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Frozen-thawed boar sperm was not widely used in pig artificial insemination as the
sperm quality was damaged by biochemical and physical modifications during the
cryopreservation process. The aim of this study was to investigate whether reduction
of the glucose level in diluted medium could protect the post-thaw boar sperm or
not. Boar sperm was diluted with the pre-treatment medium with different doses of
glucose (153, 122.4, 91.8, 61.2, 30.6, and 0 mM) during the cooling process. The sperm
motility patterns and glycolysis were evaluated during the cooling process. Meanwhile,
the post-thaw sperm quality, ATP level, mitochondrial function as well as apoptosis
were also measured. It was observed that 153 mM glucose treatment showed the
highest glycolysis in boar sperm as the activities of hexokinase, fructose-bisphosphate
aldolase A, and lactate dehydrogenase are the highest as well as the lactate level.
Reduction of the glucose level from 153 to 30.6 mM suppressed sperm glycolysis. In
addition, treatment with 153 mM glucose made the sperm demonstrate a circle-like
movement along with a high value of curvilinear velocity and amplitude of the lateral
head, while decreasing the glucose level reduced those patterns in the cooling process.
Moreover, reduction of the glucose level also significantly increased the post-thaw
sperm’s total motility, progressive motility, straight-linear velocity, membrane integrity,
and acrosome integrity. The treatment with 30.6 mM glucose showed the highest value
among the treatments. Furthermore, the post-thaw sperm’s succinate dehydrogenase
activity, malate dehydrogenase activity, mitochondrial membrane potential as well as ATP
level were increased by reducing the glucose level from 153 to 30.6 mM. Interestingly,
the treatment with 30.6 mM glucose showed the lowest apoptosis of post-thaw sperm
among the treatments. Those observations suggest that reduction of the glucose level in
diluted medium increased the post-thaw boar sperm quality via decreasing the glycolytic
metabolism. These findings provide novel insights that reduction of boar sperm activity via
decreasing sperm glycolysis during the cooling process helps to improve the post-thaw
sperm quality during cryopreservation.
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INTRODUCTION

Sperm cryopreservation is one of the most essential assisted
reproductive techniques in the livestock industry. During the
cooling, freezing, and thawing processes, the sperm suffers
from lots of dramatic changes in its physical and chemical
surroundings (1, 2) that cause phase transitions of the membrane
lipids (3) and impair cellular metabolism homeostasis. Previous
studies found that cryo-damages affect post-thaw boar sperm
fertility (4, 5). In order to increase the fertilization rates of
artificial insemination (AI) with the post-thaw boar sperm,
several research groups modify the cryopreservation extender,
cooling temperature program or develop a sperm infusion
method (2, 6). Though AI with post-thaw boar sperm could
achieve a high conception rate of about 70% recently (7),
the frozen-thawed boar sperm has not been widely accepted
by commercial pork production. Only <1% of artificial
inseminations are done with boar frozen-thawed sperm (6)
because the birth rate and litter size in artificial insemination
with post-thaw semen could not exceed 75-80% and 9-11.5 live
births (8, 9) when compared to the utilization of liquid-stored
semen at 17°C which is 20-30% more efficient in birth rate and
results in 2 to 3 more young born per litter (8). In addition,
the lifespan of post-thaw boar sperm in the female reproductive
tracts is much shorter than that of fresh semen (10), which is also
a major reason for the limitation of the post-thaw boar sperm
application. Hence, novel strategies to maintain post-thaw boar
sperm motility and function are important for the application of
AT with frozen-thawed sperm in the swine industry.

In mammalian sperm, glycolysis and mitochondrial oxidative
phosphorylation (OXPHOS) are the two major metabolic
pathways for generating ATP (11, 12). Glycolysis occurs along
the entire length of the principal piece of the flagellum as
the glycolysis-related enzymes were distributed in those regions
(12-14). Meanwhile, the OXPHOS occurs on the sperm mid-
piece where the mitochondrion was located (15, 16). Sperm
metabolism could be altered by its surrounding environment
(14). A high-glucose medium stimulates sperm glycolysis and
activates boar sperm motility patterns with circle-like tracts
(17). Interestingly, the glucose level in boar fresh seminal
plasma was very low (18). In addition, during cryopreservation,
the sperm was cooled before the freezing process to lower
down the sperm activity due to the fact that activated sperm
is not a good condition for freezing (19). In somatic cell
or organ cryopreservation, decreasing the cellular metabolic
activity is beneficial to increase the cell and organ quality
after recovering from cryopreservation (20, 21). However,
the Modena solution, which contained 153 mM glucose, is
usually regarded as the pre-treatment medium before the boar
semen was cooled to 15°C during the cryopreservation process
(19). Furthermore, in our previous study, we found that the
reduction of glucose level in the incubation medium led to a
decrease in boar sperm glycolysis metabolism (17). Therefore,
we hypothesize that decreasing the glucose level in the pre-
treatment medium might enhance the post-thaw boar sperm
quality via reducing sperm glycolysis to protect the sperm
during cryopreservation.

MATERIALS AND METHODS

Chemicals and Extenders
All chemicals and reagents were purchased from Sigma unless
specified otherwise.

