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A B S T R A C T

Liquid preservation of boar semen is a preferred method in pig husbandry, and antioxidants to
protect against sperm oxidative stress during periods of storage have become the focus of recent
research. Through its antioxidant activity, Isatis root polysaccharide (IRPS), a plant extract, can
effectively reduce the cellular lipid peroxidation caused by the accumulation of reactive oxygen
species inside mitochondria. In the present study, there was examination of the effects of no
supplementation (Control) of a semen extender with or supplementation in different con-
centrations of IRPS (0.2, 0.4, 0.6, 0.8, and 1.2 mg/mL) on sperm quality variables and anti-
oxidant capacity during liquid storage. The results indicate that after prolonged storage (≥ 3
days), the sperm motility was greater in the group supplemented with 0.6 mg/mL IRPS than in
the other groups (P < 0.05). The use of this IRPS concentration also resulted in maintanence of
acrosome integrity, plasma membrane integrity, mitochondrial membrane potential, and anti-
oxidant capacity of the sperm (P < 0.05). Furthermore, the results of an in vitro fertilization
study indicate IRPS at 0.6 mg/mL markedly increased the sperm fertilization capacity (P <
0.01) and embryonic development to the blastocyst stage (P < 0.05). The addition of 0.6 mg/
mL IRPS enhanced the antioxidant capacity of boar sperm, resulting in greater preservation of
sperm motility and fertilization capacity during liquid storage. These findings indicate that IRPS
has the potential to be used as a component of a semen-preserving diluent to maintain sperm
quality during storage.

1. Introduction

Artificial insemination (AI), which is commonly used as an assisted reproductive technology in swine production to maximize the
use of genetically superior sires, has effectively improved the genetics for pork production worldwide (Roca et al., 2016). There are
two primary storage strategies for boar semen, cryopreservation and liquid preservation. Boar sperm, however, have been reported to
be more vulnerable to oxidative stress during the freezing-thawing process when compared with those of other species. This problem
is related to its unique physiological structure of boar sperm, and results in damage and death of these cells (Johnson et al., 2000;
Knox, 2015). In parallel, compared with cryopreservation, liquid semen preservation is more convenient and economical, thus this
approach for boar semen storage is generally used by companies processing this semen (Fang et al., 2017).

Reactive oxygen species (ROS) such as the superoxide anion (O2
•‾), hydrogen peroxide (H2O2), and hydroxyl radical (•OH) are
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byproducts of oxygen metabolism inside sperm mitochondria (Gomez-Fernandez et al., 2013; Menegat et al., 2017). Although there is
little basal ROS production in fresh boar spermatozoa, the ROS content increases in liquid storage as duration of storage advances and
there are two primary effects on sperm function (Guthrie and Welch, 2006; Kumaresan et al., 2009). Accumulating evidence indicates
ROS formation is a requisite for normal spermatozoan function (Aitken, 2017; Moraes and Meyers, 2018). At physiological con-
centrations, ROS induce sperm capacitation and an acrosome reaction that will contribute to the capacity of sperm to penetrate
oocytes during the process of fertilization (Awda et al., 2009). In contrast, sperm oxidative stress can be induced when the home-
ostasis between ROS biosynthesis and degradation is disturbed, leading to lipid peroxidation of membranes, DNA fragmentation, and
an overall decrease in semen quality (Hu et al., 2014; Zhang et al., 2016). A wide range of antioxidants, therefore, have been studied
for use in the preservation of boar semen, including superoxide dismutase, astaxanthin, and astragalus polysaccharide, to ameliorate
oxidative damage of sperm cells (Zhang et al., 2017; Basioura et al., 2018; Fu et al., 2018).

The root of Isatis (Radix Isatidis), in which polysaccharides are the primary active ingredients, is a traditional Chinese medicine
that has been extensively used clinically because it cost very little and there are few side effects when it is consumed (Li et al., 2016).
Isatis root polysaccharide (IRPS), isolated from a Radix Isatidis aqueous extract, has various biological activities, particularly anti-
oxidant, bacteriostatic, and antiviral (Wei et al., 2011). Most of the previous research on IRPS focused on its antibacterial and
antiviral activities for the treatment of associated diseases; however, evidence indicates IRPS also has a marked scavenging capacity
for ROS free radicals (Han et al., 2011). For example, IRPS-treated mouse alveolar macrophages have relatively greater glutathione
contents and superoxide dismutase activity, as well as lesser ROS concentrations (Du et al., 2013). Other plant extracts, such as those
of rooibos and Rosmarinus officinalis, have proven to be useful as natural sources of antioxidants for boar semen preservation, but
these compounds do not protect the sperm plasma membrane or acrosome (Malo et al., 2010; Ros-Santaella and Pintus, 2017).
Considering the ready availability and economical cost of IRPS, the compound may be a viable antioxidant additive to a boar semen
extender.

