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Objective: Myo-inositol (Myo-Ins), the most abundant form of inositol, is an
antioxidant and plays a crucial role in the development and reproduction of
mammals and humans. However, information elucidating the role of Myo-Ins
in porcine embryonic development after parthenogenetic activation (PA) is still
lacking. Therefore, we investigated the effect of Myo-Ins on porcine embryos
and its underlying mechanisms.

Methods: In this study, various concentrations of Myo-Ins (0, 5, 10, and 20 mM)
were added to the porcine zygotic medium (PZM3) during the in vitro culture
(IVC) of porcine embryos. Several characteristics were evaluated, including
cleavage rate, blastocyst formation rate, intracellular glutathione (GSH) and
reactive oxygen species (ROS) levels in 4-5 cell stage embryos, total cell
number, apoptotic rate in blastocysts, mitochondrial membrane potential
(MMP), mitochondrial quantity, mitochondrial stress in the blastocysts, and gene
expression for antioxidant and mitochondrial function markers. Additionally, the
immunofluorescence of HO-1 was assessed.

Results: The results showed that Myo-Ins at concentrations of 10 and 20 mM
significantly increased the blastocyst formation rate compared to the control group.
Embryos supplemented with 20 mM Myo-Ins exhibited higher GSH levels and
lower ROS levels than those in the control group. Myo-Ins supplementation also
decreased the rate of apoptosis and the apoptotic index in the treatment groups.
Additionally, embryos supplemented with 20 mM Myo-Ins showed increased
mitochondrial membrane potential (MMP), greater mitochondrial quantity, and
reduced oxidative stress in the mitochondria. Interestingly, the expression levels of
genes related to mitochondrial function and the nuclear erythroid factor 2-related
factor (NRF2) pathway were elevated in the Myo-Ins treated groups. Furthermore,
immunofluorescence results indicated that 20 mM Myo-Ins significantly increased
HO-1 expression in blastocysts compared to the control group.

Conclusion: In conclusion, 20 mM Myo-Ins supplementation enhanced
blastocyst development and improved mitochondrial function by regulating
apoptosis, reducing oxidative stress, and activating the NRF2 pathway.
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1 Introduction

In vitro embryo production (IVP) is an essential technique for
early-stage porcine embryos that provides sufficient embryos for
biomedical technology uses, such as genetic modification and cloning,
compared to in vivo embryos. Consequently, the creation of porcine
models for biomedical research is an important step in the IVP
embryos with high implantation potential (1, 2). The quality of
embryos during IVP directly affects the subsequent implantation of
embryos and the early development of the fetus. In IVP, the easiest
method to evaluate pre-implantation embryos is the blastocyst
formation rate; nonetheless, this technique has not significantly
improved during the past 20 years. The in vitro culture (IVC) system’s
inability to accurately mimic the natural in vivo microenvironment of
embryo development is an obstacle to making significant
advancements in the assessment of blastocyst formation rate,
particularly in porcine embryos. This is mainly because pig embryos
are extremely susceptible to reactive oxygen species (ROS) impeding
their growth (3, 4). Thus, it is crucial to optimize embryo culture
systems to improve the competency and quality of early
embryonic development.

Excessive ROS levels result in oxidative stress, which ultimately
affects embryonic development (5). ROS can result from the
surrounding culture environment or the embryo’s metabolism, and
cause protein denaturation (6), lipid peroxidation (7), DNA
damage (8), and mitochondrial damage (9), which, in turn, results
in the inhibition of embryo development (10). Enhancing the
efficiency and quality of porcine embryo production is a viable
strategy for impeding the generation of excessive ROS. Previous
studies have demonstrated that the addition of antioxidants, such
as melatonin (11), cysteine (12), linoleic acid (13), laminarin (14),
and resveratrol (15), diminishes the oxidative stress of embryos.
Nevertheless, the existing IVC conditions fail to mimic the in vivo
environment. Consequently, understanding the mechanisms of
antioxidative damage and investigating potent antioxidant
substances for incorporation into culture media are effective
approaches for enhancing the in vitro developmental capabilities of
embryos (10).