The Modena solution was composed of 153 mM D-glucose,
26.7 mM trisodium citrate, 11.9 mM sodium hydrogen carbonate,
15.1 mM citric acid, 6.3 mM EDTA-2Na, 46.6 mM Tris, 1,000
IU/ml Penicillin G Sodium Salt, 100 pg/ml polymyxin B, and
1 mg/ml streptomycin. According to our previous study (17),
lactose was used instead of glucose to make different doses of
glucose pre-treatment extenders (153, 122.4, 91.8, 61.2, 30.6, and
0mM). As described by previous studies (19, 22), the modified
Niwa and Sasaki freezing extender (mNSF1) was prepared with
80% (v/v) of 0.31 M lactose monohydrate, 20% (v/v) of egg yolk,
1,000 IU/ml Penicillin G Sodium Salt, and 100 pg/ml polymyxin
B. The second dilution (mNSF2) was made with mNSF1
containing 1.5% (v/v) Orvus Es Paste (Miyazaki Chemical Sales,
Ltd., Tokyo, Japan) and 2% (v/v) glycerol. Modena solution was
also used as thawing solution.

Semen Collection and Processing

Five mature and fertile Duroc boars (aged 2 years) were used
in the present study. All animal treatments and experimental
procedures were approved by the Qingdao Agricultural
University Institutional Animal Care and Use Committee
(QAU-1121010). A sperm-rich fraction was collected weekly
from each boar using the gloved-hand technique and filtered
through double gauze. Only the ejaculates containing sperm
with more than 90% motility and 85% normal morphology were
used in this study. The ejaculated semen was pooled to avoid
individual differences.

According to our previous study (22), fresh semen was divided
into 6 parts and directly diluted with the pre-treatment solution
with different doses of glucose level (v:v = 1:1) for 2h at 15°C.
After that, the samples were centrifuged for 10 min at 700 x
g to remove the pre-treatment solutions. The sperm pellets
were resuspended with mNSF1 at a concentration of 2.0 x 10°
sperm/ml and cooled from 15 to 5°C with 1.5h. Subsequently,
the sperm sample was mixed with mNSF2 (v/v = 1:1) and packed
into 0.5-ml plastic straws. The straws were placed in liquid
nitrogen vapor for 10 min, plunged into it for storage. The straws
were transferred to water at 60°C for 8 s to thaw the frozen sperm
and diluted with 4.5 ml of thawing solution per straw.

Evaluation of Sperm Motility, Membrane

Integrity, and Acrosome Integrity

Sperm motility was measured using a computer-assisted sperm
motility analysis (CASA) system (HT CASA-Ceros II; Hamilton
Thome, MA, USA). Briefly, a 5-pl aliquot of semen was placed on
the analyzer’s Makler chamber and maintained at 37°C during
the analysis. Three fields were selected for computer-assisted
analysis; more than 500 sperms were evaluated (17).

Sperm membrane integrity and acrosome integrity were,
respectively, evaluated using LIVE/DEAD Sperm Viability Kit
(L7011; Thermo Fisher Scientific) and fluorescein isothiocyanate
(FITC)-peanut agglutinin according to our previous study (23).
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The stained sperm was monitored and photographed by an
epifluorescence microscope (Nikon 80i; Tokyo, Japan) with a set
of filters (x200).

Evaluation of Sperm Mitochondrial

Membrane Potential

JC-1 Mitochondrial Membrane Potential Detection Kit
(Beyotime Institute of Biotechnology, China) was used to
analyze the changes of sperm mitochondrial activity (AWm)
(24). The monomer and aggregates of the two types of JC-1 in
stained mitochondrial plasma emit green fluorescence in low
AWm and emit red fluorescence in high AWm, respectively.
Briefly, sperm samples (2 x 10%/ml) were stained with 1x
JC-1 at 37°C for 30 min. The fluorescence intensity of both
mitochondrial JC-1 monomers and aggregates was detected
with a monochromator microplate reader (Safire II, Tecan,
Switzerland). The AYym of sperm in each treatment group was
calculated as the fluorescence ratio of red (aggregates) to green
(monomer). The analyses were performed in triplicate (n = 3).

Analysis of Hexokinase Activity

According to a previous study (25), a 2-deoxyglucose Uptake
Measurement Kit was used to measure the sperm hexokinase
activity (Cosmo Bio, Japan). The sperm sample pellets were
mixed with the reaction mix in a 96-well microplate. The
absorbance was measured with a multimode plate reader at
420 nm. The 2DG6P level was calculated using a standard curve.

Measure of Fructose-Bisphosphate
Aldolase a Activity

Sperm ALDOA activity was measured with an aldolase activity
colorimetric assay kit (BioVision, K665-100) (25). The sperm
sample was homogenized with aldolase assay buffer and
centrifuged to collect supernatant. Then, the supernatants were
used to analyze ALDOA activity in a 96-well plate. The
absorbance was measured with a multimode plate reader at
450 nm according to the manufacturer’s instructions.

