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Simple Summary: Ram sperm is highly sensitive to reactive oxygen species (ROS) during liquid
storage at 4 °C. Diluent supplementation with an antioxidant could help protect sperm from oxidative
stress. Punicalagin, the primary compound in pomegranate extract, is a polyphenol with potent
antioxidant properties and has the ability to scavenge free radicals like DPPH. However, the impact
of punicalagin on Hu ram sperm during liquid storage at 4 °C is unknown. Therefore, different
concentrations (0, 5, 15, 30 and 45 pM) of punicalagin were added to Hu ram semen preserved at
4 °C to explore the effect on sperm. The results indicated that the addition of punicalagin to the
diluent could enhance the quality of ram sperm preserved at 4 °C by increasing antioxidant capacity,
mitochondrial potential and reducing oxidative stress. Furthermore, 30 M of punicalagin was the
optimal concentration for Hu ram sperm preserved at 4 °C.

Abstract: The aim of this study was to investigate the effect of punicalagin, an antioxidant, on
ram sperm quality. Semen samples were collected and pooled from five rams, then diluted using
a Tris-based diluent containing various concentrations (0, 5, 15, 30 and 45 uM) of punicalagin.
Sperm motility, plasma membrane integrity, acrosome integrity, total antioxidant capacity (TAC),
reactive oxygen species (ROS), malondialdehyde (MDA), mitochondrial membrane potential (MMP),
superoxide dismutase (SOD) and catalase (CAT) were measured and analyzed during liquid storage
at 4 °C. The results showed that the Tris-based solution containing punicalagin improved sperm
motility, plasma membrane integrity, acrosome integrity, TAC, SOD, CAT and MMP, and decreased
ROS content and MDA content. At the same time, the semen sample diluted with the Tris-based
solution supplemented with 30 uM punicalagin achieved the best effect. The sperm total motility,
progressive motility, plasma membrane integrity, acrosome integrity, TAC, SOD, CAT and MMP of
the group supplemented with 30 uM punicalagin were significantly (p < 0.05) higher than those of
the other groups on the 5th day during the liquid storage at 4 °C. Meanwhile, the ROS content and
MDA content were significantly (p < 0.05) lower than those in the other groups. In conclusion, the
optimal concentration of punicalagin in the Hu ram semen diluent was determined to be 30 uM. The
results indicated that a diluent supplemented with punicalagin could enhance the quality of ram
sperm preserved at 4 °C by increasing antioxidant capacity, mitochondrial potential and reducing
oxidative stress.

Keywords: punicalagin; ram; sperm; antioxidant capacity; 4 °C preservation

1. Introduction

In the sheep industry, artificial insemination (AI) is commonly performed using ram
semen during liquid storage at room temperature and 4 °C [1]. Therefore, effective long-
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term storage of functional ram sperm is also an important target for the sheep industry [2].
However, ram sperm exhibit morphological and functional changes, such as decreased
motility and acrosome integrity after liquid storage. Maintaining high sperm motility and
acrosome integrity is crucial for sperm to penetrate the zona pellucida and corona radiata,
enabling them to successfully bind with oocytes and achieve fertilization [3-5]. This result
could be improved by adding external substances to enhance semen preservation [6].

Energy metabolism is essential for all cells to maintain normal physiological func-
tion [7]. Spermatozoa are highly specialized cells that differ significantly from non-
spermatozoa in morphological structure. During spermatogenesis, most of the organelles
are discarded. Only a small number of closely related organelles with similar functions
remain. The mitochondria are important organelles for spermatozoa. The energy metabolic
pathway for spermatozoa to produce adenosine triphosphate (ATP) consists of glycolysis
and mitochondprial oxidative phosphorylation (OXPHOS) [8]. Enzymes involved in gly-
colysis are primarily located in the fibrous sheath of the sperm tail [9]. OXPHOS mainly
occurs in the mitochondria of the mid-piece of the sperm [10]. Compared to glycoly-
sis, mitochondrial OXPHOS is a more efficient energy metabolic pathway for producing
ATP in sperm [11,12]. Therefore, normal functioning mitochondria play a crucial role in
sperm quality.

However, the process of OXPHOS in mitochondria can produce reactive oxygen
species (ROS) [13,14]. Physiological levels of ROS will not damage sperm, but excessive
ROS can lead to oxidative stress and damage sperm function [15,16]. As semen preservation
time is extended, mitochondria will produce more ROS. The antioxidant capacity of sperm
is insufficient to counteract the excessive ROS, leading to lipid peroxidation (LPO) in the
mid-section of the sperm tail and resulting in mitochondrial damage [17,18]. After excessive
ROS cause mitochondrial damage, the mitochondria will increase the production of ROS,
leading to further damage to the mitochondria, thus perpetuating the cycle [19]. This affects
the function of mitochondria, damages the structure of sperm, and ultimately reduces the
efficacy of semen preservation.

Punicalagin is a natural phenolic compound extracted from pomegranate, known for
having the largest molecular weight among phenolic compounds [20,21]. Punicalagin has
numerous biological functions, such as protecting the kidneys, inhibiting the growth of liver
cancer cells and exerting a beneficial protective effect on the reproductive system [22-24].
In a study involving rats, Sudheesh [25] found that the content of malondialdehyde (MDA)
in the liver decreased significantly, while the activities of enzymes such as catalase (CAT),
superoxide dismutase (SOD) and glutathione (GSH) significantly increased when the rats
were fed at a dose of 10 mg/day. Cayir [26] discovered that punicalagin can also neutralize
free radicals such as O?~, enhance the activities of antioxidant enzymes such as SOD
and ultimately mitigate the damage to the liver and kidneys caused by oxidative stress.
Punicalagin, the primary compound in pomegranate extract, is a polyphenol with potent
antioxidant properties and the ability to scavenge free radicals like DPPH [27].

However, the effect of punicalagin on ram sperm quality is unknown. In the present
study, we aimed to verify whether punicalagin could protect ram sperm during liquid
storage at 4 °C and whether punicalagin’s regulation of oxidative stress is applicable to
ram sperm. Therefore, the purpose of this study is to explore whether punicalagin can
enhance the antioxidant capacity of ram sperm, maintain the normal function of sperm
mitochondria and ultimately improve the quality of semen preservation by assessing
oxidative stress parameters, mitochondrial membrane potential (MMP), functional integrity
and motility parameters.