The aim of the present study, threfore, was to investigate the antioxidant effects of IRPS on boar sperm quality during liquid
storage and in vitro fertilization (IVF). During the 7 days of preservation, sperm motility, plasma membrane integrity, acrosomal
integrity, mitochondrial membrane potential, total antioxidant capacity (T-AOC), malondialdehyde (MDA) content, and ROS con-
centrations were evaluated. Furthermore, there was an IVF assessment of fertilizing capacity and subsequent embryonic development
after 5 days of liquid storage.

2. Materials and methods

All experiments involving animals were conducted in compliance with animal research guidelines of the Animal Welfare and
Ethics Code of China, and experimental procedures were approved by the Animal Care and Use Committee of Northwest A&F
University.

2.1. Reagents and chemicals

The IRPS (purity 98%) was purchased from Shanghai Yuanye Biotechnology Co., Ltd (Shanghai, China). Unless otherwise in-
dicated, other reagents and chemicals used in the present study were purchased from Sigma Chemical Co (St. Louis, MO, USA).

2.2. Experimental design

To evaluate the effects of no treatment (Control) with or with IRPS treatments of 0.2, 0.4, 0.6, 0.8, and 1.2mg/mL on sperm
quality variables and mitochondrial activity, the sperm motility, acrosome integrity, plasma membrane integrity, and mitochondrial
membrane potential were evaluated after 1, 3, 5, and 7 days of liquid storage.

The T-AOC of the sperm and the MDA content of the semen were qunatified during the entire period of liquid storage in samples
where there was no treatment (Control) with or treatments with 0.2, 0.4, 0.6, 0.8, and 1.2 mg/mL of IRPS. In addition, there was
selection of the IRPS concentration of 0.6 mg/mL for ROS assessment to determine the antioxidant capacity of IRPS.

Based on the experimental data and the most commonly used AI procedure at swine farms, there was liquid storage of semen for
3–5 days. Semen supplemented with 0.6 mg/mL IRPS was preserved for 5 days for an assessment of IVF and subsequent embryo
development to the blastocyst stage.

All experiments were performed with at least five biological and three technical replicates.

2.3. Semen collection

Sperm-rich fraction of ejaculates were collected using the gloved-hand technique from six healthy and sexually mature
Guanzhong black boars, aged between 1.5 and 2 years. Immediately after collection, the semen samples were stored in a 37 °C
vacuum flask and transported to the laboratory within 30min of collection. The interval between successive semen collections was 3
days, and a total of 60 ejaculates (ten ejaculations per boar) were collected for analysis in this study.

2.4. Semen processing

The basic Beltsville thawing solution (BTS) diluent used in this experiment consisted of 37.15 g glucose, 1.25 g EDTA, 0.75 g KCI,
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6.00 g disodium citrate, 1.25 g sodium bicarbonate, and 0.25 g gentamicin, which were dissolved in 1 L deionized water. With a
0.22 μm bacterial filter, the diluent was filtered and placed in a thermostat water bath at 37 °C.

After collecting fresh semen, the sperm concentration was determined using a sperm densitometer (Iberspectro v11, Portugal).
Sperm quality variables were evaluated using a phase-contrast microscope (Nikon Eclipse E600, Tokyo, Japan) in combination with a
computer-assisted sperm analysis (CASA) system (Hamilton Thorne Research, Beverly, MA, USA). Only samples that met the fol-
lowing criteria were used in this study: sperm concentration ≥ 2.0×108 spermatozoa/mL, motility ≥ 80%, and normal sperm
morphology ≥ 85% (Fang et al., 2017; Li et al., 2018). To reduce the effect of individual boar differences, equal volumes (10mL) of
qualified semen doses from six boars were pooled and homogenized. Subsequently, six aliquots were prepared with a BTS extender,
which did not contain (Control) or did contain 0.2, 0.4, 0.6, 0.8, and 1.2mg/mL IRPS. The diluted semen (2.0×107 spermatozoa
/mL) was stored in a 17 °C incubator throughout the study.