Measure of LDH Activity

Lactate dehydrogenase assay kit (Nanjing Jiancheng
Bioengineering Institute, China) was used to measure the
lactate dehydrogenase (LDH) activity. According to the
manufacturer’s instructions, sperm sample pellets were lysed
ultrasonically (20 kHz, 750 W, operating at 40% power, 5 cycles
of 3s on and 55 off) and centrifuged at 2,000 x g for 10 min
at 4°C. The supernatants were added to a 96-well plate for the
analysis of LDH activity with a microplate reader at 450 nm (26).
The analyses were performed in triplicate (n = 3).

Detection of Lactate Level
Sperm lactate content was measured with a lactate detection
kit (Nanjing Jiancheng, China) according to the manufacturer’s
instruction. Briefly, the level of lactate was measured by detecting
the NADH formed consequently to lactate oxidation by LDH
with a microplate reader at 340 nm (27).

Measure of MDH and SDH Activities

According to our previous study, Malate Dehydrogenase Assay
Kit and Succinate Dehydrogenase Assay kit (Nanjing Jiancheng
Bioengineering Institute, China) were used to measure the
activities of malate dehydrogenase (MDH) and succinate
dehydrogenase (SDH), respectively. The sperm sample pellets
were lysed ultrasonically (20 kHz, 750 W, operating at 40% power,
5 cycles of 3s on and 55 off) and centrifuged at 2,000 x g for
10 min at 4°C to collect the supernatant. Then, the supernatant
was added to the 96-well plate for evaluation of MDH and
SDH activities with a microplate reader at 340 and 600 nm,
respectively. The analyses were performed in triplicate (n = 3).

Measure of Sperm ATP Level

ATP Assay Kit (Beyotime Institute of Biotechnology) was used
to measure the post-thaw sperm ATP level according to our
previous study (26). After lysis and centrifugation, 50 pl of the
sperm supernatant was mixed with 100 pl luciferin/luciferase
reagent in 96-well plates. An Ascent Luminoskan luminometer
(Thermo Scientific, Palm Beach, FL, United States) was used to
read the luminescence at integration x 1,000 ms. The analyses
were performed in triplicate (n = 3).

Annexin V-FITC/PI Assay

Annexin V-FITC/PI apoptosis detection kit (Sigma-Aldrich, St.
Louis, MO, USA) was used to assess sperm apoptosis according
to the manufacturer’s instructions but with slight modifications.
The post-thaw sperm was centrifuged and washed thrice with
phosphate-buffered saline at 400 x g for 5min. The sperm
was resuspended with 1x Annexin V binding buffer at a
concentration of 1 x 10° sperm/ml. A total of 5 pul Annexin
V-FITC (AN) and 3 pl PI was then added to each aliquot of
100-p] sample. The tubes were mixed gently and incubated at
room temperature for 10 min in dark. Different labeling patterns
of stained sperm were observed and counted with a fluorescence
microscope (80i; Nikon) at 400 x magnification.

Statistical Analysis

Data from three replicates were compared using either Student’s
t-test or one-way analysis of variance followed by Tukey’s post-
hoc test (Statview; Abacus Concepts, Inc., Berkeley, CA). All
the values are presented as mean =+ standard deviation (SD).
Treatments were considered statistically different from one
another at p < 0.05.

RESULTS

High Glucose Level in the Pre-treatment
Medium Activated the Glycolytic
Metabolism and Decreased the Membrane
Integrity and Acrosome Integrity in Boar

Sperm During the Cooling Process

As shown in Figures 1A-C, during the cooling process,
the activities of hexokinase, ALDOH, and LDH in 153 mM
glucose medium pre-treatment (high glucose) showed
the highest value among the treatments. It was observed
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FIGURE 1 | Effects of different glucose levels in the pre-treatment solution on boar sperm hexokinase activity (A), ALDOA activity (B), LDH activity (C), LDH level (D),
membrane integrity (E), and acrosome integrity (F) during the cooling process. Values are specified as mean + standard deviation. Columns with different lowercase
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that the reduction of glucose level in the pre-treatment
medium significantly decreased the hexokinase, ALDOH,
and LDH activities (Figures 1A-C). In addition, decreasing
the glucose level also reduced the value of the lactate
level, considering that lactate is one of the products in
the sperm’s glycolytic pathway (Figure 1D). The values of
sperm membrane integrity and acrosome integrity were also
improved by a reduction of glucose level during the cooling
process (Figures 1E,F).

High Glucose Level in the Pre-treatment
Medium Increased the Ratio of Sperms
With Circle-Like Track Patterns and
Decreased the Sperm Membrane Integrity
and Acrosome Integrity During the Cooling
Process

Interestingly, when the sperm motility patterns were analyzed
by CASA, the sperm motility tracks revealed that the high-
glucose pre-treatment made the sperm move with circle-
like tracks. Meanwhile, the reduction of the glucose level
decreased the ratio of sperms with circle-like movement, and
the movement changed to a linear-like track pattern during
the cooling process (Figures 2A-F). The sperm’s total motility
was not changed by 153- to 30.6-mM glucose treatments,
but treatment with O0mM glucose significantly decreased it
(Figure 2G). Besides this, the patterns of sperm VCL and
ALH were also significantly decreased in the treatments where

there was a reduction of the glucose level from 153 to
0mM (Figures 2H,I).