2. Materials and Method
2.1. Animals and Semen Collection
All experimental procedures involving rams were conducted in accordance with the

standard guidelines of the Animal Care Committee of the Yangzhou University (Approval
ID: 202206132). Compared to other breeds, Hu sheep are popular among farms due to
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their high fertility, multiple births and estrus all year round. Healthy breeding Hu rams
(n = 5), with an average of 1.5-2.5 years, body weight 75 & 5 kg with good libido had their
semen collected using an artificial vagina. The rams were fed 500 g concentrate/day, as
well as hay and free water at the Yangzhou University Experimental Ranch. Semen samples
were collected twice per week for four consecutive months (from March to July 2023). A
total of 160 ejaculates (32 ejaculates per ram) were used for the experiments. Collected
semen samples were taken back to the laboratory within 20 min of staining at 37 °C and
the sperm quality was measured using a computer-assisted sperm analyzer (CASA, ML-
608JZ 11, Mailang, Nanning, China). Ejaculates with volume > 0.6 mL, total motility > 80%
(CASA detection), total abnormality < 10% (Gentian violet staining) and the concentration
>2.0 x 10° sperm/mL (CASA detection) were pooled to eliminate individual differences
for the further experiment.

2.2. Diluent Preparation

In the present experiment, the Tris-based (Tris 3.07 g, fructose 2 g, citric acid 1.64 g,
50,000 IU penicillin, 50,000 IU streptomycin, 0.1 g soy lecithin and distilled water up to
100 mL) semen basic diluent was used. Punicalagin (HPLC > 98%, Mansite, Chengdu,
China) was dissolved in water and added to the basic diluent at concentrations of 5, 15, 30
and 45 uM, while the control was the basic extender without ALA. The osmolality and pH
of the diluent were 350 mOsm /L and 7.4.

2.3. Semen Processing

After evaluating the quality of the semen samples, the qualified semen samples were
pooled and divided into five tubes. One tube was diluted with a basic diluent to serve as the
control group. The other tubes were diluted with a diluent of varying concentrations (con-
taining 5, 15, 30, 45 uM punicalagin) and all the tubes were diluted to 2 x 108 sperm/mL.
Finally, semen samples were wrapped in a towel and stored in the refrigerator at 4 °C.
During the preservation period, semen quality parameters such as total motility (TM, %),
progressive motility (PM, %), straight line velocity (VSL, um/s), curvilinear velocity (VCL,
um/s), average path velocity (VAP, um/s), average motion degree (MAD, o/s), plasma
membrane and acrosome integrity were measured and analyzed once a day. Sperm antiox-
idant capacity such as ROS, MDA, total antioxidant capacity (TAC), SOD and CAT was
measured and analyzed on the first, third and fifth day of semen preservation. The sperm
MMP was evaluated on the first, third and fifth day during the preservation period. All
experiments were performed with six replicates for both the control and treatment groups.

2.4. Semen Quality Evaluation
2.4.1. Analysis of Sperm Motility Parameters

The sperm motility parameters (TM, PM, VSL, VCL, VAP and MAD) were measured
using the CASA. The diluents and counting chambers used in CASA detection have a
significant impact on the accuracy and stability of the results [28]. Preserved semen samples
were diluted to 4 x 107 sperm/mL using a basic diluent and then incubated at 37 °C for
3 min. A total of 1.4 uL semen sample was dropped on a MACRO sperm counting chamber
(YA-1, 10 um, Yucheng, Nanjing, China) and then positioned on a 37 °C stage warmer
using a phase-contrast microscope (ML-800, Mailang, Nanning, China) at a magnification
of 100x, equipped with a CCD-camera (MD06200C, Mailang, Nanning, China) for the
measurement. A total of at least 1000 sperm in five fields for each sample were counted
using the CASA.

2.4.2. Analysis of Sperm Plasma Membrane Integrity

The percentage of hypotonic swelling test (HOST)-positive sperm was evaluated to an-
alyze the functional integrity of the sperm plasma membrane, as described by Vasquez [29].
The preserved semen sample was individually incubated with a fresh hypotonic swelling
solution (consisting of 0.49 g sodium citrate and 0.9 g fructose dissolved in 100 mL distilled
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water, 108 mOsm /L) at a ratio of 1:10 at 37 °C for 30 min. After incubation, 1.4 uL of the
sample was dropped on a specialized sperm counting plate. The percentage of coiling
sperm was counted using a phase-contrast microscope (OLYMPUS CX31, Tokyo, Japan) at
a magnification of 400 x, with at least 200 sperm being counted.

2.4.3. Analysis of Sperm Acrosome Integrity

The functional integrity of the sperm acrosome was assessed using Coomassie brilliant
blue staining as described by Wang [30]. A Coomassie brilliant blue solution was prepared
by first dissolving 0.1 g G-250 in 50 mL of 95% absolute ethanol. Secondly, 100 mL of 85%
phosphoric acid was added. Finally, distilled water was added to make the total volume up
to 1000 mL. After staining with Coomassie brilliant blue for 30 min at room temperature,
each sample was examined under a phase-contrast microscope (OLYMPUS CX31, Tokyo,
Japan) at a magnification of 1000 and at least 200 sperm were counted. The head of the
intact acrosome sperm was stained blue.

2.4.4. Analysis of Sperm Antioxidant Capacity

ROS content, MDA content and SOD activity were measured to assess the antioxidant
capacity of the sample using kits (The Beyotime Institute of Biotechnology, Shanghai, China)
according to the manufacturer’s instructions. ROS content was measured using DCFH-DA.
Briefly, preserved semen samples were centrifuged to remove the supernatant. The samples
were resuspended in PBS to a concentration 4 x 107 sperm/mL. A total of 300 uL DCFH-DA
working solution was added to the 50 pL semen sample and then incubated at 37 °C for
30 min in the dark. The multifunctional microplate reader (PerkinElmer, Waltham, MA,
USA) was used to measure the fluorescence intensity at excitation/emission = 488/525 nm.
The fluorescence intensity is commonly used to represent the ROS content. MDA content
was measured using TBA. Briefly, preserved semen samples were centrifuged to get the
supernatant. A total of 200 pL TBA working solution was added to the 100 puL supernatant
and then heated at 100 °C for 15 min. After staining, the samples were centrifuged at
1000x g for 10 min. The multifunctional microplate reader (PerkinElmer, Waltham, MA,
USA) was used to measure the absorbance at 532 nm. The MDA content can be determined
by substituting the absorbance into the standard curve. SOD activity was measured using
WST-8. Briefly, preserved semen samples were centrifuged to remove the supernatant. The
samples were lysed using the lysis buffer provided in the kit. The protein concentration
was measured using the BCA Protein Assay Kit (Solarbio Institute, Beijing China) according
to the manufacturer’s instructions. The working solution was added to the lysed sample
and incubated at 37 °C for 30 min. The multifunctional microplate reader (PerkinElmer,
Waltham, USA) was used to measure the absorbance at 450 nm. The SOD activity can be
determined by substituting the absorbance into the standard curve.

CAT activity and TAC were measured to determine the antioxidant capacity in sperm
using kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the
manufacturer’s instructions. Briefly, preserved semen samples were centrifuged to get
the supernatant. The working solution was added to the supernatant according to the
manufacturer’s instructions. The multifunctional microplate reader (PerkinElmer, Waltham,
USA) was used to measure the absorbance at 405 nm. The CAT activity and TAC can be
obtained by substituting the absorbance into the standard curve.

