
Citation: Li, J.; Zhao, W.; Zhu, J.; Ju,

H.; Liang, M.; Wang, S.; Chen, S.;

Ferreira-Dias, G.; Liu, Z.

Antioxidants and Oxidants in Boar

Spermatozoa and Their Surrounding

Environment Are Associated with

AMPK Activation during Liquid

Storage. Vet. Sci. 2023, 10, 214.

https://doi.org/10.3390/

vetsci10030214

Academic Editors: Dominiek Maes

and Fred Sinowatz

Received: 8 February 2023

Revised: 2 March 2023

Accepted: 9 March 2023

Published: 10 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

veterinary
sciences

Article

Antioxidants and Oxidants in Boar Spermatozoa and Their
Surrounding Environment Are Associated with AMPK
Activation during Liquid Storage
Junwei Li 1,2, Wenming Zhao 1,2, Jiaqiao Zhu 1,2, Huiming Ju 1,2, Ming Liang 3, Shuaibiao Wang 4,5,
Shufang Chen 6, Graça Ferreira-Dias 7,8 and Zongping Liu 1,2,*

1 College of Veterinary Medicine, Yangzhou University, Yangzhou 225009, China; lijunwei@yzu.edu.cn (J.L.);
zhaowenming2018@126.com (W.Z.); jqzhu1998@163.com (J.Z.); hmju@yzu.edu.cn (H.J.)

2 Jiangsu Co-Innovation Center for Prevention and Control of Important Animal Infectious Diseases and
Zoonoses, Yangzhou University, Yangzhou 225009, China

3 Department of Feeding Microecology, Shandong Baolaililai Bioengineering Co., Ltd., Tai’an 271001, China;
liangming@blll1004.onexmail.com

4 DanAg Agritech Consulting (Zhengzhou) Co., Ltd., Zhengzhou 450000, China; billwang@danagintl.com
5 Royal Veterinary College, London NW1 0TU, UK
6 Ningbo Academy of Agricultural Science, Ningbo 315040, China; jhynku@163.com
7 CIISA-Centre for Interdisciplinary Research in Animal Health, Faculty of Veterinary Medicine,

University of Lisbon, 1300-477 Lisbon, Portugal; gmlfdias@fmv.ulisboa.pt
8 Associate Laboratory for Animal and Veterinary Sciences (AL4AnimalS), 1300-477 Lisbon, Portugal
* Correspondence: liuzongping@yzu.edu.cn

Simple Summary: Liquid storage of boar semen at 17 ◦C is a conventional method used for artificial
insemination in pig reproduction. During storage, boar sperm quality continuously decreases with
time, which compromises the field results after artificial insemination. Oxidative stress induced by
storage is considered as the main cause of the quality loss. It is crucial to have a better understanding
of the mechanism of sperm resistance to oxidative stress. The AMP-activated protein kinase was
found in boar spermatozoa and plays a positive role in maintaining sperm quality and functionality
when activated. This study aimed to explore if AMP-activated protein kinase could be activated when
spermatozoa suffer oxidative stress. Our results show that sperm quality decreased with storage
time, which correlated to antioxidant and oxidant levels in spermatozoa and their surrounding
environment that was correlated to the activation of the AMP-activated protein kinase. Treatment of
boar semen with H2O2 (one of the reactive oxygen species) confirmed the positive role of oxidative
stress in activating the AMP-activated protein kinase. Taken together, oxidative stress, reflected by the
predominance of oxidants over antioxidants in boar semen, promotes activation of the AMP-activated
protein kinase. The findings shed light on the mechanism of sperm resistance to OS and provide
information for selecting antioxidants added into semen extender for better reproductive results.

Abstract: Activation of the AMP-activated protein kinase (AMPK) has been demonstrated to be
beneficial for boar sperm quality and functionality, while the underlying mechanism of AMPK
activation of boar spermatozoa remains obscure. This study aimed to explore the effect of antioxidants
and oxidants in boar spermatozoa and their surrounding fluid (SF) on the activation of AMPK during
the liquid storage. Ejaculates from Duroc boars, routinely used for semen production, were collected
and diluted to a final concentration of 25 × 106/mL. In experiment 1, twenty-five semen samples
from eighteen boars were stored at 17 ◦C for 7 days. In experiment 2, three pooled semen samples
created from nine ejaculates of nine boars were used, and each sample was treated with 0, 0.1, 0.2,
and 0.4 µM/L H2O2 and stored at 17 ◦C for 3 h. Sperm quality and functionality, antioxidants and
oxidants in boar spermatozoa and SF, the intracellular AMP/ATP ratio, and the expression levels
of the phosphorylated AMPK (Thr172) were determined. Sperm quality significantly decreased
with storage time in terms of viability (p < 0.05). Antioxidant and oxidant levels were markedly
affected with storage time, with a decline in the SF total antioxidant capacity (TAC) (p < 0.05),
SF malondialdehyde (MDA) (p < 0.05), and the sperm’s total oxidant status (TOS), as well as a
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fluctuation in sperm superoxidase dismutase-like (SOD-like) activity (p < 0.05). The intracellular
AMP/ATP ratio increased (p < 0.05) on day 4 and subsequently decreased to its lowest value on
days 6 and 7 (p < 0.05). The phosphorylated AMPK levels increased from day 2 to day 7 (p < 0.05).
Correlation analyses indicate that sperm quality during liquid storage was correlated to antioxidants
and oxidants in spermatozoa and SF (p < 0.05), which were correlated to the phosphorylation of
sperm AMPK (p < 0.05). Treatment with H2O2 induced damages in sperm quality (p < 0.05), a decline
in antioxidant levels (SF TAC, p < 0.05; sperm SOD-like activity, p < 0.01), an increase in oxidant
levels (SF MDA, p < 0.05; intracellular ROS production, p < 0.05), a higher AMP/ATP ratio (p < 0.05),
and phosphorylated AMPK levels (p < 0.05) in comparison with the control. The results suggest
that antioxidants and oxidants in boar spermatozoa and SF are involved in AMPK activation during
liquid storage.