2.5. Evaluation of sperm quality variables and mitochondrial membrane potential

After 0, 1, 3, 5, and 7 days of preservation, aliquots of each stored sample were removed to evaluate the sperm motility, acrosome
integrity, plasma membrane integrity, and mitochondrial membrane potential.

2.5.1. Assessment of sperm motility
The total sperm motility was evaluated using the CASA system (Hamilton Thorne Research, Beverly, MA, USA) and a phase-

contrast microscope (Nikon Eclipse E600, Tokyo, Japan) at 400x magnification (Fang et al., 2017; Weng et al., 2018), with standard
parameter settings as previously described (Pintus et al., 2018). Briefly, after incubation at 37 °C for 15min, 10 μL of each sample was
loaded into a chamber (Cell-Vu Sperm Counting Chamber® DRM-600) and warmed at 37 °C for 30 s before microscopic examination.
Subsequently, five visual fields, containing at least 200 spermatozoa, were randomly selected to record the motility data.

2.5.2. Assessment of sperm acrosome integrity
The acrosome integrity of spermatozoa was analyzed using staining with fluorescein isothiocyanate-peanut agglutinin (FITC-PNA)

and 4′,6-diamidino-2-phenylindole (DAPI), according to the procedure described previously (Yamashiro et al., 2013; Pei et al., 2018).
In short, a 30 μL aliquot of semen was applied to a glass slide and fixed in anhydrous methanol for 15min at room temperature. Thirty
microliters each of 10 μg/mL DAPI working solution and 100 μg/mL FITC-PNA working solution were sequentially added to each
slide with a 10min interval between additions, and the slide was placed in a wet box at 37 °C for 30min. Slides were then rinsed three
times with phosphate buffered saline (PBS) and air-dried. A fluorescence microscope (Nikon Eclipse E600, Tokyo, Japan) was used at
400x magnification to analyze the percentages of sperm acrosomes that were intact, disrupted, or undergoing exocytosis. For each
sample, the staining of at least 200 spermatozoa was evaluated.

2.5.3. Assessment of sperm plasma membrane integrity
The LIVE/DEAD® Sperm Viability Kit (Molecular Probes Inc., Eugene, OR, USA) was used to assess the sperm plasma membrane

integrity as previously described, with some modifications (Garner and Johnson, 1995). Each 1mL of semen was incubated at 37 °C
with 1 μL of a 100 nM SYBR-14® stock solution in dimethyl sulfoxide for 10min, followed by incubation with 5 μL of a 12 μM
propidium iodide (PI) solution for 5min. After the incubation, 10 μL of the stained semen was pipetted onto a glass slide and observed
using a fluorescence microscope (Nikon Eclipse E600, Tokyo, Japan) at 400x magnification. Sperm with an intact plasma membrane
emitted green fluorescence, while spermatozoa with red-orange fluorescence had a disrupted plasma membrane and the cells were
considered to be dead. The staining characteristics were evaluated for at least 200 spermatozoa/microscopic field to assess plasma
membrane integrity.

2.5.4. Measurement of mitochondrial membrane potential
The mitochondrial membrane potential was determined using a JC-1 Mitochondrial Membrane Potential Assay Kit (Solarbio

Science & Technology Co., Ltd., Beijing, China) according to the manufacturer’s instructions. The BTS was used to adjust the con-
centration of each sample to 2.0×106 spermatozoa/mL. A tube containing 1mL of semen with 0.5 mL of the JC-1 solution was
shaken and then incubated at 37 °C for 20min, followed by observation using the fluorescence microscope at 400x magnification to
determine the membrane potential (at least 200 spermatozoa/field). A relatively greater mitochondrial membrane potential was
indicated by the JC-1 concentration in the mitochondrial matrix that were observed as red fluorescent aggregates, while a relatively
lesser mitochondrial membrane potential was indicated by green fluorescence.