Inositol is a crucial component of structural lipids.
Phosphatidylinositol, a key element in cellular membranes, especially
mitochondrial membranes, plays a pivotal role in the maintenance
and function of mitochondria (16). Myo-inositol (Myo-Ins), the
predominant form of inositol in nature, actively participates in
cytogenesis, cell morphogenesis, lipid synthesis, cell membrane
formation, and cell growth. Myo-Ins is recognized as a precursor of
secondary messengers in cell signaling systems and is therefore
involved in the regulation of intracellular calcium concentrations (17,
18). Consequently, it plays a crucial role in regulating cardiac function,
increasing insulin sensitivity, influencing metabolic changes, and
remarkably impacting reproductive processes (19-22). Myo-Ins
present in body fluids, particularly the follicular fluid, plays a crucial
role in generating essential intracellular signals. Additionally, it is vital
for follicle maturation of follicles and serves as an indicator of high
oocyte quality (23-25).
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Research on farming animals has indicated that Myo-Ins plays a
role in mammalian preimplantation development, as the
supplementation of culture media with Myo-Ins increases blastocysts
formation, expansion, and hatching in rabbits and bovines (26, 27),
ultimately supporting the development of healthy animals (26). In
addition, it has been shown that Myo-Ins exhibits antioxidant
properties and mitigates oxidative stress (28, 29). Previous studies
have reported that Myo-Ins plays a protective role against oxidative
stress by activating the NRF2/KEAPI signaling pathway (30, 31).
However, there is a lack of evidence elucidating the association
between Myo-Ins and the NRF2/KEAPI signaling pathway, specifically
in porcine in vitro embryonic development. Therefore, the objective
of this study was to explore porcine in vitro embryonic development
and elucidate the underlying mechanisms by incorporating optimal
concentrations of Myo-Ins into the IVC medium. This involved the
assessment of blastocyst quality, monitoring of intracellular levels of
ROS and glutathione (GSH), and evaluation of mitochondrial quantity
and membrane potential. Furthermore, we aimed to determine the
correlation between Myo-Ins and the NRF2/KEAP] signaling pathway
during porcine early embryogenesis.

2 Materials and methods
2.1 Chemical and reagents

All the chemicals and reagents were purchased from Sigma-
Aldrich (St.Louis, MO, United States). MitoSOX Red mitochondrial
superoxide indicator and JC-1 were obtained from Invitrogen by
Thermo Fisher Scientific (Carlsbad, CA, United States). HO-1/
HMOX-1 primary antibody was purchased from Proteintech (10701-
1-AP, Proteintech, Illinois, USA).

2.2 Oocyte collection and in vitro
maturation (IVM)

Porcine ovaries were procured from a local abattoir and promptly
transported to the laboratory within 3 h in a 0.9% (v/v) NaCl solution
maintained at 37-39°C. Upon arrival, the ovaries were subjected to
two washes with a 0.9% (v/v) NaCl solution. Medium-sized follicles
(3-7 mm in diameter) were selected for the retrieval of cumulus-
oocyte complexes (COCs) using an 18G needle and a 10 mL
disposable syringe (32). Subsequently, the collected complexes were
transferred to 15 mL conical tubes. COCs exhibiting evenly granulated
cytoplasm and compact cumulus cell layers were selected, and 50-60
COCs were cultured in each well of a four-well dish (Nunc, Roskilde,
Denmark) containing 500 pL of IVM medium and not covered with
mineral oil. The IVM medium consisted of TCM199 (Invitrogen
Corporation, Carlsbad, CA, United States) supplemented with
0.91 mM sodium pyruvate, 0.6 mM cysteine, 75 ug/mL kanamycin,
10 ng/mL epidermal growth factor, 10% (v/v) porcine follicular fluid,
and 1 pg/mL insulin. During the initial 22 h of IVM, the COCs were
incubated with 10 IU/mL equine chorionic gonadotropin (eCG) and
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10 IU/mL human chorionic gonadotropin (hCG), followed by a
subsequent 20 h incubation without these hormones. All IVM
procedures were conducted in a humidified incubator (Astec,
Fukuoka, Japan) maintained at 39°C with a 5% CO, atmosphere.