2.4.5. Analysis of Sperm MMP

MMP was measured using an MMP assay kit with JC-1 (The Beyotime Institute
of Biotechnology, Shanghai, China) according to the manufacturer’s instructions. The
orange fluorescence was used to represent high MMP when JC-1 formed multimeric
aggregates were excited, while green indicated the opposite. Briefly, preserved semen
samples were centrifuged to remove the supernatant. The samples were resuspended
in PBS to a concentration 4 x 107 sperm/mL. A total of 3 puL JC-1 (200x) was added
to the 100 pL semen sample and then incubated at 37 °C for 15 min in the dark. The
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multifunctional microplate reader (PerkinElmer, Waltham, USA) was used to measure
the orange fluorescence at excitation/emission = 525/590 nm and the green fluorescence
at excitation/emission = 488/525 nm. The relative ratio of orange—green fluorescence is
commonly used to represent the MMP.

2.5. Statistical Analysis

All the data were analyzed using the Statistical Package for the Social Sciences (SPSS,
IBM, Armonk, NY, USA, version 25.0). The Shapiro-Wilk test was used to assess the
normality of the data. The data showed a normal distribution. The parameters were
evaluated and analyzed using a two-way repeated measures ANOVA. Data were presented
as the “mean £ SEM” and a p value of <0.05 (p < 0.05) was considered significant. All
experiments were performed with six replicates for both the control and treatment groups.

3. Results
3.1. Sperm Motility Parameters

The effects of different concentrations of punicalagin on Hu ram sperm motility at
4 °C are shown in Table 1. Sperm TM and PM were decreased with the advancement in
time. The addition of punicalagin improved the sperm TM and PM during liquid storage
from the 1st day to the 5th day. The TM and PM of the 5 uM treatment group were not
significantly (p > 0.05) higher than those of the control group on the 2nd day. In the other
treatment groups the sperm TM and PM were significantly (p < 0.05) improved from the
2nd day to the 5th day. The sperm TM and PM of the 30 uM treatment group were the
highest (p < 0.05) compared to those of the control group from the 2nd day to the 5th day.

Table 1. Sperm motility parameters affected by five doses of punicalagin.

Different Concentrations (uM)

Motility Preserved
Parameters Period 0 (Control) 5 15 30 45
0d 84.02 +1.194 83.75 + 0.44 A 83.68 + 0.20 & 84.89 +1.08 4 84.07 + 1.00 &
1d 81.21 +0.04 A 8235+0344 8176+ 03448  8312+1364B  81.90 +0.17AB
o 2d 7479 £ 1378 7704 4+1.15Bbc 8048+ 05182 8124 +0.078 7997 + 1.16Bab
™ (%) cd C Cab C Cb.
3d 69.25 + 1.72 7342 £0.85° 7682 +0.12CP 78464090 7519 + 0.16 Cbe
4d 62.57 £1.08P¢ 6588 +1.60Pb¢ 6827 +£059PP 7516+ 04502 6867 +1.15DP
5d 51.09 £ 057 E¢ 5333+ 050F¢ 5693 +228EF 6252+ 1.01E2  54.56 + 0.89 Ebc
0od 81.44 + 1.64 4 81.06 + 0.73 A 80.89 + 0.56 82.58 + 0.87 A 81.45 + 091 4
1d 76.66 £ 0328 7877 £ 0368 79204+ 0314AP 8044 +0.03 B2 78.88 + 0.56 AP
o 2d 69.76 £ 029  71.06+ 017 7386+ 0.72B° 7818 +0.36BC2 7526 + 0.69 BP
PM (%) d D b C b
3d 61.05 +1.35D 6743 £0.77P¢ 6934 + 050 76,01+ 0432 70.16 £ 054 C
4d 56.02 +1.07Ed 5961 £ 0.64E  64774+091P° 6850 +083P2  61.04 + 047D
5d 3922 +022F 4084 +025F 4396 +1.14E 5024 +158F2 4401 +0.83EP

Note: Data are expressed as mean 4 SEM. Different superscripts (lowercase letter) in the same row (preserved on
the same day) show significant differences (p < 0.05). Different superscripts (uppercase letter) in the same column
(preserved at the same concentration) show significant differences (p < 0.05).

3.2. Sperm Kinematic Parameters

As shown in Table 2, the sperm VSL, VCL, VAP and MAD gradually decreased
over time. On the 2nd and 4th days, the sperm VSL of the 30 uM treatment group was
significantly (p < 0.05) higher than that of the other groups. On the 3rd day, the sperm
VCL of the 30 uM treatment group was significantly (p < 0.05) higher than that of the
other groups. On the 4th and 5th days, the sperm VCL of the 30 pM treatment group
was significantly (p < 0.05) higher than that of the control group. The sperm VAP of the
30 uM treatment group was significantly (p < 0.05) higher than that of the control group
from the 3rd day to the 5th day. The sperm MAD of the 30 uM treatment group was
significantly (p < 0.05) higher than that of the control group from the 1st day to the 3rd day.
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On the 5th day, all the treatment groups were significantly (p < 0.05) higher than that of the

control group.

Table 2. Sperm kinematic parameters affected by five doses of punicalagin.

Different Concentrations (uM)