Keywords: boar semen; liquid storage; AMPK activation; antioxidants

1. Introduction

Artificial insemination (AI) has been a conventional tool for reproduction in the porcine
industry. Extended semen is widely utilized for AI [1], which offers the best use of boar
ejaculates and tremendously reduces the cost. However, a continuous decline in sperm
quality and functionality is observed during the storage of AI doses [2], which compromises
the fertility results in the field. The excessive production of reactive oxygen species (ROS)
induces oxidative stress (OS), which has been considered as the main factor that deterio-
rates sperm quality and functionality [3] during the freezing–thawing process and liquid
storage [4,5]. Our previous study indicated that certain enzymatic and non-enzymatic
antioxidants in seminal plasma are involved in sperm resistance to cryopreservation by
playing against OS, including glutathione peroxidase 5 (GPX5), superoxidase dismutase
(SOD), and low-weight molecules with antioxidant properties in terms of the total antiox-
idant capacity (TAC) and ferric-reducing ability of plasma [4]. Relations between those
antioxidants in seminal plasma and sperm parameters were reported in buffalo bull [6],
bull [7], avian [8], canine [9], and equine [10]. Favorable results with certain antioxidants or
their combinations supplemented into the semen extender confirm the beneficial impact of
antioxidants on semen storage [11]. In fact, a redox balance is crucial for sperm quality and
functionality. As is well known, the excessive generation of ROS causes OS, which exerts
harmful effect on spermatozoa via the peroxidation of lipids, the induction of oxidative
DNA damage, and the formation of protein adducts. Meanwhile, the physiological levels
of ROS participate in the process of sperm capacitation [12]. Thus, the type and quantity of
antioxidants should be considered when they are applied to protect spermatozoa from OS.
Therefore, it is important to consider how spermatozoa regulate the redox balance.

To answer the above-mentioned question, we may have to explain how spermatozoa
resist OS. During the process of sperm biotechnology, once OS occurs, the stress stimulator
forms and subsequently spermatozoa initiate self-adjustments, one of which is the activa-
tion of the AMP-activated protein kinase (AMPK) [13]. The AMPK plays a vital role in
balancing cell metabolism and was first found in mammalian spermatozoa in 2012 [14,15].
The activation of the AMPK exerts a positive effect on sperm quality and functionality,
while the inhibition of the AMPK imposes negative impacts [15–18]. This raises the ques-
tion based on how the AMPK is activated in spermatozoa. Evidence in somatic cells shows
that the AMPK can be activated by its upstream kinases, i.e., liver kinase B1 (LKB1) and
Ca2+ calmodulin-dependent kinase 2 (CaMKK2), by an increase in the AMP/ATP ratio [19],
and indirectly by mitochondria-derived ROS by influencing ATP production [20]. In mam-
malian spermatozoa, so far, there is no direct evidence of the activation of the AMPK by
LKB-1 or CaMKK2. It has been reported that the soluble adenylate cyclase (sAC), cAMP,
and the cAMP-dependent protein kinase (PKA)-mediated pathway lie upstream of AMPK
activation in boar spermatozoa [14,16,21]. The cell stimulus that increases cAMP levels
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could promote sperm AMPK activation through cAMP degradation to AMP by phospho-
diesterases, as occurs in somatic cells [22]. Intracellular Ca2+ has been demonstrated as
an upstream regulator of AMPK activation by activating the specific sperm sAC and its
downstream signaling through the PKA in boar spermatozoa [16,21], or via the activation
of CaMKKs that is proven to exist in chicken spermatozoa [23]. Further studies are needed
to explore how the AMPK is activated during boar semen storage, which in turn helps to
elucidate the mechanism of sperm resistance to OS.

Based on the current evidence, we hypothesized that antioxidants and oxidants in
boar spermatozoa and their surrounding environment contribute to sperm survival; an
imbalance of antioxidants and oxidants is associated with the activation of the sperm
AMPK. To confirm this hypothesis, we investigated the influence of antioxidants and
oxidants on boar sperm quality and functionality, as well as AMPK activation during the
long-term storage of boar semen at 17 ◦C. Sperm samples were further treated with H2O2 to
confirm the links between antioxidants and oxidants, as well as the activation of the sperm
AMPK. The findings were expected to shed light on the mechanism of sperm resistance to
OS and to provide information for selecting antioxidants added into semen extender for
better reproductive results.

2. Materials and Methods
2.1. Semen Handling and Experiment Design

Ejaculates used in this study were purchased from two commercial AI stations (Henan
Swinegenes Co., Ltd., Hebi, China; Shanghai Sunsing Co., Ltd., Shanghai, China). The
boars used for semen collection were healthy, mature, and fertile; they were also housed
in AI stations under environmentally controlled conditions and were given commercial
feed, according to semen donor requirements. Ejaculates were collected using the gloved-
hand method and diluted to 25 × 106 sperm/mL with the ACROMAX PLUS extender
(ZoitechLab S.L., Madrid, Spain). Semen samples were packaged in a well sealed foam box
together with ice bags and were delivered to Yangzhou University in approximately 30 h. A
temperature monitor previously deposited in the foam box showed a temperature change
within 17–22 ◦C during delivery. Once arrived, the semen quality was evaluated, and only
samples with sperm motility > 70%, sperm viability > 70%, and abnormality < 15% were
selected for the experiments. In experiment 1, twenty-five ejaculates from eighteen Duroc
boars were used. The semen samples were stored at 17 ◦C for seven days, and sperm
quality and functionality were measured daily. One part of semen samples from each day
was taken out and centrifuged twice (2400× g, 3 min, 17 ◦C) to separate spermatozoa and
their surrounding fluid (SF, a mixture of extender and seminal plasma). The obtained
SF was further centrifuged three times (2400× g, 3 min, 17 ◦C) and was microscopically
examined to confirm that it was sperm-free and then stored at −80 ◦C until oxidant and
antioxidant analyses were performed. The harvested sperm samples were washed three
times with PBS by centrifugation (2400× g, 3 min, 17 ◦C) and stored at −80 ◦C for the
determination of AMPK phosphorylation, the ATP assay, and antioxidant and oxidant
measurements. In experiment 2, nine ejaculates from nine Duroc boars were pooled to
create three semen samples (one semen sample was made of three ejaculates to diminish
variations in ejaculates). Thereafter, the semen samples were divided into four groups,
and then they were treated with 0, 0.1, 0.2, and 0.4 µM/L H2O2. After incubation at
17 ◦C for 3 h, the sperm quality, intracellular ROS level, antioxidant and oxidant levels
in boar spermatozoa and SF, intracellular ATP assay, and sperm AMPK phosphorylation
were determined.