2.3 Parthenogenetic activation (PA) and in
vitro culture (IVC) of porcine embryos

PA was conducted in accordance with a previously published
protocol (33). Initially, metaphase II stage (MII) oocytes were collected
following IVM and treated with 0.1% hyaluronidase for 1 min to
facilitate the removal of cumulus cells through gentle mechanical
pipetting. Subsequently, the MII oocytes were rinsed twice with an
activation solution comprising 280 mM mannitol, 0.01 mM CaCl, and
0.05 mM MgCl, before undergoing activation in 2 mL of the same
solution. Activation was achieved through the administration of two
direct electrical pulses at 120 V/mm for 60 ps, delivered via a cell
fusion generator (LF101; NepaGene, Chiba, Japan). Subsequently, the
activated oocytes were cultured in PZM3 containing cytochalasin B
within a humidified environment of 5% CO,, 5% O,, and 95% N, for
4h (34). All embryos were subjected to electrical activation and
underwent three washes with IVC medium droplets (containing 10
oocytes per 30 pL) fully covered with mineral oil. PA was initiated on
day 0, with embryo transferring to fresh droplets on days 2 (48 h) and
4 (96 h) of development. The cleavage rates of the embryos were
analyzed on the second day and categorized into five groups based on
the number of cells: 1, 2-3, 4-5, 6-8 cells, and fragmented embryos.
On the seventh day, embryonic development was quantitatively
assessed by determining blastocyst formation rates across three groups
categorized by blastocyst morphology: early, expanded, and hatched.
To quantify cell numbers in blastocysts, all blastocysts displaying a
blastocoel were stained with 10 pg/mL Hoescht-33342 for 10 min.
Following staining, each blastocyst was mounted on a glass slide in a
drop of 100% and examined under an epifluorescence microscope
(TE 300; Nikon, Tokyo, Japan) at 200 x magnification. The cell
numbers were manually counted, and blastocysts with a blastocoel
and at least 20 cells were classified as blastocysts (34-36). Myo-Ins
supplementation was introduced into the IVC media at concentrations
of 0 (control), 5, 10, and 20 mM, without any prior research on its use.
The optimal concentration for Myo-Ins supplementation was
determined through analysis, as depicted in Supplementary Figure S1
and Supplementary Table S1.

2.4 Measurement of intracellular GSH and
ROS levels

As previously described (37) intracellular GSH and ROS levels
were assessed following established procedures. Embryos at the 4-5
cell stage were selected from each experimental group on day 2 for
analysis. Intracellular GSH (indicated by blue fluorescence) and ROS
(indicated by green fluorescence) levels within the embryo
cytoplasm were quantified utilizing CellTracker Blue CMF,HC
(Invitrogen) and H,DCFDA (Invitrogen), respectively. The embryos
were stained by incubating them in a solution of TLH-PVA medium
containing either 10 pM CMF,HC or H,DCFDA for 30 and 10 min,
respectively. Following this, the samples were washed three times
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with TLH-PVA before being transferred to 8 uL droplets of
TLH-PVA. The levels of glutathione (GSH) and ROS were quantified
using a fluorescence microscope (TE300; Nikon, Tokyo, Japan)
equipped with ultraviolet filters (370 nm for GSH and 460 nm for
ROS). The fluorescence intensity of each embryo was then assessed
using Image ] software and normalized against that of the
control group.

2.5 Terminal deoxynucleotidyl
transferase-mediated dUTP nick end
labeling assay (TUNEL assay)

The number of apoptotic cells in the blastocysts stained with
TUNEL was determined using an in-situ cell death detection kit as
previously described (38). On the seventh day, Myo-Ins-treated and
control group blastocysts were washed three times in 0.1% PBS-PVA
(PVS). The blastocysts were then fixed in 4% paraformaldehyde (PFA)
in PBS at 25°C (room temperature (RT)) for 30 min. In the subsequent
stage, the blastocysts underwent two washes in a solution containing
0.1% PVS, in conjunction with 0.1% Tween 20 and 0.01% Triton
X-100 (v/v). Subsequently, the blastocysts were treated with 0.3%
Triton X-100 in PBS for 1h at 37°C in order to facilitate
permeabilization. Subsequently, the TUNEL assay was conducted
utilizing fluorescein-conjugated deoxy uridine triphosphate (dUTP)
and terminal deoxynucleotidyl transferase (obtained from Roche,
Mannheim, Germany) for 90 min at 37°C. Subsequently, the
blastocysts were subjected to two further washes in 0.1% PVS, after
which they were counterstained with 5 pg/mL Hoechst-33342 for
10 min at RT in order to visualize the nuclei.