Kinematic Preserved
Parameters Period 0 (Control) 5 15 30 45
0d 61.03 £2.034 61.49 +1.08 4 59.71 +1.80 & 60.25 £ 2.77 A 61.54 +3.39 4
1d 35.42 +£1.278B 36.06 + 0.76 B 34.71 £1.44€ 38.04 +1.53€ 35.41 + 1.44 BC
VSL (um/s) 2d 32.65+1.308%d 3432 +148BCd 38954 1.60B8b 4422 +1.23Ba 37.95 + 1.18 Bbe
3d 32.38 + 0.53 BC 31.77 + 0.48 <P 32.52 4+ 0.23 P 33.25 + 0.63 P 31.54 + 0.69 <P
4d 28.98 + 0.30 €Pb 29.73 + 0.49 Pb 28.90 + 0.37 Pb 31.03 £ 0.28 Pa 29.69 + 0.29 PP
5d 27.78 +0.99 P 28.68 +1.16 P 28.82 +0.75P 3025+ 0.61P 27.71+0.71P
0d 7931 +1.824 81.31 +£1.334 7822 +1.614 80.12 +1.924 80.05 + 2.47 A
1d 7398 + 1458 7151 +2.378B 71.39 + 2.53 B 73.75+0.61 B 72.63 +1.68 B
VCL (um/s) 2d 71.64 4+ 1558 71.61+1.01B 72.58 +1.00 B 739541328 70.32 + 0.38 BC
3d 64.46 + 0.89 €P 65.47 + 1.29 P 67.33 + 2.54 BCb 72.72 +£1.12 Ba 65.70 + 0.28 €Pb
4d 57.90 =+ 0.85 Pe 61.14 =+ 1.35 Cbe 65.71 +£1.10 66.57 +0.83C2 6547 + 2.28 CPab
5d 57.77 4+ 0.07 PP 61.29 + 1.55 Cab 61.95 + 0.87 €2 64.38 + 1.62 Ca 61.03 + 0.31 Dab
0od 56.08 +1.28 A 57.50 + 0.94 A 5531 +1.14 4 56.65 + 1.36 & 56.60 + 1.74 A
1d 50.56 + 1.68 B 5048 +1.79B 52.31 +1.03 AB 52.15+0.438B 51.36 +1.19B
VAP (um/s) 2d 49.72 +£0.278B 50.64 +0.71 B 51.32+0.71B 52.29 +£0.93B 50.65+1.10 B
3d 45.58 + 0.63 P 46.30 4+ 0.91 b 47.61 + 1.80 Cab 51.42 + 0.79 Ba 46.29 + 1.61 <P
4d 40.85 =+ 0.05 Pe 43.23 +0.95 P 46.46 + (.78 CPa 47.07 4+ 0.59 €a 46.46 + 0.20 €2
5d 40.94 4+ 0.6 PP 43.33 +1.10 Cab 43.80 £ 0.62 Pa 4552 +1.15¢ 43.15 £ 0.22 Cab
0d 251.35 +10.334  255.93 +11.96 4 264.13 + 3.08 4 261.05 + 10.49 A 258.43 + 6.62 4
1d 136.86 + 1.62 Be 144.63 + 1.88 Be 165.85 =+ 8.75 Bb 195.04 + 3.77 Ba 169.35 =+ 3.76 Bb
MAD (°/s) 2d 130.35 + 1.53 B> 13877 + 8808 13680+ 565 15798 £0.75@  130.60 &+ 0.21 P
3d 85.52 + 3.88 ¢ 88.46 + 5.24 C¢ 104.10 + 1.85Pb 125.97 4+ 2.82 ba 105.05 + 5.22 Db
4d 82.39 +2.37 b 84.83 + 0.87 P 93.85 + 3.52 Dab 104.65 + 5.19 Ea 87.67 + 3.85 Eb
5d 45.74 + 0.61 Pe 54.69 & 1.55Pb 59.44 + 2.46 Eb 75.24 + 4.80 F2 58.36 + 2.78 Fb
Note: Data are expressed as mean 4 SEM. Different superscripts (lowercase letter) in the same row (preserved on
the same day) show significant differences (p < 0.05). Different superscripts (uppercase letter) in the same column
(preserved at the same concentration) show significant differences (p < 0.05).
3.3. Sperm Plasma Membrane and Acrosome Integrity
The effects of different concentrations of punicalagin on Hu ram sperm plasma mem-
brane and acrosome integrity during liquid storage at 4 °C are shown in Table 3. On
the 1st day, the sperm plasma membrane of the 30 M treatment group was significantly
(p < 0.05) higher than that of the control, 5 and 45 M groups and was also higher (p > 0.05)
than that of the 15 uM group. The sperm plasma membrane of the 30 uM treatment group
was significantly (p < 0.05) higher than that of the other groups from the 2nd day to the
5th day. On the 1st day, the sperm acrosome integrity of the 30 uM treatment group was
significantly (p < 0.05) higher than that of the control and 5 pM groups, and it was also
higher (p > 0.05) than that of the 15 and 45 pM groups.
Table 3. Sperm plasma membrane and acrosome integrity affected by five doses of punicalagin.
Parameters Presqrved Different Concentrations (uM)
Period 0 (Control) 5 15 30 45
0d 86.24 +£ 0454  86.00 + 0.66 A 86.62 £ 1584 8629+ 0.614 86.07 £ 0.95 4
1d 8044 + 052 B¢ 81.65+0.44 8> 8355+ 0978 8506+ 0.614B2  82.64 +0.35BP
Plasma 2d 7510 £ 0.91Cd 7849 +025C¢ 8048 + 043P 8356+ 0.63B2 7922 4 (.35 Cbe

membrane (%)

3d 70.35+ 0.63Pd 7446 +038Pc  77324034Db  8021+033C 7640 + 0.67 PP
4d 66.10 + 0.89Ed 6952 £ 052E 72424+ 075E0 7702+ 05102 72444 1.07Fb
5d 6050 £0.75Fd 6512 +£1.05F 6916 +042F 7398 £ 0.63E2 6568 + 0.94 Fc
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Table 3. Cont.
Different Concentrations (uM)
Parameters Prese.rved H
Period 0 (Control) 5 15 30 45
0d 90.17 + 0.43 & 89.75 + 0.36 & 90.15 + 0.62 A 91.12 + 0.82 4 90.63 + 0.27 A
A 1d 85.93 £ 0.44 B¢ 8632 +0.38Bbc  87.99 4+ 0.66BaP  89.70 £ 0.71 A2  88.29 + (.74 Bab
_ FACrosome 2d 8337 £026C  83714+034C 8611 +074P 8782407082  85.10 4 0.48 Cbe
integrity (%) D Cb Db BC Db
3d 81.15+0.70Pc 8234 +0.71 P 8356 + 0.39 86.67 + 0.55BCa 82 37 4 (.69 Pbe
4d 78.69 £ 053E 7865 +0.620¢  81.00+026EP 8535+ 034C  81.80 +0.45Db
5d 7577 £041Fd 7764 £0780¢ 79844+ 027E 82754+ 022P2 7909 + .51 Ebe

Note: Data are expressed as mean £ SEM. Different superscripts (lowercase letter) in the same row (preserved on
the same day) show significant differences (p < 0.05). Different superscripts (uppercase letter) in the same column
(preserved at the same concentration) show significant differences (p < 0.05).

3.4. Sperm TAC Activity, ROS Content and MDA Content

The effects of different concentrations of punicalagin on Hu ram sperm TAC activity
during liquid storage at 4 °C are shown in Figure 1la. On the 3rd day, the sperm TAC
activity of the 30 uM treatment group was significantly (p < 0.05) higher than that of the
control, 5 and 15 uM groups and was also higher (p > 0.05) than that of the 45 uM group.
On the 5th day, the sperm TAC activity of the 30 uM treatment group was significantly
(p < 0.05) higher than that of the other groups. As shown in Figure 1b, the sperm ROS
content of the 30 and 45 uM treatment groups was significantly (p < 0.05) lower than that
of the control, 5 and 15 uM groups on the 1st day. On the 3rd and 5th days, the sperm
ROS content of the 30 uM treatment group was significantly (p < 0.05) lower than that of
the other groups. As shown in Figure 1c, the sperm MDA content of the 30 and 45 uM
treatment groups was significantly (p < 0.05) lower than that of the control, 5 and 15 uM
groups on the 1st day. On the 3rd and 5th days, the sperm MDA content of the 30 pM
treatment group was significantly (p < 0.05) lower than that of the other groups.