2.2. Assessment of Sperm Quality and Functionality

Sperm motility was objectively evaluated using an integrated sperm analysis system
(ISASV1®; Proiser R + D, Paterna, Spain). Briefly, a 5 µL semen sample (25× 106 sperm/mL)
was placed in a Makler counting chamber (Sefi Medical Instruments, Haifa, Israel), and it
was pre-warmed to 38 ◦C. Then, four to five fields were captured to analyze a minimum of
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400 spermatozoa per sample. Sperm total motility was recorded as the percentage of total
motile spermatozoa (with an average path velocity ≥20 µm/s) and progressive motility as
the percentage of sperm exhibiting rapid and progressive movement (straight line velocity
≥ 40 µm/s).

A flow cytometer (CytoFLEX S, Beckman Coulter Inc., Brea, CA, USA) was used
to evaluate the sperm viability, mitochondrial membrane potential, and intracellular
ROS production.

The sperm viability was evaluated in terms of plasma and acrosomal membrane
integrity using a triple-fluorescence procedure [24]. Briefly, a 100 µL sperm sample
(25 × 106 sperm/mL) was incubated with 3 µL H-42 (Hoechst 33342, B2261, Sigma,
0.05 mg/mL in PBS), 2 µL PI (propidium iodide, P3566, Thermofisher, 0.5 mg/mL in PBS),
and 2 µL PNA-FITC (L7381, Sigma, 200 µg/mL in PBS) at 37 ◦C in the dark for 10 min.
Before analysis via flow cytometry, 400 µL PBS was added to each sample. The sperm
viability was expressed as a percentage of live spermatozoa with a negative PI and a
negative PNA-FITC. The sperm population with a negative PI and a positive PNA-FITC
was regarded as viable spermatozoa with a damaged acrosome membrane.

The mitochondrial membrane potential was evaluated with Mitotracker Deep Red 633
(M22426, Thermofisher, Waltham, MA, USA), using a protocol described by Alkmin et al.
(2014) [25], with slight modification. Briefly, a 100 µL sperm sample (25 × 106 sperm/mL)
was transferred to culture tubes containing 3 µL of H-42 (0.05 mg/mL in PBS), 2 µL of
PI (0.5 mg/mL in PBS), and 5 µL of Mitotracker (0.2 µM in PBS of a stock solution of
1 mM in DMSO). The samples were incubated at 37 ◦C in the dark for 15 min. Before flow
cytometry analysis, 400 µL of PBS was added to each sample. The data were recorded
as the percentage of viable spermatozoa with a high mitochondria membrane potential
(negative PI and positive Mitotracker).

The intracellular generation of ROS in the viable spermatozoa was measured using
CM-H2DCFDA (C6827, Thermofisher), following the procedure described by Guthrie and
Welch [26]. Briefly, a 50 µL semen sample (25 × 106 sperm/mL) was re-diluted in 950 µL of
PBS containing 1.5 µL of H-42 (0.05 mg/mL in PBS), 1 µL of PI (0.5 mg/mL in PBS), and
1 µL of CM-H2DCFDA (1 mM in DMSO), and 1 µL of TBH (458139, Sigma, St. Louis, MO,
USA, 70% in distilled water) was added to the positive control group. Then, the samples
were incubated at 37 ◦C in the dark for 30 min prior to flow cytometric analysis. The data
were recorded as fluorescence units per million viable spermatozoa with a high intracellular
ROS generation (PI-negative and DCF-positive).

2.3. Measurement of Antioxidants and Oxidants in Boar Spermatozoa and SF

Colorimetric methods were carried out to measure antioxidants and oxidants in
boar spermatozoa and SF using a micro-plate reader (PowerWave XS; Bio-Tek Instru-
ments, Winooski, VT, USA). SF samples were directly used for assays. Sperm samples
containing 30 × 106 cells were centrifuged (1600× g, 5 min) and resuspended with 360 µL
1% Triton X-100 to lyse cells at 4 ◦C for 20 min. Thereafter, the supernatant was collected
by centrifugation (4000× g, 30 min, 4 ◦C) and kept on ice for assays.

The total oxidant status (TOS) was determined, as described by Erel [27]. Oxidants
present in the sample oxidize the ferrous ion–chelator complex to ferric ion. The oxidation
reaction is prolonged by glycerol, which is abundantly present in the reaction medium.
The ferric ion makes a colored complex with chromogen in an acidic medium. The color
intensity, which can be measured spectrophotometrically, is related to the total amount of
oxidant molecules present in the sample. The results were expressed in terms of micromolar
hydrogen peroxide equivalent per liter (µM H2O2 Equiv./L). The malondialdehyde (MDA)
contents were evaluated using a commercial kit (A003-1-2, Nanjing Jiancheng, Nanjing,
China), following the manufacturer’s instructions. The MDA in the sample reacts with
thiobarbituric acid (TBA) to generate a MDA-TBA adduct, which can be quantified colori-
metrically (OD = 532 nm). The MDA content results were expressed in nM/mL. The total
antioxidant capacity (TAC) was measured in terms of the Trolox-equivalent antioxidant
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capacity using a commercial kit (S0121, Beyotime, Shanghai, China). The method used is
based on 2, 2′-azinobis-(3-ethylbenzothiazoline-6-sulfonate) decolorization by antioxidants,
according to their concentration and antioxidant capacity. The change is detected at 414 nm
using a microplate reader. The results of the TAC assay were expressed in mM/L.

SOD-like activity determination was performed using a commercial kit (A001-3-2,
Nanjing Jiancheng, Nanjing, China). The assay is based on the capacity of SOD-like
antioxidants to catalyze the dismutation of the superoxide anion, produced by the action of
xanthine oxidase, into hydrogen peroxide and oxygen. As superoxide anions act on WST-1
to produce a water-soluble formazan dye that can be detected by an increase in absorbance
at 450 nm, the greater the SOD-like activity in the sample, the less formazan is produced.
A 50% SOD-like antioxidant inhibition corresponds to the SOD-like activity of 1 U. The
SOD-like activity was calculated from the Equation:

SOD–like antioxidants inhibition (%) =
(A blank1− A blank3)− (A sample− A blank2)

(A blank1− A blank3)

SOD–like activity (U/mL) =
SOD–like antioxidants inhibition

50%
× Dilution ratio

The intracellular GPX5-like activity was determined using an enzyme-linked immune
bi-antibody sandwich two-step method with a commercial kit (ml622032, Shanghai Enzyme
Link, Shanghai, China). After the incubation of samples in wells pre-coated with GPX5
capture antibody, HRP-labeled detection antibody was added and thereafter washed. TMB
was used as a substrate for color development. GPX5-like activity in samples was reflected
by the color change in the TMB catalyzed by GPX5, which was detected at 450 nm using a
microplate reader. The results were expressed as U/mL.