2.6 Assay of mitochondrial membrane
potential (A¥m)

Blastocysts on day 7 were cultured in PZM 3 supplemented with
2.5uM 5,5,6,6"-tetrachloro-1,1’,3,3"-tetraethyl-imidacarbocyanine
iodide (JC-1) (Cat # T3168, Invitrogen, Eugene, OR, USA) for 30 min
at 38.5°C in 5% CO,. Membrane potential was determined by
calculating the ratio of red fluorescence, which corresponds to
activated mitochondria (J-aggregates), to green fluorescence, which
corresponds to less activated mitochondria (J-monomers) (39).
Images were captured using an epifluorescence microscope (TE300;
Nikon, Tokyo, Japan), and Image J software was used to quantify the
relative fluorescence intensities.

2.7 Colocalization assay of the
mitochondria and mitochondrial ROS

To examine the colocalization of the mitochondria and
mitochondrial ROS, blastocysts were incubated with 500 nM
MitoTracker Red CMXRos (Cat #M7512, Invitrogen, Eugene, OR,
USA) and 0.4 pM MitoSOX red (Cat # 2201584, Invitrogen, Oregon,
USA) at 38.5°C for 30 min (39, 40). The fluorescence signals were
visualized using an epifluorescence microscopy (TE300; Nikon,
Tokyo, Japan) and the relative fluorescence intensities were quantified
using the Image J software.
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2.8 Quantitative reverse
transcription-polymerase chain reaction

Blastocysts (n = 20/group) were collected from the control and
Myo-Ins treated groups and washed with DPBS before being stored in
1.5 mL microcentrifuge tubes (SPL Life Sciences, Co., Ltd., Pocheon,
Gyeonggi-do, Republic of Korea) and placed at —80°C until analysis.
For the extraction of total RNA, TRIzol reagent (TaKaRa Bio, Inc.,
Otsu, Shiga, Japan) was used. Following the manufacturer’s protocol,
cDNA was synthesized using a 5x reverse transcription master mix
(Elpis Bio, Inc., Chungcheongnam-do, Daejeon, Republic of Korea).
For qRT-PCR, the synthesized cDNA (0.5 pg/pL) was mixed with 2x
SYBR Premix Ex Taq (TaKaRa Bio Inc.) and 10 pmol of specific
primers (Macrogen, Inc., Seoul, Republic of Korea). The primers used
in this study are listed in Supplementary Table S2. A CFX96 Touch
real-time PCR detection system (Bio-Rad, Hercules, CA,
United States) was used for the qRT-PCR analysis. The reactions were
initiated by pre-denaturation at 95°C for 5 min, followed by 40 cycles
of denaturation at 95°C for 15s, annealing at 57°C for 15s, and
extension at 72°C for 30 s. Data were collected during the extension
phase of each cycle, and the relative quantification (R) value was
calculated using the following equation: R = 2-[ACtsample = ACtcontrol] (,17)

The expression levels of genes were normalized to RN18S as a control.