Reduction of the Glucose Level in
Pre-treatment Medium Increased
Post-thaw Sperm Motility, Membrane

Integrity, and Acrosome Integrity

When the sperm was thawing, from the sperm motility tracks
generated from the CASA it was observed that the post-
thaw sperm motility patterns were significantly increased by
a reduction of the glucose level (Figures 3A-F). The values
of sperm total motility, progressive motility, and straight
line velocity (VSL) in the treatments with 91.8, 61.2, and
30.6mM glucose were significantly higher than those in the
treatment with 153 mM, and the treatment with 30.6 mM
showed the highest value among the treatments (Figures 3G-I).
However, the glucose pre-treatment with 0 mM did not increase
those motility patterns compared to the high-glucose-medium
treatment (Figures 3G-I).

In terms of post-thaw sperm membrane integrity
and acrosome integrity, the reduction of the glucose
level from 153 to 30.6mM significantly increased them,
while the treatment with O0mM glucose did not increase
the membrane integrity (Figures4A,B). Moreover, the
treatment with 30.6mM glucose presented the best values
of post-thaw sperm membrane integrity and acrosome
integrity (Figures 4A,B).
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FIGURE 2 | Computer-assisted sperm motility analysis-derived changes in the sperm motility track by reducing the glucose level in the pretreatment solution from 153
to OmM (A-F). Effects of glucose level in the pre-treatment solution on sperm total motility (G), VCL (H), and ALH (I) during the cooling process. Values are specified
as mean =+ standard deviation. Columns with different lowercase letters differ significantly (p < 0.05). VCL, curvilinear velocity; ALH, amplitude of lateral head
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Reduction of the Glucose Level in
Pre-treatment Medium Increased
Post-thaw Sperm Mitochondrial Function
for ATP Generation

Post-thaw sperm mitochondrial membrane potential was
measured with JC-1 staining kit. As shown in Figure 5, it was
observed that there are two kinds of sperm after staining with
the JC-1 probe. The blue arrow showed that the post-thaw sperm
emits green fluorescence with low mitochondrial membrane
potential, while the black arrow showed that the post-thaw
sperm emits red or orange fluorescence with high mitochondrial
membrane potential. Reduction of the glucose level during the
cooling process significantly increased the post-thaw sperm
mitochondrial membrane potential (Figure 4C). Interestingly,
the reduction of glucose level during the cooling process also
increased the post-thaw sperm activities of MDH and SDH
enzymes in which the two are key enzymes of TCA cycle for ATP
generation, and the treatment with 30.6 mM glucose showed
the best effects (Figures 4D,E). Moreover, the ATP level of the
post-thaw sperm was also observed to increase by reduction of
the glucose level during the cooling process (Figure 4F).

Reduction of the Glucose Level in
Pre-treatment Medium Decreased
Post-thaw Sperm With Apoptosis

As shown in Figures 6A-D, after the sperm samples were stained
by the Annexin V-FITC/PI assay kit, four subpopulations of post-
thaw sperm were observed: the black arrow indicated the live

sperm (AN-/PI-), the red arrow indicated the early apoptotic
sperm (AN+/PI-), the white arrow indicated the late apoptotic
sperm (AN+/PI+), and the blue arrow indicated the nonviable
necrotic sperm (AN-/PI+). Reduction of the glucose level in pre-
treatment medium significantly decreased the post-thaw sperm
with apoptosis (AN+/PI- and AN+/PI+), and the treatment
with 30.6 mM glucose showed the lowest percentage of post-thaw
sperm with apoptosis (Figure 6E).

DISCUSSION

Sperms are special cells with high differentiation that play key
roles in paternal DNA delivery and oocyte activation during
the fertilization process (28). Boar sperm is deposited in the
pig uterus during natural mating or conventional artificial
insemination (2, 29). The sperm is physically transported from
the site of deposition to the fertilization site, which is located
in the oviduct (30). When the sperm transport is facilitated by
uterine contractions, the sperm must be with good motility to
traverse the uterotubal junction prior to oviduct binding and to
locate the egg following ovulation, suggesting that sperm motility
is a key factor for improving the chances of fertilization (17,
30). In the present study, we found that decreasing the glucose
level in the pre-treatment significantly increased the post-thaw
sperm motility, and this might contribute to the improvement of
fertilization using frozen boar sperm in artificial inseminations.
Sperm motility depends on ATP production by both the
glycolysis in the cytoplasm and oxidative phosphorylation in
the mitochondria (11, 14, 17). It is well-known that the sperm
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contains three distinct regions, namely, head, mid-piece, and tail. ~ phosphorylation pathway were located in the mid-piece where
Most enzymes involved in glycolysis were located in the sperm  the mitochondria are located (13, 31). In somatic cells, ATP
head and tail, while those enzymes related with the oxidative  generation occurs by metabolic pathways, depending on oxygen
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FIGURE 5 | Images of sperm stained with JC-1 probe (A-C). The monomer emits green fluorescence (A), while the aggregates emit red fluorescence (C). The blue
arrow indicated the sperm with low mitochondrial membrane potentials, while the black arrow indicated the sperm with high mitochondrial membrane potentials.
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availability and the composition of metabolic substrates in their
environment (32, 33). In our previous study (17), during the boar
sperm incubation process, ATP generation from the glycolysis
pathway decreased when the glucose level in the incubation
medium was reduced, which suggests that boar sperm can change
the metabolic pathway. Moreover, when HepG?2 cells were treated
with a medium containing a high level of glucose, the glycolysis
pathway was highly activated, and if the glucose level in the
medium was reduced, the glycolysis pathway for ATP generation
would decrease (34). In the present study, it was observed that,
during the cooling process before cryopreservation, the values
of the activities of hexokinase, ALDOA, and LDH as well as
the lactate level in the high-glucose treatment were significantly
higher than those in the low-glucose treatment, suggesting that
the high-glucose pre-treatment medium enhanced boar sperm
glycolysis, and the reduction of glucose level helped to inactive
boar sperm glycolysis during the cooling process. Those results
were supported by previous studies which showed that sperm
glycolysis metabolism was enhanced when they arrived at the
oviduct as the oviduct fluid contained a high glucose level to
induce zigzag motility for the sperm to penetrate the oocyte
(35). Our previous study revealed that boar sperm energy
metabolism could be changed and enhanced depending on
the metabolic substrates in their environment. Moreover, the
observation on the boar sperm moving with circle-like tracks
in high-glucose pre-treatment medium in the present study