2.4. Determination of Intracellular ATP, ADP, and AMP Content

The assays for intracellular ATP, ADP, and AMP were performed, as described by
Nguyen et al. [28]. Briefly, the sperm samples of 100 µL (20 × 106 cells/mL) were mixed
with 1 µL of phosphatase inhibitor cocktail (P002, NCM Biotech, Suzhou, China) and
kept for 30 min on ice. Thereafter, tubes containing 900 µL of boiling buffer (50 mM
Tricine, 10 mM MgSO4, 2 mM EDTA, pH 7.8) were heated for 5 min at 95 ◦C. After the
addition of samples, the mixture was heated for 10 min at 95 ◦C. The tubes were chilled
on ice for 10 min and then centrifuged at 5000× g for 30 min at 4 ◦C (5810 R, Eppendorf,
Hamburg, Germany). The supernatant was used for assays. Three aliquots (100 µL for
each) of target sperm samples were incubated with 25 µL of Buffer A (75 mM Tricine, 5 mM
MgCl2, and 0.0125 mM KCl, pH 7.5), Buffer B (Buffer A + 0.1 mM phosphoenolpyruvate
(P7002, Sigma-Aldrich, St. Louis, MO, USA) + 0.08 µg/µL of the pyruvate kinase (P1506,
Sigma-Aldrich)), and Buffer C (Buffer B + 0.1 µg/µL of the adenylate (myo) kinase (M3003,
Sigma-Aldrich)). Tubes containing Buffers A, B, and C were incubated at 30 ◦C for 30 min,
30 min, and 90 min, respectively. All three tubes were boiled at 95 ◦C for 3 min to stop
reactions and then chilled on ice until they were assayed for ATP content. Buffer A was
used to measure ATP content in the sperm samples. Buffer B was used to determine the
combined amount of ATP and ADP according to reaction 1, in which ADP is transformed
to ATP with the pyruvate kinase as a catalytic agent. Buffer C was used to measure the
combined amount of ATP, ADP, and AMP according to reaction 2 (in which AMP was
converted into ADP with the adenylate kinase) and reaction 1 (in which ADP was converted
into ATP). The ATP content in each sample aliquot was measured using a commercial kit
(FLAA, Sigma), following the manufacturer’s instructions. The ADP and AMP content was
calculated based on the reaction formulas. The results are expressed as pM/L.

ADP + Phosphoenolpyruvat
pyruvate kinase−−−−−−−−→ ATP + Pyruvate (1)

AMP + ATP
adenylate kinase−−−−−−−−→ 2ADP (2)
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2.5. Western Blotting

Samples containing 1.2 × 108 sperm cells were centrifuged at 2400× g for 3 min at
4 ◦C. Thereafter, they were washed with PBS and re-suspended with RIPA buffer con-
taining 1% protease and phosphatase inhibitor cocktail (EDTA-Free, 100X in DMSO) for
10 min at 4 ◦C. The samples were lysed by ultrasonication (20 KHz, 750 W, operating at
30% power, six cycles for 5 s on and 5 s off). After 30 min of lysis at 4 ◦C, the samples
were centrifuged at 12,000× g for 10 min at 4 ◦C. A portion of the supernatant was used to
analyze the concentration of total protein, while the rest was mixed with 5 × SDS loading
buffer and boiled at 95 ◦C for 10 min. The proteins were separated by 10% SDS-PAGE
at 90 V for 120 min, and they were subsequently transferred onto PVDF membranes at
220 mA for 90 min. Western blotting analyses were performed using anti-phospho-Thr172
AMPKα (2535S, Cell Signaling Technology, Danvers, MA, USA, 1:1000), anti-total AMPKα2
(ab231807, Abcam, Cambridge, UK, 1:1000), and anti α-tubulin (AF0001, Beyotime, Shang-
hai, China, 1:1000) as primary antibodies. The membrane signal was acquired with an
automatic chemiluminescence image analysis system (Tannon 5200). Image analysis was
performed using ImageJ software (Image, Inc., Beverly Hills, CA, USA).

2.6. Statistical Analysis

The IBM SPSS software (version 19.0) was used for data analyses. The normality of
the data set was tested based on the residuals using the Kolmogorov–Smirnov test. The
statistical significance of differences in mean values between two groups was analyzed
using unpaired t test. The one-way ANOVA or the Kruskal–Wallis one-way ANOVA were
used where appropriate to perform a comparison among three or more groups, followed
by LSD multiple-comparison tests. Pearson correlation analysis was utilized to evaluate
the links between the phospho-AMPK level, the sperm quality and functionality, the
antioxidant and oxidant levels in boar spermatozoa and their surrounding environment,
and the intracellular AMP/ATP ratio. The values are expressed as the means ± SEMs. A
p value < 0.05 was considered as the minimal level of significance.

3. Results
3.1. Boar Sperm Quality and Functionality Deteriorated with Liquid Storage Time at 17 ◦C

Changes in boar sperm quality and functionality are presented in Table 1. During
liquid storage at 17 ◦C for seven days, no significant changes in boar sperm total and
progressive motility were observed (p > 0.05). Sperm viability was significantly decreased
(p < 0.05) with extended storage time, while no significant damage in acrosomal membrane
of viable sperm was observed. The intracellular ROS level was found to be the highest
(p < 0.05) on the first day of storage, was significantly reduced at day two (p < 0.05), and
then was slightly increased until a significant decline (p < 0.05) was observed on days six
and seven. The mitochondrial membrane potential was lower on day six than that on days
two and five (p < 0.05).

Table 1. Boar sperm quality and functionality during liquid storage at 17 ◦C. Data (mean ± SEM)
from 25 ejaculates of 18 Duroc boars.