2.9 Immunofluorescence assay

The immunofluorescence technique was employed in accordance
with the methodology described by Yoon et al. (42) with certain
modifications. In brief, 4% PFA in PBS was employed to fix the
blastocysts for 30 min at RT. Subsequently, the blastocysts were
permeabilized in 0.5% Triton X-100 at RT for 1 h, after which they
were washed twice with 0.1% PVS. The Image-iT™ FX Signal
Enhancer (Invitrogen, Carlsbad, CA, United States) was employed to
treat the blastocysts for a period of 30 min at RT. Subsequently, they
were incubated in PBS containing 3% BSA and 0.05% Tween 20 for
1 hand 30 min at RT. The blastocysts were incubated overnight at 4°C
with a rabbit anti-HO-1/HMOX-1 primary antibody (10701-1-AP,
1:100 dilution in blocking buffer, Proteintech, Illinois, USA). On the
following day, the blastocysts were washed three times with 0.1%
Tween 20 and 0.01% Triton X-100 in 0.1% PVS (TTVS) at RT for
5 min. They were then incubated with the appropriate secondary
antibody, goat anti-rabbit IgG (H + L) Alexa Fluor 488 (A11029,
1:200; Invitrogen Corporation, Carlsbad, CA, USA), for 2h at
RT. Following three washes in TTVS, the blastocysts were
counterstained with Hoechst-33342 for 10 min and mounted on glass
slides in an anti-fade mounting medium (Molecular Probes, Inc.,
Eugene, OR, USA). The stained blastocysts were analyzed using an
epifluorescence microscope (TE 300; Nikon) equipped with UV filters.
The ImageJ software was employed to quantify the fluorescence
intensity of the stained blastocysts.

2.10 Experimental design
In experiment 1, a total of 954 embryos were used across three

replicates to assess the effects of different concentrations of Myo-Ins
(0, 5, 10, 20, 40, and 80 mM) on the in vitro development of porcine

Frontiers in Veterinary Science

10.3389/fvets.2024.1475329

PA embryos. The embryos were cultured in IVC medium
supplemented with the specified concentrations of Myo-Ins
throughout the entire IVC period. Developmental competence was
evaluated by measuring cleavage rate, blastocyst formation rate, and
total cell number in blastocysts. Based on the results, high
concentrations of Myo-Ins (40 and 80 mM) decreased the blastocyst
formation rate, suggesting that these levels may negatively impact
embryo development. Therefore, lower concentrations (0, 5, 10, and
20 mM) were selected for further experiments to optimize the in vitro
development of porcine PA embryos. In experiment 2, 352 total
embryos were used in three biological replicates to assess various
concentrations of Myo-Ins (0, 5, 10, and 20 mM). We aimed to
investigate whether Myo-Ins can reduce oxidative stress in early 4-cell
staged PA embryos by monitoring intracellular GSH and ROS levels.
In experiment 3, a total of 168 blastocysts were used across three
independent replicates to evaluate the effect of different concentrations
of Myo-Ins (0, 5, 10, and 20 mM) on apoptosis. The number of
TUNEL-positive cells and cell number were measured to assess
apoptosis levels in the blastocysts. In experiment 4, a total of 280
blastocysts were used in at least three replicates to investigate mRNA
expression levels of antioxidant and mitochondrial related genes in
porcine PA blastocysts. In experiment 5, a total of 281 blastocysts were
used across three biological replicates to evaluate the (A¥m) in
porcine blastocysts after PA with different concentrations of Myo-Ins
(0,5, 10, and 20 mM). In experiment 6, a total of 144 blastocysts were
used across three biological replicates to assess mitochondrial
distribution in porcine blastocysts after PA with different
concentrations of Myo-Ins (0, 5, 10, and 20 mM). In experiment 7, a
total of 167 blastocysts were used across three replicates to assess
mitochondrial reactive oxygen species (ROS) levels in porcine
blastocysts after PA with different concentrations of Myo-Ins (0, 5, 10,
and 20 mM). In experiment 8, a total of 140 blastocysts were used
across three replicates to investigate the effect of various concentrations
of Myo-Ins (0, 5, 10, and 20 mM) on HO-1 protein levels after
immunofluorescence assay.

2.11 Statistical analysis

Statistical analysis was performed using SPSS (version 12.0; SPSS,
IBM, Armonk, NY, United States) and GraphPad Prism (GraphPad
Software, San Diego, CA, United States). All the experiments were
performed at least three times unless stated otherwise. Data were
presented as the mean + SEM. Percentage data (cleavage and
blastocysts formation rates) and average data (intracellular GSH and
ROS in 4-5 cell stage embryos, TUNEL assay in blastocysts,
mitochondrial membrane potential, Mito tracker, MitoSoX, and
relative gene expression levels) were analyzed using one-way analysis
of variance. Statistical significance was set at p < 0.05.