(a)

TAC (mmol/L)

Time of storage

(b) o ©

2000+

ROS content
MDA (umol/L)

10004 C:

Time of storage Time of storage

= 0pM  mm 5pM mm 15pM =m 30pM mm 45pM

Figure 1. Effects of different concentrations of punicalagin on TAC activity, ROS content and MDA
content of Hu ram semen preserved at 4 °C. (a) Sperm TAC activity, (b) sperm ROS content and
(c) sperm MDA content. Different lowercase letters above their bars indicate significant (p < 0.05)
differences among different concentration treatment groups on the same day. Different capital
letters above their bars indicate significant (p < 0.05) differences among different days in the same
concentration group.
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3.5. Sperm MMP, SOD Activity and CAT Activity

The effects of different concentrations of punicalagin on Hu ram sperm MMP during
liquid storage at 4 °C are shown in Figure 2a. The sperm MMP of the 15, 30 and 45 uM
treatment groups was significantly (p < 0.05) higher than that of the control and 5 uM
groups and the sperm MMP of the 30 uM treatment group was significantly (p < 0.05)
higher than that of the other groups on the 1st, 3rd and 5th days. As shown in Figure 2b,
the sperm SOD activity of the 30 uM treatment group was significantly (p < 0.05) higher
than that of the other groups on the 1st day. On the 3rd and 5th days, the sperm SOD
activity of the 30 uM treatment group was significantly (p < 0.05) higher than that of the
other groups. As shown in Figure 2¢, the sperm CAT activity of the 30 and 45 uM treatment
groups was significantly (p < 0.05) higher than that of the control, 5 and 15 uM groups
on the 1st day. On the 3rd and 5th days, the sperm CAT activity of the 15, 30 and 45 uM
groups was significantly (p < 0.05) higher than that of the control group. On the 5th day,
the sperm CAT activity of the 15, 30 and 45 uM groups was significantly (p < 0.05) higher
than that of the control group. On the 1st, 3rd and 5th days, the sperm CAT activity of the
30 uM treatment group was significantly (p < 0.05) higher than that of the other groups.

MMP (Red/Green)

Time of storage

®)  awm (c)  w

r

-]

2
1

SOD (U/mg)
CAT (U/mL)
=
=
=

s
£
1

Time of storage Time of storage
= 0pM  mm SpM mm 15pM mm 30pM mm 45pM

Figure 2. Effects of different concentrations of punicalagin on MMP, SOD activity and CAT activity of
Hu ram semen preserved at 4 °C. (a) Sperm TAC activity, (b) sperm ROS content and (c) sperm MDA
content. Different lowercase letters above their bars indicate significant (p < 0.05) differences among
different concentration treatment groups on the same day. Different capital letters above their bars
indicate significant (p < 0.05) differences among different days in the same concentration group.

4. Discussion

Semen diluents without antioxidants cannot maintain the quality of ram semen due
to the excessive production of ROS during liquid storage [31]. Adding an appropriate
antioxidant to the diluent could help maintain sperm function and counteract the effects of
oxidative stress. Punicalagin is a free radical scavenger with potent antioxidant capacity [32].
Punicalagin is highly soluble in water, which makes it easier to add to the diluent [33].
However, it has not been thoroughly researched as an antioxidant in ram semen. Therefore,
the purpose of this study was to explore the antioxidant effect of punicalagin in protecting
sperm from damage caused by ROS during liquid storage at 4 °C.

As shown in Table 1, supplementation with different concentrations of punicalagin
improved the motility parameters of ram sperm during liquid storage at 4 °C, particularly
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in the 30 uM group. After 5 days of storage, the sperm TM and PM of the 30 uM group
were significantly higher than those of the other groups. Furthermore, the data indicated
that punicalagin treatment was beneficial in maintaining functional integrity, including
the integrity of the plasma membrane and acrosome on the 5th day of storage (p < 0.05;
Table 3). Furthermore, punicalagin also exhibits a concentration-dependent effect. With
increasing concentration, sperm TM, PM, plasma membrane, acrosome integrity and kine-
matic parameters gradually improved by the 5th day of storage (Tables 1-3). However,
the highest concentration of the additive (45 uM group) did not show a greater protective
effect on sperm motility parameters and functional integrity compared to the 30 uM treat-
ment. This suggests that higher concentrations of punicalagin may have a negative effect,
reducing its protective effect and potentially causing toxicity to sperm cells [34]. The higher
concentrations of antioxidants destroyed the functional integrity of the sperm acrosome
and membrane [35,36]. The results showed that the 45 uM group of punicalagin decreased
the plasma membrane integrity, acrosome integrity and MMP of sperm compared to the
30 uM group. The 45 uM group may have altered the permeability of the mitochondrial
membrane, leading to the release of Cytochrome C from sperm, which affected mitochon-
drial function and sperm motility [37]. The results are consistent with previous studies.
Fedder [38] reported that punicalagin could improve the sperm motility parameters of
patients. It was reported that gavage for seven weeks can increase sperm motility, decrease
the percentage of abnormal sperm and stimulate spermatogenesis in rats [39]. Mansour [40]
reported that feeding punicalagin for six weeks increased sperm motility and concentration
while decreasing the rate of abnormal sperm in rats.

Physiological concentrations of ROS contribute to sperm capacitation and the acrosome
reaction. However, excessive ROS will have a detrimental effect on the spermatozoa. The
sperm’s inherent antioxidant system is insufficient to counteract the excess ROS produced
during semen preservation. Excessive ROS can damage the sperm plasma membrane by
interacting with polyunsaturated fatty acids (PUFAs), leading to LPO and the production
of MDA [41,42]. As shown in Figure 1b,c, the control group exhibited significantly higher
levels of ROS and MDA compared to the 15, 30 and 45 uM treatment groups. Punicalagin
treatment significantly reduced ROS and MDA content, especially in the 30 pM group. The
study showed that punicalagin could alleviate oxidative stress during the preservation of
sheep semen at 4 °C. As shown in Figures 1a and 2b,c, the 30 uM treatment group signifi-
cantly improved sperm SOD activity, CAT activity and TAC activity during liquid storage
at 4 °C. The results of the present study showed that adding punicalagin to the diluent
increased the activity of antioxidant enzymes and enhanced the TAC of spermatozoa. As a
result, the oxidative stress caused by ROS was alleviated, LPO was reduced, MDA produc-
tion was decreased and sperm quality was ultimately improved. Fouad [43] reported that
feeding mice with 15, 30 mg/kg punicalagin decreased the MDA content in the liver. It was
reported that punicalagin may alleviate testicular damage caused by oxidative stress by
improving the activity of GSH, SOD and CAT [32]. The results are consistent with previous
studies. Nrf2 plays an important role in defending against oxidative stress by activating
the cellular antioxidant system [44]. Punicalagin may enhance the activity of antioxidant
enzymes by activating Nrf2 and regulating the expression of downstream antioxidant
genes [45].