Liquid Storage Time at 17 ◦C (d)

1 2 3 4 5 6 7

Total Motility (%) 71.92 ± 3.87 58.36 ± 4.85 51.96 ± 5.82 51.80 ± 5.85 57.92 ± 5.65 57.96 ± 5.48 54.60 ± 5.14
Progressive Motility (%) 45.44 ± 3.06 40.20 ± 3.60 35.96 ± 4.12 34.32 ± 4.05 37.60 ± 3.62 39.12 ± 3.92 35.60 ± 3.37

Viability (%) 74.20 ± 1.24 ac 74.78 ± 1.25 a 74.51 ± 1.22 a 70.28 ± 1.57 b 72.28 ± 1.55 ab 70.55 ± 1.24 bc 69.80 ± 1.52 b

Damaged acrosomal membrane
in viable sperm (%) 1.54 ± 0.29 1.35 ± 0.32 1.12 ± 0.18 1.84 ± 0.38 1.76 ± 0.31 1.31 ± 0.22 1.38 ± 0.24

Intracellular ROS production
(106 Fluorescence

unit/106 viable sperm)
20.22 ± 1.72 a 7.33 ± 0.74 bc 11.92 ± 1.38 cd 10.88 ± 1.26 bcd 11.92 ± 0.94 ad 7.32 ± 0.53 b 6.81 ± 0.56 b

Mitochondrial membrane
potential (%) 55.90 ± 6.84 ab 63.26 ± 5.05 a 48.36 ± 5.21 ab 38.93 ± 5.09 ab 60.00 ± 5.49 a 35.60 ± 5.59 b 40.87 ± 4.48 ab

Note: Letters a, b, c and d indicate differences among groups, p < 0.05.
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3.2. Effects of Liquid Storage Time at 17 ◦C on Antioxidant and Oxidant Levels in Boar
Spermatozoa and SF

To determine the effect of oxidative stress on boar semen storage, the oxidants and
antioxidants in both SF (Figure 1) and spermatozoa (Figure 2) were evaluated in terms of
non-enzymatic and enzymatic substances. In SF, no significant changes in TOS levels were
observed, while a significant decline (p < 0.05) in MDA was found after five days of storage.
The TAC levels decreased (p < 0.05) after three days of storage, being the lowest (p < 0.05)
on day six and seven. In spermatozoa, intracellular TOS level was lower (p < 0.05) on day
five and six of storage, compared with that at days one and two. SOD activity increased
(p < 0.05) from day one to day three, decreased on day four (p < 0.05), and increased
subsequently to be the highest on day six (p < 0.05). No significant changes in intracellular
TAC, GPX5, and MDA levels were found.
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Figure 1. Histograms showing antioxidant and oxidant levels in SF (sperm surrounding fluid),
according to storage time (days). TOS: total oxidant status, MDA: malondialchehyche, TAC: total
antioxidant capacity. Data were pooled from 18 Duroc boars and are expressed as the mean ± SEM.
* indicates differences among groups, p < 0.05.

3.3. Effects of Liquid Storage Time at 17 ◦C on Expression of the Phosphorylated AMPK and the
Intracellular AMP/ATP Ratio

As shown in Figure 3, the expression of the phosphorylated AMPK increased (p < 0.05)
with storage time ranging from day two to seven, while it was higher on the first day of
storage than that on days two and three (p < 0.05). During liquid storage, a great increase in
the AMP/ATP ratio occurred on day four, being higher (p < 0.05) than that of the first three
days and followed by a reduction to be lowest (p < 0.05) on days six and seven. Notably, an
increase (p < 0.05) from day one to day two was observed.
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Figure 3. Expression of the phosphorylated AMPK and the intracellular AMP/ATP ratio during
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* indicates differences among groups, p < 0.05 (please find the WB full membrane in Figure S1).



Vet. Sci. 2023, 10, 214 9 of 16

3.4. Correlation Analyses

Correlation analysis was performed to explore the effect of antioxidants and oxidants,
as well as the AMP/ATP ratio, on boar sperm quality during liquid storage. Sperm viability
was correlated, respectively, to SF TAC (R = 0.756, p < 0.05), SF MDA (R = 0.584, p = 0.168),
sperm TOS (R = 0.419, p = 0.350), and the AMP/ATP ratio (R = −0.487, p = 0.268).

To discover the links between AMPK phosphorylation and antioxidant and oxidant
levels in boar spermatozoa and SF, correlation analysis was performed. The phosphorylated
AMPK level was correlated to SF MDA (R = −0.453, p < 0.05). The AMP/ATP ratio was
correlated to SF TAC (R = −0.339, p = 0.133).

3.5. Effect of H2O2 Treatment on Sperm Quality

To confirm the effect of antioxidants and oxidants in boar spermatozoa and SF on
sperm quality and AMPK activation, semen samples were treated with different concentra-
tions of H2O2. Compared with the control, treatment with H2O2 greatly affected sperm
quality (Figure 4), showing damages in sperm acrosome integrity (p < 0.05), total motility
(p < 0.01), and progressive motility (p < 0.05). No alteration in sperm viability was observed.
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3.6. Effect of H2O2 Treatment on Antioxidant and Oxidant Levels in Boar Spermatozoa and SF

Treatment with H2O2 induced higher levels of SF MDA (p < 0.05) and intracellular
ROS production (p < 0.05), lower levels of SF TAC (p < 0.05), and lower sperm SOD-like
activity (p < 0.01) than those of the control (Figure 5).
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Figure 5. The effect of H2O2 treatment (0, 0.1, 0.2 and 0.4 µM/L) on antioxidant and oxidant
levels in boar spermatozoa and SF. MDA: malondialchehyche, ROS: reactive oxygen species, TAC:
total antioxidant capacity, SOD: superoxide dismutase. Bar graphs stand for data expressed as
mean ± SEM. * indicates differences among groups, p < 0.05; **, p < 0.01.

3.7. Effect of H2O2 Treatment on AMPK Phosphorylation and AMP/ATP Ratio of
Boar Spermatozoa

As shown in Figure 6, higher AMPK phosphorylation levels were found in semen
samples treated with 0.1 µM/L H2O2 (p < 0.05) and 0.2–0.4 µM/L H2O2 (p < 0.01) compared
to that in the control group. The AMP/ATP ratio was higher in semen samples treated with
0.4 µM/L H2O2 than that in the rest groups (p < 0.05).
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Figure 6. The effect of H2O2 treatment (0, 0.1, 0.2, and 0.4 µM/L) on the expression of the phosphory-
lated AMPK and the intracellular AMP/ATP ratio. All the Western blots are representative of three
biological replicates. Bar graphs represent data expressed as mean ± SEM. * indicates differences
among groups, p < 0.05; ** p < 0.01 (please find the WB full membrane in Figure S2).
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4. Discussion

