperm
total motility, compared to control and other higher CMC concentrations in this study. However,
viability and acrosome membranes were not significantly increased in the CMC-supplemented
groups. On the contrary, the CMC (0.5 %) significantly affected the membranes of plasma, acrosomes,
and mitochondrial potential in ram frozen sperm [6]. However, the sperm motility did not increase
with CMC supplementation. CMC has viscosity properties, and a slight increase in the viscosity of
the extender improves semen quality [6,20-22]. However, different results have been reported for
sperm motility between the present and previous studies [6]. In finding the possible reason, the one
obvious aspect might start from the composition of basic extender, TES-Tris-fructose extender with 5
or 6 % glycerol in previous study [6], and Tris-fructose extender with 4 % glycerol in this study were
used respectively. TES has a high molecular weight. Therefore, the basic extender used in sheep
sperm freezing is denser than the extender used in dog sperm freezing. Additionally,
supplementation with CMC intensified the viscosity of the extender and acted as a non-permeating
cryoprotectant. As a result, sperm viability increased, but sperm movement was slower because the
higher viscosity of CMC limited sperm mobility. In the present study, dog sperm motility increased
at lower concentration of CMC. However, higher than 0.1 % CMC showed significant reduction in
motility. However, the viability of dog sperm frozen with CMC supplementation was slightly higher
in the CMC groups than in the control group, without significance. We infer that dog spermatozoa
are still alive but do not move freely under conditions of higher viscosity. Therefore, we suggest that
supplementation of the freezing extender with CMC could protect dog sperm viability during
freezing. However, motility of dog sperm decreases as concentration of CMC increases higher than
0.25 %.

In addition, the other purpose of this research was to investigate the effect of CMC on gene
expression of dog frozen sperm. We measured the expression of genes related to apoptosis (BCL2,
BAX, and ANAXA), cold shock (YBX3), motility (BACTIN), and ROS-related genes (CAT, ROMOY1,
and SMOX). As a result, the relative expression level of the antiapoptotic gene (BCL2) was
significantly upregulated, whereas the expression of BAX was significantly lower levels in the CMC
groups (0.1 and 0.25 %) than those observed in the control group. BCL2 overexpression prevents
apoptosis and improves cryo-resistance [23]. As a second regulator of cellular response, the pro-
apoptotic protein BAX accelerates apoptosis in response to apoptotic stimuli [24]. By binding to their
BH3-domains, anti-apoptotic BCL2-family proteins inhibit the activation of pro-apoptotic BAX
proteins [25]. In the present study, the increased levels of the antiapoptotic gene BCL2 and reduced
levels of the proapoptotic gene BAX indicated that CMC reduced apoptosis during sperm freezing.
Moreover, the Bax/Bcl2 ratio was significantly lower in spermatozoa treated with 0.1% and 0.25 %
CMC compared to the control. The Bax/Bcl2 ratio exhibits an anti-apoptotic effect based on the
interactions between the proapoptotic protein Bax and the antiapoptotic protein Bcl-2. A decreased
Bax/Bcl-2 ratio increases the cellular resistance to apoptotic stimuli, resulting in decreased cell death
[26].

To the best of our knowledge, this is the first study to measure YBX3 expression in freeze-thawed
canine spermatozoa. YBX3 is a Y-box gene expressed in response to environmental stress such as cold
stress [27]. In addition, YBX3, like other members of the YBX family, is involved in a variety of
biological processes, including embryonic development and spermatogenesis [28]. In this study, the
expression of YBX3 was significantly lower in the CMC-treated group than in the untreated control
group. Downregulation of the YBX3 gene in the CMC groups led to CMC reducing the damage
caused by cold shock during cryopreservation of dog sperm.

We found that the expression of the ROS-related gene (SMOX), we found that it was significantly
lower in the CMC-treated group than in the untreated control group. SMOX is an oxidative status
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marker [29]. According to Amendola et al. [30] and Pegg [31], decreased SMOX expression indicates
a reduced response to oxidative stress. ROMOL1 expression was significantly downregulated in the
CMC group. ROMOL1 is implicated in the production of ROS, and its increase can excessively release
ROS into the mitochondria. Consequently, ROMOI1 expression enhanced oxidative stress,
inflammation, and cell death [32]. In addition, the gene expression of CAT can be related to oxidative
stress, which affects sperm fertility. The gene expression of CAT was significantly associated with
sperm motility [33]. In the present study, the gene expression was found to be significantly
upregulated. Overall, we suggest that CMC acts as a non-permeating cryoprotectant during dog
sperm freezing by improving sperm motility. Additionally, CMC supplementation reduced
cryostress by regulating the expression of genes related to ROS, apoptosis, and cold shock during
sperm freezing.

5. Conclusions

In conclusion, the addition of CMC (0.1 %) to the sperm freezing extender significantly increased
total sperm motility and antiapoptotic gene expression (BCL2), whereas 0.1 and 0.25 % CMC
significantly downregulated BAX and ROS gene expression. The cold shock-related gene (YBX3) was
significantly downregulated by 0.25 % CMC. Therefore, supplementation of the freezing extender
with CMC could improve sperm motility and alleviate apoptosis, reactive oxygen stress, and cold
shock that occur during sperm freezing by regulating the expression of related genes.
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