was also consistent with high-glycolysis-induced boar sperm
with high VCL and ALH motility patterns (17). Furthermore,
the boar fresh semen contained very low glucose (18), which
suggests that glycolysis is not active in boar sperm when
just ejaculated. Thus, during the dilution process, if the boar
semen was diluted with a high-glucose medium, the boar sperm
might suffer from high glycolysis stress, thus causing decreased
sperm quality. The sperm membrane integrity and acrosome
integrity in the high-glucose pretreatment in this study were
lower than those in the treatment with 30.6 mM glucose (low
glucose), thus agreeing with it. Therefore, a high-glucose medium
could stimulate sperms with high glycolysis that would lead to
disruption of sperm cellular homeostasis and decreased sperm
quality and function.

On a worldwide basis, around 99% of artificial inseminations
in pigs are done with liquid semen stored at 17°C, while <1%
of frozen-thawed sperm are used (29). The problems associated
with cryopreservation procedures and their post-thaw results
limit the use of frozen-thawed sperm. The frozen-thawed sperm
still show a lower survival rate, or the surviving sperm shows a
shorter lifespan in vitro (36) compared to liquid-stored sperm.
Thus, artificial insemination with frozen-thawed sperm has
obviously resulted in a low farrowing rate (70-80%). Meanwhile,
>90% is achieved by conventional AI of liquid-stored semen
under controlled breeding management conditions (4, 8). In
addition, the artificial insemination of frozen-thawed sperm has
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FIGURE 7 | Mechanisms of reducing the glucose level in the pre-treatment solution improve the boar post-thaw sperm quality. High glucose level in the pretreatment
solution enhances the stimulation of the glycolysis pathway and led to the activation of boar sperm before cryopreservation, thus resulting in decreased boar post-thaw
sperm quality, whereas reduction of the glucose level would inactivate the glycolysis pathway to increase the post-thaw sperm quality during cryopreservation.
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resulted in smaller litter sizes, usually 2 to 3 piglets fewer than
that when liquid-stored sperm was used (8, 9), indicating that
preventing boar sperm cryo-damage during the cryopreservation
process is still a critical challenge. Although several studies have
tested additives and changes in the speed of cooling and thawing
to improve the boar sperm quality in recent years (6, 19), the
overall procedure is basically still the same, which is just a simple
modification of the protocol reported by Westendorf almost 40
years ago (37). Developing a novel and effective method for boar
sperm cryopreservation might help to improve the post-thaw
sperm quality, and it has become vital for the use of frozen—
thawed sperm in pig artificial insemination. As we all know,
keeping the sperm with good function before cryopreservation
is generally a benefit for improving the post-thaw sperm. If
the sperm was excessively activated before cryopreservation,
the post-thaw sperm quality was decreased. In the present
study, we found that the post-thaw sperm quality patterns,
such as the total motility, progressive motility, VSL, membrane
integrity, and acrosome integrity, were significantly increased
by decreasing the glucose level in the pre-treatment medium as
the low-glucose pre-treatment suppressed the sperm from high
glycolysis activation, while the high-glucose medium induced
sperm glycolysis. Therefore, during the cooling process, using
low-glucose medium diluted with freshly ejaculated semen helps
to protect boar sperm function and thus improve the post-thaw
sperm quality.

Interestingly, when we analyzed the activities of SDH and
MDH, which are two key enzymes of OXPHOS, it was found
that those enzymes’ activities were increased in the low-glucose
treatment compared to that in the high-glucose treatment.
It might be because the sperm mitochondria were protected
from cryo-damage in the low-glucose treatment. The result
of the mitochondrial membrane potential was consistent with
it. Besides that, in this study, the low-glucose treatment also
decreased the post-thaw sperm apoptosis. It agreed with a report

that sperms with high activation led to a decreased sperm lifespan
during liquid storage in vitro (5, 38). Based on those results,
before cryopreservation, dilution of the ejaculated semen with a
low-glucose medium is essential to improve the post-thaw sperm
mitochondrial function.