The liquid storage of boar semen at 16–18 ◦C has been widely accepted as a conven-
tional technique used for efficient porcine reproduction. However, a continuous decline
in sperm quality and functionality has been observed during storage [29]. Factors, such
as boar ejaculate fraction, extender type, and storage time, influence semen quality [30].
In this study, sperm viability was altered by liquid storage time, which is consistent with
the results reported by Dziekonska and collaborators [31]. As boar spermatozoa are rich
in polyunsaturated fatty acids, they are extremely susceptible to OS [32]. OS is the main
cause of membrane peroxidation and consequently deteriorates viability. In the present
study, the significantly high level of intracellular ROS at day 1 is probably due to a delivery
of 30 h in a sealed foam box and temperature changes during delivery (17 ◦C at initial
and about 22 ◦C at arrival). After being transferred to a refrigerator and stored at 17 ◦C,
the metabolic activity of spermatozoa decreases, which reduces the production of ROS. In
addition, substances with antioxidant properties in boar semen play against ROS, which
further decreases the intracellular ROS. With increased storage time, the intracellular ROS
level increased from day two to day five. The decline in the ROS level in spermatozoa on
day six and day seven could be attributed to the compromised sperm quality in terms of
decreased viability and mitochondrial membrane potential, as mitochondria are the main
place for ROS production. A high level of intracellular ROS production at the beginning of
storage could be responsible for the damage in viability with storage time, which stresses
the importance of ROS monitoring during the liquid storage of boar semen, as suggested
by Khoi et al. [5]. In addition, our results show that the mitochondrial membrane potential
of spermatozoa decreased significantly on day six, when sperm viability and intracellular
ROS production declined. Under physiological conditions, the byproduct of peroxidation
caused by ROS enhances the production of ROS in mitochondria [3]. In the present study,
OS induced by liquid storage caused damage in sperm quality. When OS-caused damage is
beyond the capability of spermatozoa to tolerate, the damage in mitochondrial functionality
occurs, accompanied with the increasing number of dead spermatozoa due to the lack of
energy. The results of the present study agree with the reported evidence that OS induced
by excessive ROS is the main cause that provokes a continuous decline in sperm quality
and functionality in liquid stored semen [29].

To overcome the detrimental effects of OS on semen storage, various antioxidants
were added into the semen extender, and their protective effect on sperm quality was ob-
served [11,33,34]. Furthermore, our previous investigation demonstrated that antioxidants
in seminal plasma are directly involved in cryotolerance of boar spermatozoa by playing
against OS induced by the freezing and thawing process [4]. By taking advantage of the
previous findings, in the present study, we measured antioxidants and oxidants in boar
semen to make a better understanding of changes in seminal quality during liquid storage
at 17 ◦C. Under our experimental conditions, TAC and MDA levels significantly decreased
in SF with storage time, being the lowest on day six and day seven. As is known, the
TAC consists of low-molecular non-enzymatic antioxidants [35], originating from seminal
plasma and commercial extender. MDA is the main product of lipid peroxidation. The
evidence showing that the addition of 25% SP in boar semen increased the TAC level but
decreased the MDA content and ROS production [36] indicates an interaction between TAC
and lipid peroxidation. In the present study, the continuous decline in the SF TAC during
storage suggests its protective role against oxidative stress, which could be confirmed by
the decrease in the SF MDA content and intracellular ROS and TOS levels after four days
of storage. In addition, antioxidants and oxidants in spermatozoa were determined. A
declining trend of intracellular oxidant molecules in terms of TOS was observed, and the
lowest value was observed on days five and six. The increase in sperm SOD activity during
the first three days could be due to the increase in oxidative stress in terms of intracellular
ROS and TOS levels, as the spermatozoa themselves have an enzymatic antioxidant system
to respond to OS induced by storage. However, the antioxidants in spermatozoa are very
limited due to the distribution and space of cytoplasm [37]. With increased storage time,
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the intracellular ROS accumulate to an amount beyond the scavenging capacity of intra-
cellular antioxidants, breaking down the redox balance. In addition, the number of viable
spermatozoa decreased with storage time, resulting in a reduction in SOD-like activity.
Those results could explain the decrease in sperm SOD activity on day four. After four days
of storage, the sperm AMPK was significantly activated. The increase in sperm SOD-like
activity after four days of storage may be due to the activation of the sperm AMPK, which is
suggested to promote the antioxidants in boar spermatozoa [33]. SOD scavenges O2-• [12],
and its supplementation into freezing medium was demonstrated to be beneficial to the
cryosurvival of Black Bengal buck spermatozoa [38]. The results of the present study
indicate the opposing roles between antioxidants and oxidants in spermatozoa and their
surrounding environment during storage.

The AMPK plays a vital role in balancing cell metabolism and was first found in mam-
malian sperm in 2012 [14,15]. The activation of the AMPK was found to exert a positive
effect on sperm quality and functionality, while the inhibition of the AMPK imposed a neg-
ative impact [14,15,17,18]. The phosphorylated AMPK is not detected in fresh boar semen,
while liquid storage at 17 ◦C increases AMPK phosphorylation in a time-dependent manner,
with the highest level being observed on day seven [39]. Similarly, in the present study,
the p-AMPK increased significantly with storage time from day two to seven. However, a
higher p-AMPK level was observed on day one compared to that at days two and three,
which could be due to the higher level of intracellular ROS at day 1, as mentioned before. It
has been demonstrated that the increase in the AMP/ATP ratio activates the AMPK, which
upregulates the ATP-generating catabolic pathway and reduces the energy-consuming
anabolic pathway [40]. In this study, a significant increase in the AMP/ATP ratio was
observed after three days of storage, which corresponded to the elevated p-AMPK level.
The notable increase in the AMP/ATP ratio from day one to day two could be attributed to
the higher level of intracellular ROS production on day one, resulting in the activation of
the AMPK at the beginning of the storage period. With increased storage time, increasing
the p-AMPK levels may promote catabolic metabolism to produce more ATP; thus, the
AMP/ATP ratio decreased, as observed after day four.