2.6. Evaluation of sperm T-AOC, MDA content, and ROS concentratios

The sperm T-AOC, MDA content, and ROS concentrations were assessed in the semen samples after 1, 3, 5, and 7 days of
preservation. For these assessments, 500 μL of each semen sample (2.0× 107 spermatozoa /mL) was transferred to a 1.5mL cen-
trifuge tube and incubated in a water bath at 37 °C for 5min.

2.6.1. T-AOC determination
Changes in the sperm T-AOC were detected using a T-AOC Assay Kit (FRAP; Nanjing Jiancheng Bioengineering Institute, Jiangsu,

China) using the manufacturer’s instructions. Because antioxidant compounds in sperm can reduce Fe3+ to Fe2+, which forms stable
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complexes with phenanthrolines, the antioxidant capacity can be quantified using colorimetry. Prior to any evaluation, supernatants
were collected using the method described by Fu et al. (2018). Supernatants were then mixed with the reaction buffer and incubated
at room temperature for 10min. Absorbance of each sample was quantified spectrophotometrically at 520 nm with repetition three
times.

2.6.2. Determination of the MDA content
An MDA Assay Kit (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China) was used to determine the concentrations of

MDA, following the manufacturer’s protocol. The MDA, produced as a result of lipid peroxide degradation, condenses with thio-
barbituric acid (TBA) to form a red substance, which can be quantified colorimetrically. In brief, the semen samples (2.0× 107

spermatozoa/mL) were mixed with the reaction buffer, and incubated in a water bath at 95 °C for 40min. The sample was subse-
quently cooled with running water, and the supernatant was collected by centrifugation at 3000 × g for 10min. The absorbance of
each supernatant was quantified three times using a spectrophotometer at a wavelength of 532 nm.

2.6.3. Determination of ROS concentrations
Intracellular ROS concentrations were determined using 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA; ROS Assay Kit;

Nanjing Jiancheng Bioengineering Institute, Jiangsu, China). In the presence of ROS, DCFH-DA is oxidized to dichlorofluorescein
(DCF), with the fluorescence intensity being proportional to the amount of ROS. The sperm samples (2.0× 107 spermatozoa/mL)
were incubated with DCFH-DA (10 μM) at 37 °C in a darkened area for 30min, then there was centrifugation at 1000 × g for 5min,
and the pellet was rinsed twice with PBS (1000 × g for 5min). The pellet was subsequently re-suspended in PBS, and the emitted
fluorescence was quantified at excitation/emission wavelengths of 500/525 nm.

2.7. In vitro maturation of pig oocytes

In vitro maturation of pig oocytes was performed as previously described (Spinaci et al., 2018; Weng et al., 2018; Shaoyong et al.,
2019). After pig ovaries were collected at a local slaughterhouse (Yangling, China), cumulus-oocyte complexes (COCs) were extracted
from ovarian follicles using an 18-gauge needle attached to a 10mL disposable syringe. Using a stereomicroscope, intact COCs, with
oocytes surrounded by at least three uniform layers of compact cumulus cells, were selected and transferred into maturation medium
(TCM199 base medium supplemented with 2.012 g/L sodium bicarbonate, 3.05mM D-glucose, 0.91mM sodium pyruvate, 0.57mM
cysteine, 15 ng/mL epidermal growth factor, 2.5 IU/mL follicle-stimulating hormone, 10 IU/mL human chorionic gonadotropin, 10
IU/mL pregnant mare serum gonadotropin, 75 μg/mL penicillin G potassium, and 50 μg/mL streptomycin sulfate). The medium was
incubated at 38.5 °C with 5% CO2 and saturation humidity for 42 to 44 h. After maturation, oocytes were denuded by gentle repeated
pipetting.