In conclusion, as shown in Figure 7, during the cooling
process, a high glucose level in the pre-treatment solution
enhances the stimulation of the glycolysis pathway and led
to activation of the boar sperm before cryopreservation,
thus result in decreased boar post-thaw sperm quality,
whereas reducing the glucose level would inactivate the
glycolysis pathway to increase the post-thaw sperm quality
during cryopreservation.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article.

ETHICS STATEMENT

The animal study was reviewed and approved by Qingdao
Agriculture  University Institutional Animal Care and
Use Committee.

AUTHOR CONTRIBUTIONS

Z7Z was responsible for experimental design, sample, data
analysis, and writing of the manuscript. WZh and RL were
responsible for sample collection and data analysis. WZe
was responsible for the discussion about the experimental
design. All authors contributed to the article and approved the
submitted version.

Frontiers in Veterinary Science | www.frontiersin.org

8 March 2022 | Volume 9 | Article 856536


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Zhu et al.

Glucose Level Affect Sperm Quality

FUNDING

This work was supported in part by the Start-up Found for
High-level Talents of Qingdao Agricultural University for ZZ

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Woelders  H.

. DiSanto M, Tarozzi N, Nadalini M, Borini A. Human sperm cryopreservation:

update on techniques, effect on DNA integrity, and implications for ART. Adv
Urol. (2012) 2012:854837. doi: 10.1155/2012/854837

. Rodriguez-Gil JE, Estrada E. Artificial Insemination in boar reproduction. In:

Bonet S, Casas I, Holt WV, Yeste M. Boar Reproduction: Fundamentals and
New Biotechnological Trends. Berlin; Heidelberg: Springer Berlin Heidelberg
(2013). p. 589-607.

Fundamentals ~ and  recent
cryopreservation of bull and boar semen. Vet Q.
8. doi: 10.1080/01652176.1997.9694758

development  in
(1997) 19:135-

. Bolarin A, Roca J, Rodriguez-Martinez H, Hernandez M, Vazquez

JM, Martinez EA. Dissimilarities in sows ovarian status at the
insemination time could explain differences in fertility between
farms when frozen-thawed semen is used. Theriogenology. (2006)

65:669-80. doi: 10.1016/j.theriogenology.2005.06.006

. Pezo F, Romero F, Zambrano E Sanchez RS. Preservation of boar semen: an

update. Reprod Domest Anim. (2019) 54:423-34. doi: 10.1111/rda.13389

. Yeste M. Recent advances in boar sperm cryopreservation: state of the art

and current perspectives. Reprod Domest Anim. (2015) 50(Suppl. 2):71-
9. doi: 10.1111/rda.12569

. Okazaki T, Mihara T, Fujita Y, Yoshida S, Teshima H, Shimada M. Polymyxin

B neutralizes bacteria-released endotoxin and improves the quality of boar
sperm during liquid storage and cryopreservation. Theriogenology. (2010)
74:1691-700. doi: 10.1016/j.theriogenology.2010.05.019

. Eriksson BM, Petersson H, Rodriguez-Martinez H. Field fertility with

exported boar semen frozen in the new flatpack container. Theriogenology.
(2002) 58:1065-79. doi: 10.1016/S0093-691X(02)00947-0

. Didion BA, Braun GD, Duggan MV. Field fertility of frozen

2600 Al
(2013)

boar retrospective  report
services spanning a four year period. Anim Reprod Sci.
137:189-96. doi: 10.1016/j.anireprosci.2013.01.001

Pursel VG, Schulman LL, Johnson LA. Distribution and morphology of fresh
and frozen-thawed sperm in the reproductive tract of gilts after artificial
insemination. Biol Reprod. (1978) 19:69-76. doi: 10.1095/biolreprod19.1.69
Storey BT. Mammalian sperm metabolism: oxygen and sugar, friend and foe.
Int ] Dev Biol. (2008) 52:427-37. doi: 10.1387/ijdb.072522bs

du Plessis SS, Agarwal A, Mohanty G, van der Linde M. Oxidative
phosphorylation versus glycolysis: what fuel do spermatozoa use. Asian |
Androl. (2015) 17:230-5. doi: 10.4103/1008-682X.135123

Cao W, Gerton GL, Moss SB. Proteomic profiling of accessory structures
from the mouse sperm flagellum. Mol Cell Proteomics. (2006) 5:801-
10. doi: 10.1074/mcp.M500322-MCP200
Mukai C, Travis AJ. What sperm
energy  production.  Reprod  Domestic
9. doi: 10.1111/§.1439-0531.2012.02071.x
Amaral A, Lourenco B, Marques M, Ramalho-Santos J. Mitochondria

semen: a comprising  over

about
47:164-

teach us
(2012)

can
Anim.

functionality and sperm quality. Reproduction. (2013) 146:R163-
74. doi: 10.1530/REP-13-0178

Moraes CR, Meyers S. The sperm mitochondrion: organelle
of many functions. Amim  Reprod  Sci.  (2018)  194:71-