To evaluate the effect of antioxidants and oxidants in boar spermatozoa and SF on
the sperm quality and activation of the AMPK, correlation analyses were performed.
Sperm viability during liquid storage showed a positive correlation with SF TAC. The TAC
measures low-molecular substances with antioxidant properties, such as ascorbic acid,
uric acid, a-tocopherol, and glutathione [35], which are inserted into the cell membrane
structure or bind to plasma membrane as an ROS scavenger [41]. As is reported, the TAC
in seminal plasma relates to boar sperm survival [42]. The results of the present study
confirmed the beneficial action of the TAC in maintaining boar sperm viability. Moreover,
sperm viability was correlated to SF MDA, sperm TOS, and AMP/ATP ratios without
statistical significance. The evidence that the addition of rosmarinic acid and resveratrol
into boar semen extender favors boar sperm motility, acrosome, and plasma membrane
integrity by improving TAC and SOD levels and reducing MDA contents [43,44], thus
indicating the negative effect of MDA on sperm quality. Intracellular TOS levels may exert
a negative effect on sperm viability, as is reported wherein boar spermatozoa with a lower
plasma membrane integrity are accompanied by a higher TOS level [45]. ATP production
by mitochondria is essential to maintaining sperm quality. The supplementation of proline
into boar semen improves sperm quality, as well as ATP levels and redox homeostasis [46].
Once OS are generated, the synthesis of ATP decreases and ROS production increases [47],
which in turn imposes a detrimental effect on sperm quality. Correlation analysis between
antioxidants and oxidants was performed, as well as AMPK activation. The p-AMPK
level was significantly correlated to SF MDA. A weak correlation was found between
the AMP/ATP ratio and the SF TAC. The results suggest a possible association between
the AMPK activation of boar spermatozoa and SF MDA, as well as the potential effect of
the SF TAC on the AMP/ATP ratio. In somatic cells, cell stimulus that increases cAMP
levels could promote sperm AMPK activation through cAMP degradation to AMP by
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phosphodiesterases [22]. Apart from sAC, cAMP, and the PKA pathway [14,16,21], OS, as
a stress stimulus, could be another factor that activates the AMPK in boar spermatozoa.
During storage, spermatozoa take in nutrients in a temperature-dependent manner from
their surrounding environment to support basic biological process. Energy stress induces
AMPK activation, which inhibits anabolic activity and simultaneously promotes catabolic
activity to produce more ATP for cell survival [48]. ATP synthesis increases ROS production,
which induces OS when levels exceed the antioxidant defenses. Therefore, the AMPK, as
an energy sensor, may play an important role in maintaining redox balance.

To confirm the links between antioxidants and oxidants, and the activation of the
sperm AMPK, H2O2 was employed to induce OS and the p-AMPK levels were determined.
Meanwhile, antioxidant and oxidant indicators that were greatly influenced by liquid
storage were selected to be measured. Treatment with H2O2 significantly damaged sperm
quality, increased levels of oxidants, and decreased levels of antioxidants. Significantly
higher p-AMPK and AMP/ATP ratio levels were observed when treated with different
concentrations of H2O2. The results indicate that OS induced by H2O2 treatment promotes
AMPK activation. It has been reported that lipid peroxidation caused by ROS acts as a stress
stimulator in the plasma membrane by playing roles in AMPK activation [49]. Furthermore,
ochratoxin A exposure to boar spermatozoa increases ROS production, which activates the
AMPK [50]. However, the question surrounding how OS is involved in AMPK activation
remains unanswered. In somatic cells, the AMPK can be activated by mitochondria-derived
ROS via a possible secondary redox effect on ATP production [20]. The ATP level plays a
core role in AMPK activation, which balances cellular energetic metabolism and exerts a
positive impact on sperm quality [13]. In return, the activation of the AMPK by metformin
increases the intracellular ATP level, resulting in a better boar sperm quality [51]. Thus, a
similar signaling pathway leading to AMPK activation may occur in boar spermatozoa, as
in somatic cells.

The final question regarding how the activated AMPK influences sperm quality re-
mains. It has been reported that the addition of caffeic acid phenethyl ester and rosmarinic
acid in boar semen improves sperm quality and promotes antioxidant capacity, possibly
through affecting AMPK activity [33,52]. Further evidence in mouse embryonic fibrob-
lasts and skeletal muscle suggests that the activation of the AMPK induces a peroxisome
proliferator-activated receptor gamma coactivator-1α (PGC-1α)-dependent antioxidant
response [53,54]. In addition, the AMPK may function through maintaining lactate and
ATP levels [18]. More studies are required to provide direct evidence.

5. Conclusions

In summary, the present study demonstrates that boar spermatozoa liquid stored at
17 ◦C undergoes OS, which provokes damage in sperm quality. The antioxidants and oxi-
dants in boar spermatozoa and their surrounding environment can be influenced by liquid
storage. When oxidant levels predominate over antioxidant defenses, boar spermatozoa
suffer from OS, which promotes the phosphorylation of the AMPK. The results suggest
that antioxidants and oxidants are associated with AMPK activation.
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8. Partyka, A.; Lukaszewicz, E.; Niżański, W. Lipid peroxidation and antioxidant enzymes activity in avian semen. Anim. Reprod.
Sci. 2012, 134, 184–190. [CrossRef]

9. Neagu, V.R.; García, B.M.; Rodríguez, A.M.; Ferrusola, C.O.; Bolaños, J.M.; Fernández, L.G.; Tapia, J.A.; Peña, F.J. Determination
of glutation peroxidase and superoxide dismutase activities in canine seminal plasma and its relation with sperm quality and
lipid peroxidation post thaw. Theriogenology 2011, 75, 10–16. [CrossRef]

10. Catalán, J.; Yánez-Ortiz, I.; Tvarijonaviciute, A.; González-Aróstegui, L.G.; Rubio, C.P.; Barranco, I.; Yeste, M.; Miró, J. Seminal
plasma antioxidants are related to sperm cryotolerance in the horse. Antioxidants 2022, 11, 1279. [CrossRef] [PubMed]

11. Ribas-Maynou, J.; Mateo-Otero, Y.; Delgado-Bermúdez, A.; Bucci, D.; Tamanini, C.; Yeste, M.; Barranco, I. Role of exogenous
antioxidants on the performance and function of pig sperm after preservation in liquid and frozen states: A systematic review.
Theriogenology 2021, 173, 279–294. [CrossRef] [PubMed]

12. Aitken, R.J.; Jones, K.T.; Robertson, S.A. Reactive oxygen species and sperm function–in sickness and in health. J. Androl. 2012, 33,
1096–1106. [CrossRef]

13. Martin-Hidalgo, D.; Hurtado de Llera, A.; Calle-Guisado, V.; Gonzalez-Fernandez, L.; Garcia-Marin, L.; Bragado, M.J. AMPK
function in mammalian spermatozoa. Int. J. Mol. Sci. 2018, 19, 3293. [CrossRef] [PubMed]

14. Hurtado de Llera, A.; Martin-Hidalgo, D.; Gil, M.C.; Garcia-Marin, L.J.; Bragado, M.J. AMP-activated kinase AMPK is expressed
in boar spermatozoa and regulates motility. PLoS ONE 2012, 7, e38840. [CrossRef]

15. Tartarin, P.; Guibert, E.; Touré, A.; Ouiste, C.; Leclerc, J.; Sanz, N.; Brière, S.; Dacheux, J.L.; Delaleu, B.; McNeilly, J.R.; et al.
Inactivation of AMPKα1 induces asthenozoospermia and alters spermatozoa morphology. Endocrinology 2012, 153, 3468–3481.
[CrossRef]