3 Results

3.1 Myo-ins enhances development of
porcine PA embryos

The optimal concentration of Myo-Ins was investigated by adding
different concentrations (0, 5, 10, 20, 40, and 80 mM) during IVC for
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porcine embryonic development following PA, as shown in
Supplementary Figure S1 and Supplementary Table S1. Considering
these findings, we selected the 5, 10 and 20 mM Myo-Ins treatment
groups for this experiment. On day 2, the embryonic cleavage rate was
evaluated in all the Myo-Ins treatment groups (82.7% + 4.7, 82.0% + 3.6,
85.0% * 4.8%) compared with the control group (77.5% + 3.1%)
(Table 1) (Figures 1A,B). Myo-Ins treatment did not show any
differences in the cleavage rate when compared with the control group.
The blastocyst formation rates were found to be significantly increased
(p <0.05) in the 10 (50.9% * 2.5%) and 20 mM (61.9% * 6.7%) Myo-Ins
treated groups compared to the control group (36.7% + 1.7%)
(Figures 1A,C). The supplementation of Myo-Ins at concentrations of
5-(37.0% = 0.7%), 10-(38.7% + 2.6%) and 20-(40.2% + 3.2%) did not
result in a significant increase in the average total cell number of
blastocysts in comparison to the control group (40.5% * 2.2%) (Table 1).

3.2 Myo-ins modulates intracellular GSH
and ROS levels in PA cleaved embryos

To investigate the antioxidative effect of Myo-Ins, we analyzed the
intracellular GSH and ROS levels in 4-5 cell stage embryos cultured
with Myo-Ins-supplemented medium on day 2 after PA (Figure 2).
The 20 mM Myo-Ins group showed significantly higher (p < 0.05)
intracellular GSH levels than those in the control group. Furthermore,
embryos in the 10 and 20 mM treated groups displayed significantly
lower (p < 0.05) intracellular ROS levels compared to than those in the
control group.

3.3 Myo-ins regulates apoptosis in porcine
PA embryos

To evaluate the quality of porcine PA blastocyst, the incidence of
apoptosis and total nuclei were counted. Myo-Ins supplementation
during IVC did not affect the total number of nuclei compared to the
control group (Figures 3A,B). Nonetheless, the number of apoptotic
nuclei and the apoptotic index significantly decreased (p < 0.05) in the
Myo-Ins-treated groups compared to those in the control group
(Figures 3A,C,D).

3.4 Myo-ins modifies gene expression in
porcine PA embryos

To investigate whether Myo-Ins supplementation during IVC

after PA affects the expression levels of mitochondrial

10.3389/fvets.2024.1475329

function-related genes and antioxidant pathway genes such as NRF2/
HO-1, blastocysts from each group were analyzed (Figure 4). Myo-Ins
significantly increased (p < 0.05) the expression of mitochondrial
function-related genes, such as solute carrier family 2 member 1
(SLC2A1I) and ATP synthase (ATP5FIA), in the 10 and 20 mM groups
compared to the control group (Figure 4). Additionally, the mRNA
transcript levels of NRF2, HO-1, and GCLC were significantly higher
(p <0.05) in the 20 mM Myo-Ins group than in the control group.
SOD1 transcript levels were significantly higher in the 10 mM
Myo-Ins-treated group than in the control group. However, no
significant differences were observed in the other mitochondrial-
related genes or antioxidant genes when compared to the control
group (Figure 4).

3.5 Myo-ins improves mitochondrial
function in porcine PA embryos

Mitochondria are the main organelles responsible for ROS
production, and any malfunction regarding them may compromise
embryonic development (43, 44). Therefore, Myo-Ins supplementation
in the IVC medium was assessed in three ways: mitochondrial
membrane potential (MMP), mitochondrial distribution
(Mitotracker), and mitochondrial ROS (MitoSox). Myo-Ins at 20 mM
significantly improved (p <0.05) mitochondrial dysfunction by
enhancing MMP (Figures 5A,B). Moreover, the mitochondrial
quantity also significantly increased (p < 0.05) in the 20 mM Myo-Ins-
treated group compared to that in the control group (Figures 6A,B).
In addition, mitochondrial oxidative stress was reduced (p < 0.05) in
the Myo-Ins-treated groups compared to that in the control group
(Figures 7A,B).