Mitochondria play an important role in maintaining sperm fertility, function and
signal transduction [15,46]. The mitochondrial OXPHOS is also a significant contributor to
ROS production. As shown in Figure 2a, the 30 uM treatment group significantly improved
the sperm MMP during liquid storage at 4 °C. These data indicated that punicalagin
could protect the normal mitochondrial function of sperm from oxidative stress damage.
Hao [47] reported that adding punicalagin to the diluent could enhance the expression of
genes associated with the mitochondrial respiratory chain in sperm and maintain normal
mitochondrial function in boar semen. This is consistent with the findings of Hao regarding
the storage of boar semen at room temperature.
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5. Conclusions

In conclusion, the Hu ram semen diluent containing appropriate concentrations of
punicalagin improved the total motility and progressive motility of Hu ram sperm, as well
as the integrity of the plasma membrane and acrosome, while decreasing the content of ROS
and MDA. Furthermore, punicalagin effectively improved TAC activity, MMP, SOD activity
and CAT activity during liquid storage at 4 °C. The optimal concentration of punicalagin in
the Hu ram semen diluent was determined to be 30 uM. The results indicated that a diluent
supplemented with punicalagin could improve the quality of ram sperm preserved at 4 °C
by increasing antioxidant capacity, mitochondrial potential and reducing oxidative stress.

Author Contributions: L.Z. and X.W.: Conceptualization, Methodology, Investigation, Formal
analysis, Writing—original draft. C.J. and T.S.: Conceptualization, Writing—original draft, Writing—
review & editing. X.S. and Y.S.: Formal analysis, Writing—review & editing. ] W. and Y.L.: Writing—
review & editing, Visualization, Supervision, Project administration. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Jiangsu Modern Agricultural Industrial Technology
System Construction Project (JATS [2023]448) and the Postgraduate Research and Practice Innovation
Program of Jiangsu Province (KYCX22_3531).

Institutional Review Board Statement: All animal procedures conform to the guidelines and regula-
tory standards of the Animal Care Committee of Yangzhou University (Approval ID: 202206132).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data sets collected and analyzed during the current study are
available from the corresponding author on reasonable request.

Conflicts of Interest: There are no conflicts of interest to declare. We declare no financial support or
relationships that could pose a conflict of interest.

References

1.

10.
11.
12.

13.

Zhu, W,; Cheng, X.; Ren, C.; Chen, J.; Zhang, Y.; Chen, Y; Jia, X.; Wang, S.; Sun, Z.; Zhang, R.; et al. Proteomic characterization
and comparison of ram (Ovis aries) and buck (Capra hircus) spermatozoa proteome using a data independent acquisition mass
spectometry (DIA-MS) approach. PLoS ONE 2020, 13, e0228656. [CrossRef]

Wu, C.; Dai, J.; Zhang, S.; Sun, L.; Liu, Y.; Zhang, D. Effect of Thawing Rates and Antioxidants on Semen Cryopreservation in Hu
Sheep. Biopreserv. Biobank. 2021, 19, 204-209. [CrossRef]

Araya-Zuiiga, I.; Sevilla, F.; Molina-Montero, R.; Roldan, R.S.E.; Barrientos-Morales, M.; Silvestre, A.M.; Valverde, A. Kinematic
and Morphometric Assessment of Fresh Semen, before, during and after Mating Period in Brahman Bulls. Animals 2024, 14, 132.
[CrossRef]

Garcia-Vazquez, FA.; Gadea, |.; Matés, C.; Holt, W.V. Importance of sperm morphology during sperm transport and fertilization
in mammals. Asian J. Androl. 2016, 18, 844-850. [CrossRef]

Ibanescu, I.; Leiding, C.; Ciornei, $.G.; Rosca, P,; Sfartz, I.; Drugociu, D. Differences in CASA output according to the chamber
type when analyzing frozen-thawed bull sperm. Anim. Reprod. Sci. 2016, 166, 72-79. [CrossRef]

Zalazar, L.; Iniesta-Cuerda, M.; Sanchez-Ajofrin, I.; Garde, ].J.; Valls, A.].S.; Cesari, A. Recombinant SPINK3 improves ram sperm
quality and in vitro fertility after cryopreservation. Theriogenology 2020, 144, 45-55. [CrossRef]

Wang, N.; Yang, K.; Guo, H.T.; Wang, ].R.; Sun, H.H.; Wang, SSW.; Sun, M,; Sun, L.Z.; Yue, S.L.; Zhou, ].B. Protective influence
of rosiglitazone against time-dependent deterioration of boar spermatozoa preserved at 17 °C. Reprod. Domest. Anim. 2019, 54,
1069-1077. [CrossRef]

Nascimento, J.M.; Shi, L.Z.; Tam, ].; Chandsawangbhuwana, C.; Durrant, B.; Botvinick, E.L.; Berns, M.W. Comparison of glycolysis
and oxidative phosphorylation as energy sources for mammalian sperm motility, using the combination of fluorescence imaging,
laser tweezers, and real-time automated tracking and trapping. J. Cell. Physiol. 2008, 217, 745-751. [CrossRef] [PubMed]

Gibb, Z.; Aitken, R.J. The Impact of Sperm Metabolism during In Vitro Storage: The Stallion as a Model. Biomed. Res. Int. 2016,
2016, 9380609. [CrossRef]

Turner, R.M. Tales from the tail: What do we really know about sperm motility? J. Androl. 2003, 24, 790-803. [CrossRef]

Miki, K. Energy metabolism and sperm function. Soc. Reprod. Fertil. Suppl. 2007, 65, 309-325. [PubMed]

Zhou, R;; Zhang, Y,; Du, G.; Han, L.; Zheng, S.; Liang, J.; Huang, X.; Qin, Y.; Wu, W.; Chen, M,; et al. Down-regulated let-7b-5p
represses glycolysis metabolism by targeting AURKB in asthenozoospermia. Gene 2018, 15, 83-87. [CrossRef] [PubMed]
Koppers, A J.; De Iuliis, G.N.; Finnie, ].M.; McLaughlin, E.A.; Aitken, R.J. Significance of mitochondrial reactive oxygen species in
the generation of oxidative stress in spermatozoa. J. Clin. Endocrinol. Metab. 2008, 93, 3199-3207. [CrossRef] [PubMed]


https://doi.org/10.1371/journal.pone.0228656
https://doi.org/10.1089/bio.2020.0067
https://doi.org/10.3390/ani14010132
https://doi.org/10.4103/1008-682X.186880
https://doi.org/10.1016/j.anireprosci.2016.01.005
https://doi.org/10.1016/j.theriogenology.2019.12.019
https://doi.org/10.1111/rda.13469
https://doi.org/10.1002/jcp.21549
https://www.ncbi.nlm.nih.gov/pubmed/18683212
https://doi.org/10.1155/2016/9380609
https://doi.org/10.1002/j.1939-4640.2003.tb03123.x
https://www.ncbi.nlm.nih.gov/pubmed/17644971
https://doi.org/10.1016/j.gene.2018.04.022
https://www.ncbi.nlm.nih.gov/pubmed/29653228
https://doi.org/10.1210/jc.2007-2616
https://www.ncbi.nlm.nih.gov/pubmed/18492763