80. doi: 10.1016/j.anireprosci.2018.03.024

Zhu Z, Umehara T, Okazaki T, Goto M, Fujita Y, Hoque SAM, et
al. Gene expression and protein synthesis in mitochondria enhance the
duration of high-speed linear motility in boar sperm. Front Physiol. (2019)
10:252. doi: 10.3389/fphys.2019.00252

Mateo-Otero Y, Fernandez-Lopez P, Ribas-Maynou J, Roca J, Miro ], Yeste
M, et al. Metabolite profiling of pig seminal plasma identifies potential
biomarkers for sperm resilience to liquid preservation. Front Cell Dev Biol.
(2021) 9:669974. doi: 10.3389/fcell.2021.669974

(1121010), the Shandong Province Central Guided Local Science
and Technology Development Project for ZZ (YDZX2021113),
and the National Key R&D Program of China (number
2018YFD0501000) for WZe.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

. Okazaki T, Shimada M. New strategies of boar sperm cryopreservation:

with a
(2012)

development of novel freezing and thawing methods
focus on the roles of seminal plasma. Anim Sci ]
83:623-9. doi: 10.1111/j.1740-0929.2012.01034.x

Bakhach J. The cryopreservation of composite tissues: principles and recent
advancement on cryopreservation of different type of tissues. Organogenesis.
(2009) 5:119-26. doi: 10.4161/0rg.5.3.9583

Jang TH, Park SC, Yang JH, Kim JY, Seok JH, Park US, et al
Cryopreservation and its clinical applications. Integr Med Res. (2017) 6:12—-
18. doi: 10.1016/.imr.2016.12.001

Zhu ZD, Li RN, Fan XT, Lv YH, Zheng Y, Hoque SAM, et al
Resveratrol improves boar sperm quality via 5 ° AMP-activated protein
kinase activation during cryopreservation. Oxid Med Cell Longev. (2019)
2019:5921503 doi: 10.1155/2019/5921503

Zhu ZD, Fan XT, Lv YH, Zhang N, Fan CN, Zhang PE et al
Vitamin E analogue improves rabbit sperm quality during the process
of cryopreservation through its antioxidative action. Plos ONE. (2015)
10:€0145383. doi: 10.1371/journal.pone.0145383

Zhu Z,LiR, Ma G, Bai W, Fan X, Lv Y, et al. 5’-AMP-activated protein kinase
regulates goat sperm functions via energy metabolism in vitro. Cell Physiol
Biochem. (2018) 47:2420-31. doi: 10.1159/000491616

Zhu Z, Umehara T, Tsujita N, Kawai T, Goto M, Cheng B, et al. Itaconate
regulates the glycolysis/pentose phosphate pathway transition to maintain
boar sperm linear motility by regulating redox homeostasis. Free Radic Biol
Med. (2020) 159:44-53. doi: 10.1016/j.freeradbiomed.2020.07.008

Zhu Z, Li R, Wang L, Zheng Y, Hoque SAM, Lv Y, et al. glycogen
synthase kinase-3 regulates sperm motility and acrosome reaction
via affecting energy metabolism in goats. Front Physiol. (2019)
10:968. doi: 10.3389/fphys.2019.00968

Li RN, Zhu ZD, Zheng Y, Lv  YH, Tian XE. Wu, et al. Metformin
boar  sperm  quality via 5-AMP-activated  protein
kinase-mediated energy metabolism in vitro. Zool Res. (2020)
41:527-538. doi: 10.24272/j.issn.2095-8137.2020.074

Barroso G, Valdespin C, Vega E, Kershenovich R, Avila R, Avendano C, et
al. Developmental sperm contributions: fertilization and beyond. Fertil Steril.
(2009) 92:835-48. doi: 10.1016/j.fertnstert.2009.06.030

Knox RV. Artificial insemination in pigs today. Theriogenology. (2016) 85:83-
93. doi: 10.1016/j.theriogenology.2015.07.009

Suarez SS, Pacey AA. Sperm transport in the female reproductive tract. Hum
Reprod Update. (2006) 12:23-37. doi: 10.1093/humupd/dmi047

Piomboni P, Focarelli R, Stendardi A, Ferramosca A, Zara V. The role of
mitochondria in energy production for human sperm motility. Int ] Androl.
(2012) 35:109-24. doi: 10.1111/§.1365-2605.2011.01218.x

Gohil VM, Sheth SA, Nilsson R, Wojtovich AP, Lee JH, Perocchi F et
al. Nutrient-sensitized screening for drugs that shift energy metabolism
from mitochondrial respiration to glycolysis. Nat Biotechnol. (2010) 28:249-
55. doi: 10.1038/nbt.1606

Potter M, Newport E, Morten KJ. The Warburg effect: 80 years on. Biochem
Soc Trans. (2016) 44:1499-505. doi: 10.1042/BST20160094

Marroquin LD, Hynes J, Dykens JA, Jamieson JD, Will Y. Circumventing the
Crabtree effect: replacing media glucose with galactose increases susceptibility
of HepG2 cells to mitochondrial toxicants. Toxicol Sci. (2007) 97:539-
47. doi: 10.1093/toxsci/kfm052