3.6 Myo-ins activates HO-1 expression in
porcine PA embryos

Previous study reported the antioxidant role of Myo-Ins against
oxidative stress in boar sperm in which NRF2 gene expression was
significantly increased compared to that in the control group.
However, downstream genes of the NRF2 pathway have not been
discussed before in porcine IVC (30). Therefore, to investigate whether
Myo-Ins supplementation during IVC stimulates the NRF2/HO-1
pathway at the porcine blastocyst stage, we analyzed the expression of
the HO-1 protein using immunofluorescence. The blastocysts treated
with 20 mM Myo-Ins showed a significant increase (p < 0.05) in the
level of HO-1 protein compared to that in the control group
(Figures 8A,B).

TABLE 1 Effect of Myo-Ins treatment during in vitro culture (IVC) for 7 days on embryonic development after parthenogenetic activation (PA).

Myo-Ins concentration
(mM)

No. of embryos
cultured, N

> 2-cell

No. (%) of embryos developed to

Total cell number in

blastocysts
Blastocyst ¥

0 114 88 (77.5+3.1) 42367+ 1.7)* 40.5+22
5 115 95 (82.7 + 4.7) 57 (49.1 +3.5)* 37.0+0.7
10 106 87 (82.0 + 3.6) 54(50.9 +2.5)" 387426
20 118 100 (85.0 + 4.8) 72(61.9+6.7)" 402+32

N: Three times replicated. >° Values with different superscripts within a column differ significantly (p < 0.05).
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(A) Effect of Myo-Ins treatment on the blastocysts formation patterns of PA embryos. Scale bar = 300 pm. The cleavage pattern (B) and blastocyst
formation (C) rate of PA embryos. Within each endpoint, the bars with different letters (a, b) indicate significant differences (p < 0.05) at various Myo-Ins
concentrations. Frag, fragmentation; CL, cleavage; BL, blastocyst. The cleavage and blastocyst formation rates were evaluated on Day 2 and 7 after PA,
respectively. For all the graphs, the values represent the mean + SEM. The experiment was replicated at least three times.
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4 Discussion

This study aimed to examine the effects of Myo-Ins
supplementation on porcine PA embryos during IVC. During IVC,
embryos are more susceptible to oxidative stress because of the
differences between the in vivo and in vitro environments. Oxidative
stress induced by ROS can cause various impairments in
developmental parameters, such as decreased blastocyst formation
rate and cell number (45). Antioxidant supplementation can improve
embryonic developmental competence by preventing the excessive
accumulation of ROS. Therefore, the effect of Myo-Ins on porcine
parthenogenetic preimplantation embryos was investigated. We also
investigated the optimal concentration of Myo-Ins in porcine
parthenogenetic embryos during IVC. The addition of Myo-Ins
significantly increased the blastocyst formation rate and GSH levels,
and decreased the ROS levels in 4-5 cell stage embryos. Additionally,
apoptosis in blastocysts was downregulated by the inclusion of
supplementation

Myo-Ins.  Moreover,

mitochondrial dysfunction in blastocysts by reducing oxidative stress

Myo-Ins improves
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and increasing mitochondrial distribution, resulting in increased
MMP levels. In addition, supplementation with Myo-Ins significantly
increased the expression of genes related to the NRF2/HO-1 pathway,
mitochondrial function markers, and HO-I proteins in the blastocysts.