2.8. In vitro fertilization

An IVF procedure was conducted to assess the fertilization capacity of sperm using previously described methods (Abeydeera and
Day, 1997; Shaoyong et al., 2019). Semen samples were divided into a control and treatment group, respectively, with there being no
treatment with or treatment with 0.6mg/mL IRPS. Two groups of semen, stored for 5 days, were subjected to a capacitation
treatment by incubating sperm cells for 30min in capacitation medium (95mM NaCl, 4.8 mM KCl, 2 mM CaCl2, 25mM NaHCO3,
1.2mM KH2PO4, 5.56mM glucose, 1 mM sodium pyruvate, and 0.6% [w/v] bovine serum albumin [BSA]). The semen samples were
subsequently washed three times with BTS supplemented with 1% BSA, then centrifuged at 800 × g for 10min, and re-suspended in
IVF medium. Subsequently, capacitated sperm cells and mature oocytes were transferred to IVF medium at a ratio of 150:1 (oo-
cytes= 50) and incubated at 38.5 °C in a humidified atmosphere with 5% CO2. After 6 h, a subsample of oocytes was fixed in 4%
paraformaldehyde for 30min and washed in polyvinyl alcohol (PVA) -PBS three times, then stained with Hoechst 33342 for 10min.
Rates of sperm-oocyte binding were evaluated using fluorescence microscopy at 200x magnification. The remaining cultured oocytes
were washed and transferred to PZM-3 medium and incubated for 2 or 7 days with the medium that was replaced every 2 days. After
fixing in 1:3 acetic acid/ethanol for 24 h and staining with Hoechst 33342, oocytes were analyzed using fluorescence microscopy at
200x magnification to determine the percentage cleavage rate (> 1 cell embryos/number of inseminated oocytes) and percentage
rate of embryo development to the blastocyst stage (number of blastocysts/number of inseminated oocytes).

2.9. Statistical analysis

Statistical analyses were conducted using the SPSS software version 21.0 (SPSS, Inc., Chicago, IL, USA). First, data were evaluated
for normality (Shapiro-Wilk's test) and homogeneity of variance (Levene's test). When required, data were transformed using arcsine
√ x or log(x) to meet parametric assumptions (Puig-Timonet et al., 2018). Data, including those on sperm motility, acrosome in-
tegrity, plasma membrane integrity, mitochondrial membrane potential, T-AOC, MDA content, and ROS concentrations, were sub-
sequently analyzed using the repeated-measures analysis of variance, followed by use of the Sidak's post-hoc test (except ROS con-
centrations). The Friedman and Wilcoxon tests were used as nonparametric alternatives for data analyses. Time of liquid storage was
considered a within-subjects factor and IRPS concentration was considered a between-subjects factor. Furthermore, an independent-
samples Student's t-test was performed to assess the difference in sperm-oocyte binding, percentage cleavage rate of oocytes fertilized,
and the percentage of inseminated oocytes developing to the blastocyst stage. Results are presented as mean ± standard deviation,
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and P < 0.05 was considered to indicate a significant difference.

3. Results

3.1. Effects of IRPS supplementation on sperm quality variables

3.1.1. Sperm motility
As depicted in Fig. 1A, the total sperm motility gradually decreased during the 7 days of storage but was greater with IRPS

supplementation of media than in the control group. Total sperm motility on the first day of preservation was not different among all
the groups. After 3 days of storage, however, the groups supplemented with 0.4, 0.6, and 0.8 mg/mL IRPS had a greater total sperm
motility compared to the control (P < 0.05). Notably, there was the greatest total sperm motility after 5 or 7 days in the group
treated with 0.6 mg/mL IRPS (P < 0.05), indicating that the addition of IRPS could suppress the decrease in total sperm motility

Fig. 1. Effect of different concentrations of IRPS on boar sperm quality variables; (A) Sperm motility, (B) Fluorescent patterns of sperm acrosome
(Upper) and percentage of acrosome intact sperm (Lower) (a) Sperm with intact acrosome, (b) Sperm with disrupted acrosome and (c) exocytosed
acrosome; (C) Fluorescent patterns of sperm plasma membrane (Upper) and percentage of plasma membrane intact sperm (Lower) (plasma
membrane integrity: green fluorescence, plasma membrane damage: red fluorescence); Scale bars =10 μm; Values are presented as mean ± SD (n
= 5); a–d Different letters indicate significant differences between values (P < 0.05) (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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during storage.

3.1.2. Acrosome integrity
To determine whether the addition of IRPS affects the sperm acrosome integrity during semen preservation at 17 °C, there was

evaluation of spermatozoa after FITC-PNA and DAPI staining. The results are depicted in Fig. 1B. There was no difference in acrosome
integrity at the initiation of storage; however, there were changes starting on day 3, when all IRPS-treated groups had greater
acrosome integrity than the control group (P < 0.05). Importantly, after 7 days of storage, the group treated with 0.6 mg/mL IRPS
had a greater acrosome integrity than all other groups (P < 0.05).