Animals 2024, 14, 318 11 of 12

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Gibb, Z.; Lambourne, S.R.; Aitken, R.J. The paradoxical relationship between stallion fertility and oxidative stress. Biol. Reprod.
2014, 91, 77. [CrossRef]

Agarwal, A.; Makker, K.; Sharma, R. Clinical relevance of oxidative stress in male factor infertility: An update. Am. J. Reprod.
Immunol. 2008, 59, 2-11. [CrossRef]

Aitken, R.].; Smith, T.B.; Jobling, M.S.; Baker, M.A.; De Iuliis, G.N. Oxidative stress and male reproductive health. Asian J. Androl.
2014, 16, 31-38. [CrossRef]

Davila, M.P,; Muiioz, PM.; Tapia, ].A.; Ferrusola, C.O.; da Silva, C.C.B.; Pefia, E]. Inhibition of Mitochondrial Complex I Leads to
Decreased Motility and Membrane Integrity Related to Increased Hydrogen Peroxide and Reduced ATP Production, while the
Inhibition of Glycolysis Has Less Impact on Sperm Motility. PLoS ONE 2015, 10, e0138777.

Zhao, J.; Jin, Y.; Du, M,; Liu, W,; Ren, Y.; Zhang, C.; Zhang, ]J. The effect of dietary grape pomace supplementation on epididymal
sperm quality and testicular antioxidant ability in ram lambs. Theriogenology 2017, 97, 50-56. [CrossRef]

Sanocka, D.; Kurpisz, M. Reactive oxygen species and sperm cells. Reprod. Biol. Endocrinol. 2004, 2, 12. [CrossRef]

Cerda, B.; Llorach, R.; Cerén, ].J.; Espin, J.C.; Tomas-Barberan, F.A. Evaluation of the bioavailability and metabolism in the rat of
punicalagin, an antioxidant polyphenol from pomegranate juice. Eur. ]. Nutr. 2003, 42, 18-28. [CrossRef]

Venusova, E.; Kolesarova, A.; Horky, P; Slama, P. Physiological and Immune Functions of Punicalagin. Nutrients 2021, 13, 2150.
[CrossRef] [PubMed]

Bishayee, A.; Thoppil, R.J.; Darvesh, A.S.; Ohanyan, V.; Meszaros, ].G.; Bhatia, D. Pomegranate phytoconstituents blunt the
inflammatory cascade in a chemically induced rodent model of hepatocellular carcinogenesis. J. Nutr. Biochem. 2013, 24, 178-187.
[CrossRef] [PubMed]

Sineh Sepehr, K.; Baradaran, B.; Mazandarani, M.; Khori, V.; Shahneh, EZ. Studies on the Cytotoxic Activities of Punica granatum
L. var. spinosa (Apple Punice) Extract on Prostate Cell Line by Induction of Apoptosis. ISRN Pharm. 2012, 2012, 547942. [CrossRef]
[PubMed]

Mohan, M.; Waghulde, H.; Kasture, S. Effect of pomegranate juice on Angiotensin II-induced hypertension in diabetic Wistar rats.
Phytother. Res. 2010, 24 (Suppl. S2), 5196-5203. [CrossRef] [PubMed]

Sudheesh, S.; Vijayalakshmi, N.R. Flavonoids from Punica granatum—DPotential antiperoxidative agents. Fitoterapia 2005, 76,
181-186. [CrossRef]

Cayur, K.; Karadeniz, A.; Simsek, N.; Yildirim, S.; Karakus, E.; Kara, A.; Akkoyun, H.T.; Sengiil, E. Pomegranate seed extract
attenuates chemotherapy-induced acute nephrotoxicity and hepatotoxicity in rats. J. Med. Food. 2011, 14, 1254-1262. [CrossRef]
[PubMed]

Seeram, N.P.; Aviram, M.; Zhang, Y.; Henning, S.M.; Feng, L.; Dreher, M.; Heber, D. Comparison of antioxidant potency of
commonly consumed polyphenol-rich beverages in the United States. |. Agric. Food Chem. 2008, 56, 1415-1422. [CrossRef]
Amann, R.P,; Waberski, D. Computer-assisted sperm analysis (CASA): Capabilities and potential developments. Theriogenology
2014, 81, 5-17.e173. [CrossRef]

Vasquez, J.; Florentini, E.A.; Camarago, L.A.; Gonzalez, J.; Valdivia, M.H. Hypoosmotic swelling test in ram (Ovis aries)
spermatozoa. Livest. Sci. 2013, 157, 618-622. [CrossRef]

Wang, Y.; Zhang, L.; Sohail, T.; Kang, Y.; Sun, X; Li, Y. Chlorogenic Acid Improves Quality of Chilled Ram Sperm by Mitigating
Oxidative Stress. Animals 2022, 12, 163. [CrossRef]

Zhang, L.; Wang, Y.; Sohail, T.; Kang, Y.; Niu, H.; Sun, X,; Ji, D.; Li, Y. Effects of Taurine on Sperm Quality during Room
Temperature Storage in Hu Sheep. Animals 2021, 11, 2725. [CrossRef] [PubMed]

Rao, F; Tian, H.; Li, W.; Hung, H.; Sun, F. Potential role of punicalagin against oxidative stress induced testicular damage. Asian J.
Androl. 2016, 18, 627-632. [PubMed]

Bialonska, D.; Ramnani, P.; Kasimsetty, S.G.; Muntha, K.R.; Gibson, G.R,; Ferreira, D. The influence of pomegranate by-product
and punicalagins on selected groups of human intestinal microbiota. Int. J. Food Microbiol. 2010, 140, 175-182. [CrossRef]
Zhang, X.G,; Liu, Q.; Wang, L.Q.; Yang, G.S.; Hu, ].H. Effects of glutathione on sperm quality during liquid storage in boars. Anim.
Sci. J. 2016, 87, 1195-1201. [CrossRef] [PubMed]

Fu, J.; Li, Y.; Wang, L.; Zhen, L.; Yang, Q.; Li, P; Li, X. Bovine serum albumin and skim-milk improve boar sperm motility
by enhancing energy metabolism and protein modifications during liquid storage at 17 °C. Theriogenology 2017, 102, 87-97.
[CrossRef] [PubMed]

Atessahin, A.; Bucak, M.N.; Tuncer, P.B.; Kizil, M. Effects of antioxidant additives on microscopic and oxidative parameters of
Angora goat semen following the freeze-thawing process. Small Ruminant Res. 2008, 77, 38—44. [CrossRef]