Umehara T, Tsujita N, Goto M, Tonai S, Nakanishi T, Yamashita Y, et al.
Methyl-beta cyclodextrin and creatine work synergistically under hypoxic
conditions to improve the fertilization ability of boar ejaculated sperm. Anim
Sci J. (2020) 91:€13493. doi: 10.1111/asj.13493

Waberski D, Weitze KE Gleumes T, Schwarz M, Willmen T, Petzoldt
R. Effect of time of insemination relative to ovulation on fertility
with liquid and frozen boar semen. Theriogenology. (1994) 42:831-
40. doi: 10.1016/0093-691X(94)90451-N

improves

Frontiers in Veterinary Science | www.frontiersin.org

March 2022 | Volume 9 | Article 856536


https://doi.org/10.1155/2012/854837
https://doi.org/10.1080/01652176.1997.9694758
https://doi.org/10.1016/j.theriogenology.2005.06.006
https://doi.org/10.1111/rda.13389
https://doi.org/10.1111/rda.12569
https://doi.org/10.1016/j.theriogenology.2010.05.019
https://doi.org/10.1016/S0093-691X(02)00947-0
https://doi.org/10.1016/j.anireprosci.2013.01.001
https://doi.org/10.1095/biolreprod19.1.69
https://doi.org/10.1387/ijdb.072522bs
https://doi.org/10.4103/1008-682X.135123
https://doi.org/10.1074/mcp.M500322-MCP200
https://doi.org/10.1111/j.1439-0531.2012.02071.x
https://doi.org/10.1530/REP-13-0178
https://doi.org/10.1016/j.anireprosci.2018.03.024
https://doi.org/10.3389/fphys.2019.00252
https://doi.org/10.3389/fcell.2021.669974
https://doi.org/10.1111/j.1740-0929.2012.01034.x
https://doi.org/10.4161/org.5.3.9583
https://doi.org/10.1016/j.imr.2016.12.001
https://doi.org/10.1155/2019/5921503
https://doi.org/10.1371/journal.pone.0145383
https://doi.org/10.1159/000491616
https://doi.org/10.1016/j.freeradbiomed.2020.07.008
https://doi.org/10.3389/fphys.2019.00968
https://doi.org/10.24272/j.issn.2095-8137.2020.074
https://doi.org/10.1016/j.fertnstert.2009.06.030
https://doi.org/10.1016/j.theriogenology.2015.07.009
https://doi.org/10.1093/humupd/dmi047
https://doi.org/10.1111/j.1365-2605.2011.01218.x
https://doi.org/10.1038/nbt.1606
https://doi.org/10.1042/BST20160094
https://doi.org/10.1093/toxsci/kfm052
https://doi.org/10.1111/asj.13493
https://doi.org/10.1016/0093-691X(94)90451-N
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Zhu et al.

Glucose Level Affect Sperm Quality

37. Westendorf P, Richter L, Treu H, Heidecke FW, Zimmermann F. [Deep
freezing of boar semen. Insemination results using the Hulsenberger pailleten
procedure]. Dtsch Tierarztl Wochenschr. (1977) 84:41-42.

Yeste M. State-of-the-art of boar sperm preservation in liquid and frozen state.
Anim Reprod. (2017) 14:69-81. doi: 10.21451/1984-3143-AR895

38.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those
of the authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the reviewers.
Any product that may be evaluated in this article, or claim that may
be made by its manufacturer, is not guaranteed or endorsed by the
publisher.

Copyright © 2022 Zhu, Zhang, Li and Zeng. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Veterinary Science | www.frontiersin.org

10

March 2022 | Volume 9 | Article 856536


https://doi.org/10.21451/1984-3143-AR895
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	Reducing the Glucose Level in Pre-treatment Solution Improves Post-thaw Boar Sperm Quality
	Introduction
	Materials and Methods
	Chemicals and Extenders
	Semen Collection and Processing
	Evaluation of Sperm Motility, Membrane Integrity, and Acrosome Integrity
	Evaluation of Sperm Mitochondrial Membrane Potential
	Analysis of Hexokinase Activity
	Measure of Fructose-Bisphosphate Aldolase a Activity
	Measure of LDH Activity
	Detection of Lactate Level
	Measure of MDH and SDH Activities
	Measure of Sperm ATP Level
	Annexin V-FITC/PI Assay
	Statistical Analysis

	Results
	High Glucose Level in the Pre-treatment Medium Activated the Glycolytic Metabolism and Decreased the Membrane Integrity and Acrosome Integrity in Boar Sperm During the Cooling Process
	High Glucose Level in the Pre-treatment Medium Increased the Ratio of Sperms With Circle-Like Track Patterns and Decreased the Sperm Membrane Integrity and Acrosome Integrity During the Cooling Process
	Reduction of the Glucose Level in Pre-treatment Medium Increased Post-thaw Sperm Motility, Membrane Integrity, and Acrosome Integrity
	Reduction of the Glucose Level in Pre-treatment Medium Increased Post-thaw Sperm Mitochondrial Function for ATP Generation
	Reduction of the Glucose Level in Pre-treatment Medium Decreased Post-thaw Sperm With Apoptosis

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