3.1.3. Plasma membrane integrity
In the process of semen preservation, the plasma membrane integrity of the sperm was substantially greater in the 0.6mg/mL

IRPS than control group (Fig. 1C). When semen aliquots, however, were supplemented with 0.8 or 1.2mg/mL IRPS, sperm plasma
membrane integrity was less than in the control group on day 3 (P < 0.05). Although both 0.4 and 0.6 mg/mL concentrations of
IRPS suppressed the decrease in the sperm plasma membrane integrity on day 5, treatment with 0.4 mg/mL IRPS for 7 days resulted
in the greatest plasma membrane integrity (P < 0.05). These data indicate IRPS exerted protective effects on the plasma membrane
of the sperm preserved at 17 °C.

3.2. Effects of IRPS on sperm mitochondrial membrane potential

The changes in the mitochondrial membrane potential of the sperm treated with different concentrations of IRPS are depicted in
Fig. 2. The data indicate mitochondrial membrane potential of the sperm was markedly affected by supplementation of the extender
with IRPS during semen preservation. There were no notable differences in the mitochondrial membrane potential of the sperm
among the 0.2, 0.4, and 0.6mg/mL IRPS treatment groups during the first 3 days of preservation; however, the values were greater
than those in the control group (P < 0.05). In addition, there was a greater mitochondrial membrane potential maintained in the
group treated with 0.6 mg/ml IRPS throughout the storage period, indicating this was a concentration range for IRPS that could be
used to maintain sperm quality during periods when there was preservation occurring.

Fig. 2. Effect of different concentrations of IRPS on mitochondrial membrane potential of sperm during different storage periods; (A) Day 1, (B) Day
3, (C) Day 5, (D) Day 7; Values are presented as mean ± SD (n=5); a–d Different letters indicate significant differences between values (P<0.05).
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3.3. Effects of IRPS on T-AOC, MDA content, and ROS concentrations

To further explore the antioxidant properties of IRPS during semen storage at 17 °C, there was examination of T-AOC, the MDA
content, and ROS concentrations, and the data are depicted in Fig. 3. After 1 day of preservation, there were no obvious differences in
the MDA content among the groups (Fig. 3B), but T-AOC was less in the 0.2mg/mL IRPS group (P < 0.05; Fig. 3A). Differences in T-
AOC and the MDA content among the groups, however, gradually increased during the period of semen preservation. On days 5 and 7
of storage, there was a markedly lesser MDA content in the 0.6mg/mL IRPS treatment group compared with that in the other groups,
which was consistent with maintaining T-AOC at the greatest concentration with the 0.6mg/mL IRPS supplementation of semen
medium (P < 0.05). Importantly, compared with that in the control group, the ROS production was less (P < 0.01) on days 1, 3, 5,
and 7 of storage as a result of supplementation of the semen extender with 0.6 mg/mL IRPS (Fig. 3C).

3.4. Effects of adding IRPS during semen liquid storage on IVF

Considering the results when there was evaluation of the effects of IRPS concentrations on sperm viability in the present study,

Fig. 3. T-AOC, MAD content, and ROS concentrations on different days during liquid storage of boar sperm with different concentrations of IRPS;
(A) Total antioxidant capacity, (B) Malondialdehyde content, (C) Reactive oxygen species concentrations; Values are presented as mean ± SD
(n=5); a–d Different letters indicate differences between values (P < 0.05); *P < 0.05, **P < 0.01.
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adding 0.6 mg/mL IRPS to the suspension medium for in vitro sperm preservation was beneficial for sperm quality and antioxidant
capacity; therefore, this concentration of IRPS was selected for the IVF experiment of this study.

The results of the IVF experiment are depicted in Fig. 4. There was a difference (P < 0.01) in sperm binding to oocytes when
semen samples of the two groups (with and without semen pretreatment with IRPS during storage) were used for insemination of
oocytes. With the IRPS-pretreated sperm, there was greater sperm binding to oocytes than with samples not pretreated with IRPS
(Fig. 4A). Interestingly, with IRPS treatment there was an increased (P < 0.05) percentage of embryos developing to the blastocyst
stage; however, there was no effect of IRPS treatment on percentage cleavage rate (Fig. 4B, C).