16. Hurtado de Llera, A.; Martin-Hidalgo, D.; Rodriguez-Gil, J.E.; Gil, M.C.; Garcia-Marin, L.J.; Bragado, M.J. AMP-activated kinase,
AMPK, is involved in the maintenance of plasma membrane organization in boar spermatozoa. Biochim. Biophys. Acta 2013, 1828,
2143–2151. [CrossRef]

17. Shabani Nashtaei, M.; Amidi, F.; Sedighi Gilani, M.A.; Aleyasin, A.; Bakhshalizadeh, S.; Naji, M.; Nekoonam, S. Protective features
of resveratrol on human spermatozoa cryopreservation may be mediated through 5′ AMP-activated protein kinase activation.
Andrology 2017, 5, 313–326. [CrossRef]

18. Zhu, Z.; Li, R.; Ma, G.; Bai, W.; Fan, X.; Lv, Y.; Luo, J.; Zeng, W. 5′-AMP-activated protein kinase regulates goat sperm functions
via energy metabolism in vitro. Cell Physiol. Biochem. 2018, 47, 2420–2431. [CrossRef] [PubMed]

19. Trefts, E.; Shaw, R.J. AMPK: Restoring metabolic homeostasis over space and time. Mol. Cell 2021, 81, 3677–3690. [CrossRef]
20. Hinchy, E.C.; Gruszczyk, A.V.; Willows, R.; Navaratnam, N.; Hall, A.R.; Bates, G.; Bright, T.P.; Krieg, T.; Carling, D.; Murphy, M.P.

Mitochondria-derived ROS activate AMP-activated protein kinase (AMPK) indirectly. J. Biol. Chem. 2018, 293, 17208–17217.
[CrossRef]

21. Hurtado de Llera, A.; Martin-Hidalgo, D.; Gil, M.C.; Garcia-Marin, L.J.; Bragado, M.J. The calcium/CaMKKalpha/beta and
the cAMP/PKA pathways are essential upstream regulators of AMPK activity in boar spermatozoa. Biol. Reprod. 2014, 90, 29.
[CrossRef]

http://doi.org/10.1016/j.theriogenology.2015.07.009
http://doi.org/10.1111/j.1439-0531.2011.01836.x
http://doi.org/10.1002/mrd.22871
http://www.ncbi.nlm.nih.gov/pubmed/28749007
http://doi.org/10.1016/j.theriogenology.2017.10.035
http://doi.org/10.1111/and.14237
http://doi.org/10.1016/j.anireprosci.2013.09.008
http://doi.org/10.1016/j.anireprosci.2015.02.006
http://www.ncbi.nlm.nih.gov/pubmed/25735828
http://doi.org/10.1016/j.anireprosci.2012.07.007
http://doi.org/10.1016/j.theriogenology.2010.07.004
http://doi.org/10.3390/antiox11071279
http://www.ncbi.nlm.nih.gov/pubmed/35883774
http://doi.org/10.1016/j.theriogenology.2021.07.023
http://www.ncbi.nlm.nih.gov/pubmed/34411905
http://doi.org/10.2164/jandrol.112.016535
http://doi.org/10.3390/ijms19113293
http://www.ncbi.nlm.nih.gov/pubmed/30360525
http://doi.org/10.1371/journal.pone.0038840
http://doi.org/10.1210/en.2011-1911
http://doi.org/10.1016/j.bbamem.2013.05.026
http://doi.org/10.1111/andr.12306
http://doi.org/10.1159/000491616
http://www.ncbi.nlm.nih.gov/pubmed/29991051
http://doi.org/10.1016/j.molcel.2021.08.015
http://doi.org/10.1074/jbc.RA118.002579
http://doi.org/10.1095/biolreprod.113.112797


Vet. Sci. 2023, 10, 214 15 of 16

22. Omar, B.; Zmuda-Trzebiatowska, E.; Manganiello, V.; Göransson, O.; Degerman, E. Regulation of AMP-activated protein kinase
by cAMP in adipocytes: Roles for phosphodiesterases, protein kinase B, protein kinase A, Epac and lipolysis. Cell Signal. 2009, 21,
760–766. [CrossRef]

23. Nguyen, T.M.; Combarnous, Y.; Praud, C.; Duittoz, A.; Blesbois, E. Ca2+/calmodulin-dependent protein kinase kinases (CaMKKs)
effects on AMP-activated protein kinase (AMPK) regulation of chicken sperm functions. PLoS ONE 2016, 11, e0147559. [CrossRef]

24. Martinez-Alborcia, M.J.; Valverde, A.; Parrilla, I.; Vazquez, J.M.; Martinez, E.A.; Roca, J. Detrimental effects of non-functional
spermatozoa on the freezability of functional spermatozoa from boar ejaculate. PLoS ONE 2012, 7, e36550. [CrossRef]

25. Alkmin, D.V.; Perez-Patiño, C.; Barranco, I.; Parrilla, I.; Vazquez, J.M.; Martinez, E.A.; Rodriguez-Martinez, H.; Roca, J. Boar sperm
cryosurvival is better after exposure to seminal plasma from selected fractions than to those from entire ejaculate. Cryobiology
2014, 69, 203–210. [CrossRef] [PubMed]

26. Guthrie, H.D.; Welch, G.R. Determination of intracellular reactive oxygen species and high mitochondrial membrane potential
in Percoll-treated viable boar sperm using fluorescence-activated flow cytometry. J. Anim. Sci. 2006, 84, 2089–2100. [CrossRef]
[PubMed]

27. Erel, O. A new automated colorimetric method for measuring total oxidant status. Clin. Biochem. 2005, 38, 1103–1111. [CrossRef]
[PubMed]

28. Nguyen, Q.T.; Wallner, U.; Schmicke, M.; Waberski, D.; Henning, H. Energy metabolic state in hypothermically stored boar
spermatozoa using a revised protocol for efficient ATP extraction. Biol. Open 2016, 5, 1743–1751. [CrossRef]

29. Tremoen, N.H.; Gaustad, A.H.; Andersen-Ranberg, I.; van Son, M.; Zeremichael, T.T.; Frydenlund, K.; Grindflek, E.; Våge, D.I.;
Myromslien, F.D. Relationship between sperm motility characteristics and ATP concentrations, and association with fertility in
two different pig breeds. Anim. Reprod. Sci. 2018, 193, 226–234. [CrossRef] [PubMed]
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