Wang, Y.;; Kang, Y.; Zhang, L.; Niu, H.; Sun, X,; Li, Y. Coenzyme Qjo improves the quality of sheep sperm stored at room
temperature by mitigating oxidative stress. Anim. Sci. J. 2022, 93, €13708. [CrossRef]

Fedder, M.D.; Jakobsen, H.B.; Giversen, I; Christensen, L.P,; Parner, E.T.; Fedder, J. An extract of pomegranate fruit and galangal
rhizome increases the numbers of motile sperm: A prospective, randomised, controlled, double-blinded trial. PLoS ONE 2014, 9,
€108532. [CrossRef]

Tiirk, G.; Sénmez, M.; Aydin, M; Yiice, A.; Giir, S.; Yiiksel, M.; Aksu, E.H.; Aksoy, H. Effects of pomegranate juice consumption
on sperm quality, spermatogenic cell density, antioxidant activity and testosterone level in male rats. Clin. Nutr. 2008, 27, 289-296.
[CrossRef]


https://doi.org/10.1095/biolreprod.114.118539
https://doi.org/10.1111/j.1600-0897.2007.00559.x
https://doi.org/10.4103/1008-682X.122203
https://doi.org/10.1016/j.theriogenology.2017.04.010
https://doi.org/10.1186/1477-7827-2-12
https://doi.org/10.1007/s00394-003-0396-4
https://doi.org/10.3390/nu13072150
https://www.ncbi.nlm.nih.gov/pubmed/34201484
https://doi.org/10.1016/j.jnutbio.2012.04.009
https://www.ncbi.nlm.nih.gov/pubmed/22841394
https://doi.org/10.5402/2012/547942
https://www.ncbi.nlm.nih.gov/pubmed/23320197
https://doi.org/10.1002/ptr.3090
https://www.ncbi.nlm.nih.gov/pubmed/20020514
https://doi.org/10.1016/j.fitote.2004.11.002
https://doi.org/10.1089/jmf.2010.0286
https://www.ncbi.nlm.nih.gov/pubmed/21548807
https://doi.org/10.1021/jf073035s
https://doi.org/10.1016/j.theriogenology.2013.09.004
https://doi.org/10.1016/j.livsci.2013.08.023
https://doi.org/10.3390/ani12020163
https://doi.org/10.3390/ani11092725
https://www.ncbi.nlm.nih.gov/pubmed/34573691
https://www.ncbi.nlm.nih.gov/pubmed/26763544
https://doi.org/10.1016/j.ijfoodmicro.2010.03.038
https://doi.org/10.1111/asj.12545
https://www.ncbi.nlm.nih.gov/pubmed/26804811
https://doi.org/10.1016/j.theriogenology.2017.07.020
https://www.ncbi.nlm.nih.gov/pubmed/28756326
https://doi.org/10.1016/j.smallrumres.2008.03.002
https://doi.org/10.1111/asj.13708
https://doi.org/10.1371/journal.pone.0108532
https://doi.org/10.1016/j.clnu.2007.12.006

Animals 2024, 14, 318 12 of 12

40.

41.

42.

43.

44.

45.

46.

47.

Mansour, S.W.; Sangi, S.; Harsha, S.; Khaleel, M.A ; Ibrahim, A.R. Sensibility of male rats fertility against olive oil, Nigella sativa oil
and pomegranate extract. Asian Pac. ]. Trop. Biomed. 2013, 3, 563-568. [CrossRef]

Wagner, H.; Cheng, ].W.; Ko, E.Y. Role of reactive oxygen species in male infertility: An updated review of literature. Arab. J. Urol.
2017, 16, 35-43. [CrossRef] [PubMed]

Sobeh, M.; Hassan, S.A.; Hassan, M.A.E.; Khalil, W.A.; Abdelfattah, M.A.O.; Wink, M.; Yasri, A. A Polyphenol-Rich Extract from
Entada abyssinica Reduces Oxidative Damage in Cryopreserved Ram Semen. Front. Vet. Sci. 2020, 7, 604477. [CrossRef] [PubMed]
Fouad, A.A.; Qutub, H.O.; Al-Melhim, W.N. Punicalagin alleviates hepatotoxicity in rats challenged with cyclophosphamide.
Environ. Toxicol. Phar. 2016, 45, 158-162. [CrossRef] [PubMed]

Li, W,; Khor, T.O.; Xu, C.; Shen, G.; Jeong, W.S,; Yu, S.; Kong, A.N. Activation of Nrf2-antioxidant signaling attenuates NFkappaB-
inflammatory response and elicits apoptosis. Biocherm. Pharmacol. 2008, 76, 1485-1489. [CrossRef]

Kanner, J. Polyphenols by Generating H,O,, Affect Cell Redox Signaling, Inhibit PTPs and Activate Nrf2 Axis for Adaptation
and Cell Surviving: In Vitro, In Vivo and Human Health. Antioxidants 2020, 9, 797. [CrossRef]

Badeau, R.M.; Honka, M.].; Lautamaiki, R.; Stewart, M.; Kangas, A.J.; Soininen, P.; Ala-Korpela, M.; Nuutila, P. Systemic metabolic
markers and myocardial glucose uptake in type 2 diabetic and coronary artery disease patients treated for 16 weeks with
rosiglitazone, a PPARYy agonist. Ann. Med. 2014, 46, 18-23. [CrossRef]

Zhe, H. The Effect of Punicalagin on Boar Semen Quality during Room Temperature Preservation. Master’s Thesis, Northwest
A&F University, Yangling, China, 2018.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S2221-1691(13)60114-8
https://doi.org/10.1016/j.aju.2017.11.001
https://www.ncbi.nlm.nih.gov/pubmed/29713534
https://doi.org/10.3389/fvets.2020.604477
https://www.ncbi.nlm.nih.gov/pubmed/33344536
https://doi.org/10.1016/j.etap.2016.05.031
https://www.ncbi.nlm.nih.gov/pubmed/27310207
https://doi.org/10.1016/j.bcp.2008.07.017
https://doi.org/10.3390/antiox9090797
https://doi.org/10.3109/07853890.2013.853369

	Introduction 
	Materials and Method 
	Animals and Semen Collection 
	Diluent Preparation 
	Semen Processing 
	Semen Quality Evaluation 
	Analysis of Sperm Motility Parameters 
	Analysis of Sperm Plasma Membrane Integrity 
	Analysis of Sperm Acrosome Integrity 
	Analysis of Sperm Antioxidant Capacity 
	Analysis of Sperm MMP 

	Statistical Analysis 

	Results 
	Sperm Motility Parameters 
	Sperm Kinematic Parameters 
	Sperm Plasma Membrane and Acrosome Integrity 
	Sperm TAC Activity, ROS Content and MDA Content 
	Sperm MMP, SOD Activity and CAT Activity 

	Discussion 
	Conclusions 
	References