4. Discussion

Oxidative damage has been recognized as one of the major factors contributing to sperm dysfunction after in vitro storage, and
thus, finding an optimal antioxidant is the important for maintaining sperm quality (Tremellen, 2008; Tuncer et al., 2010; Basioura
et al., 2018). The IRPS compound, extracted from Isatis root, is a natural macromolecular substance composed of different

Fig. 4. Effect of adding 0.6 mg/mL IRPS on sperm-oocyte binding and embryo development; (A) Fluorescent patterns of sperm-oocyte binding and
its quantification, (B) Fluorescent patterns of Cleavage and its quantification (cleavage rate:> 1 cell embryos/number of inseminated oocytes), (C)
Fluorescent patterns of Blastocyst and its quantification (blastocyst rate: number of blastocysts/number of inseminated oocytes); Control: 0 mg/mL
IRPS, Treatment: 0.6 mg/mL IRPS; Scale bars =100 μm; Values are presented as mean ± SD (n=5); Different letters indicate differences between
values *P < 0.05, **P < 0.01.
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proportions of xylose, arabinose, glucose, rhamnose, mannose, and galactose. Polysaccharides have antioxidant activity not only
because these compounds scavenge ROS free radicals but also because of the increased antioxidant enzyme activity in the body. In
some studies there have been benefits of IRPS in ameliorating lipid peroxidation; however, its potential application as an antioxidant
in semen preservation remain unknown (Du et al., 2013; Li et al., 2019). With this study, there was exploration of the antioxidant
properties of IRPS as an additive for semen storage at 17 °C. As expected, IRPS, especially at a concentration of 0.6 mg/mL in a liquid
storage system, positively affected the preservation of semen quality during storage, resulting in greater values for sperm quality
variables, T-AOC, and fertilization capacity than values for the control group. Furthermore, the reduction in the concentrations of
ROS and MDA in stored semen clearly indicated that IRPS had a marked antioxidant capacity.

The sperm motility variable is indicative of metabolic homeostasis and membrane integrity and is an important variable for
assessing quality and predicting fertilization success (Johnson et al., 2000; Sutkeviciene et al., 2009). Results of other studies indicate
there are some antioxidants that effectively protect boar sperm against oxidative stress, with sperm viability being maintained during
periods of storage (Mendez et al., 2013; Pintus et al., 2018; Wang et al., 2018). Consistently, results of the present study indicated that
supplementation with IRPS resulted in a maintenance of sperm motility until the third day of storage. Furthermore, as the storage
time increased, the sperm motility decreased in the control group to less than 50% on day 7 of preservation, whereas adding IRPS
reversed this trend of decreased motility as storage time advanced. In contrast to results of the present study, resveratrol, a natural
antioxidant in a wide variety of plant species does not affect sperm motility when added to boar semen (Martin-Hidalgo et al., 2013;
Bucci et al., 2018). This difference in maintaining sperm motility during storage may be due to the protection of sperm metabolism by
IRPS which is related to mitochondrial function.

It is currently well accepted that in the case of boar sperm, ATP generated in the process of glycolysis is very important for sperm
viability during liquid storage (Rodriguez-Gil and Bonet, 2016). A decrease in sperm motility also occurs after inhibition of either the
mitochondrial respiratory chain complex I or oxidative phosphorylation, suggesting that mitochondria-transformed energy also has
an important function in maintaining boar sperm metabolism (Guo et al., 2017). Mitochondria are the main site for oxidative
phosphorylation to form ATP, but ROS are also mainly produced in mitochondria, where oxygen is combined with electrons in
electron transport chain complexes I and III to form superoxide anions (Ford, 2004; Orrenius et al., 2007). When ROS excessively
accumulates, oxidative stress leads to a suppression of mitochondrial function and DNA content, leading to a range of adverse
consequences, including decreased mitochondrial activity and sperm motility. The mitochondrial functions are related to the mi-
tochondrial membrane potential. In the present study, IRPS had a pronounced effect on maintaining the mitochondrial membrane
potential of the sperm for 3 to 7 days of storage, indicating IRPS could allow for sustaining normal mitochondrial function during
periods of sperm preservation. Similar findings have been reported from previous studies, wherein other antioxidants, such as as-
tragalus polysaccharide or oligomeric proanthocyanidins, were added to boar semen extenders (Li et al., 2018; Weng et al., 2018).
Collectively, results from the present study provide convincing evidence that IRPS maintains the normal function of sperm mi-
tochondria, which is beneficial for the metabolism of sperm cells and for sperm motility.

The sperm plasma membrane is responsible for maintaining homeostasis between sperm intracellular and extracellular en-
vironments, and is involved in sperm capacitation and the acrosome reaction (de Andrade et al., 2007; Sutkeviciene et al., 2009).
Results of previous studies indicate the plasma membrane of boar spermatozoa is rich in polyunsaturated fatty acids susceptible to the
effects of ROS, resulting in lipid peroxidation and impairing membrane integrity and sperm motility (Vernet et al., 2004; Awda et al.,
2009; Orzolek et al., 2013). In the present study, the sperm membrane integrity was the highest on days 3 and 5 of storage at a
concentration of IRPS of 0.6mg/mL. Meanwhile, after 3 days of storage, the plasma membrane integrity in the 0.8 and 1.2mg/mL
IRPS treatment groups was markedly less than that of the control group. Consistent with this finding, Wang et al. (2018) reported the
addition of L-glutamine at an optimal concentration was beneficial for the plasma membrane integrity of the sperm, while relatively
greater concentrations had the opposite effect. Considering these previous and present findings, the concentrations of antioxidants for
semen liquid preservation must be considered carefully.

Acrosome integrity is another important indicator of sperm quality, which markedly benefited from IRPS supplementation during
the entire storage period. To elucidate the potential mechanism of the protective effects of IRPS on sperm membrane and acrosome
integrity, there was evaluation of T-AOC of the sperm and the content of MDA, an oxidative stress product. During the storage period,
IRPS-treated samples had a greater T-AOC and lesser MDA content, compared to untreated groups. Furthermore, the addition of
0.6mg/mL IRPS inhibited the formation of ROS in sperm throughout the storage period. The consistency of these results indicated
that the addition of IRPS could effectively enhance the antioxidant capacity of stored boar semen. Regarding the physiological
mechanism, IRPS exerts its antioxidant activity against ROS in semen, thereby protecting the sperm mitochondrial function, plasma
membrane integrity, and acrosomal integrity, which helps preserve sperm motility. The underlying mechanism by which IRPS pe-
netrates the sperm membrane to reach mitochondria and exerts its scavenging action, however, remains unclear and requires further
investigation.

It is not sufficient to simply evaluate the quality variables of the sperm for predicting the outcome of fertilization, because the
fertilization capacity of sperm is regulated by various factors (Weng et al., 2018). To further verify the effects of IRPS, there was an
IVF experiment conducted to evaluate the effects of semen supplemented with 0.6mg/mL IRPS and an un-supplemented control
group on fertilization and embryo development to the blastocyst stage. Results from this IVF experiment indicated that fertilization
capacity was also enhanced with the addition of IRPS, where semen treated with 0.6mg/mL had a greater sperm-oocyte binding rate.
Additionally, even though the percentage cleavage rate during embryo development was unaffected by the IRPS treatment, the
percentage development to the blastocyst stage in the IRPS group was markedly enhanced. This phenomenon may be explained by
oxidative stress, which damages sperm mitochondrial DNA. It has been reported that early embryonic development is affected by the
mitochondrial DNA content (Fragouli and Wells, 2015; Wu et al., 2019). The consequences of mitochondrial DNA damage may have a
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minor effect on the cleavage process but will eventually affect the development of the embryo, thereby reducing the percentage
development of embryos to the blastocyst stage. To fully confirm the effect of IRPS on artificial insemination outcomes, therefore,
fertility should be conducted in the future.

In summary, in the present study, IRPS, as an antioxidant was effective in enhancing values for sperm quality variables and
antioxidant capacity during liquid storage at 17 °C, with an optimum concentration of 0.6 mg/mL. Furthermore, the addition of IRPS
increased the number of spermatozoa bound to oocytes as well as the percentage of embryos developing to the blastocyst stage when
IRPS-treated semen was used for oocyte inseminations. These findings are indicative of the considerable potential of IRPS, as a semen
supplement, in enhancing reproductive performance; however, further exploration of the molecular mechanism of IRPS and ver-
ification of its effects are necessary.
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