Enhancing embryo quality is crucial for developing effective
animal models for biomedical research. Nevertheless, unlike the
controlled environment of the oviduct, the in vitro setting exposes
embryos to various stress-inducing factors, leading to an uneven
distribution of antioxidants and free radicals in the cytoplasm (46).
Thus, minimizing oxidative stress is important to improve the
developmental competence and quality of in vitro-produced porcine
embryos. In the present study, we confirmed that supplementation
with Myo-Ins during IVC enhanced the developmental competence
of porcine parthenogenetic (PA-derived) embryos. Of the various
concentrations (0, 5, 10, and 20 mM) of Myo-Ins added, only the
inclusion of 10 and 20 mM Myo-Ins in the IVC medium significantly
increased the blastocyst formation rate. Therefore, the optimal
Myo-Ins concentration for porcine IVC was identified as 20 mM
which is similar to previous study in which the addition of 20 mM
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Epifluorescence photomicrographs and quantitative analysis of PA-derived 4-cell embryos with Myo-Ins supplementation during IVC for 2 days.

(A) Representative epifluorescence photomicrographs of embryos stained with Cell Tracker Blue (a—d) and H,DCFDA (e—h), used to detect intracellular
levels of glutathione (GSH) and reactive oxygen species (ROS), respectively. Scale bar = 100 pm. (B) The relative levels of intracellular GSH and ROS
levels within the in vitro cultured porcine embryos treated with Myo-Ins during IVC. The number of embryos examined in each experimental group is
indicated in parentheses. Bars with different letters (a, b) within each endpoint represent significant differences between groups (p < 0.05). Data are
presented as mean + SEM. The experiment was replicated three times. Scale bar = 100 pm.
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Myo-Ins increased the developmental competence of mouse
oocytes (47).

The idea that a regulated redox system is crucial for normal
embryonic development is supported by the observation that
dysregulation of redox equilibrium severely affects normal embryonic
development (
caused by ROS-induced oxidative stress. These ROS function as

). During IVC, the embryos are prone to damage

secondary messengers and regulate essential transcription factors
associated with oxidative processes (49). Moreover, GSH levels are
crucial during the oxidative stress process in porcine or rodent
embryos, as GSH plays a vital role in scavenging ROS in damaged
cells and is associated with cell proliferation events during embryonic

development ( ). A previous study has revealed the antioxidant
properties of Myo-Ins in murine MII oocytes. It effectively reduced
ROS levels and increased GSH levels after a preincubation period of
4h (47). In this study, the elevated intracellular GSH levels and
reduced ROS levels in the embryos treated with Myo-Ins on day 2
indicate that the in vitro system’s uncontrolled balance between

pro-oxidative and antioxidative stresses, which can inhibit embryonic
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development, might be able to be regulated by
Myo-Ins supplementation.

Apoptosis is a programmed cell death process that occurs
regularly to maintain a balance between cell formation and cell death.
It is essential for homeostasis and regulates numerous genes. However,
excessive apoptosis can lead to the oocyte degeneration and early
embryo death and can also disrupt normal blastocyst formation (53).
In this study, apoptosis and the apoptotic index were significantly
downregulated in the Myo-Ins treated groups compared to those in
the control group. In contrast, an increase in apoptosis can indicate
inadequate in vitro conditions for oocytes (54). Therefore, Myo-Ins
inclusion prevented apoptosis in the blastocysts; however, further
research is needed to investigate the mechanisms of action of Myo-Ins
against apoptosis in porcine blastocysts.

Mitochondria are vital organelles that play a crucial role in
embryonic development and with excessive ROS levels disrupt
mitochondrial function (43, 44). Disruption of mitochondrial
function impairs embryonic development and causes abnormal

autophagy and apoptosis, leading to death (55, 56). MMP is a
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Total cell number and apoptotic nuclei in PA-derived blastocysts treated with different concentrations of Myo-Ins during IVC for 7 days. (A) TUNEL
assay of porcine PA blastocysts in the control and Myo-Ins treated groups. The blastocysts were stained green for TUNEL and the nuclei were stained
blue with Hoechst (33342). Scale bar = 50 pm. (B—D) Quantification of the total and apoptotic cell numbers, and apoptotic index in the indicated
groups. The number of embryos examined in each experimental group is shown in parentheses. Within each endpoint, the bars with different letters
(a,b) indicate significant differences (p < 0.05) for each group. For all the graphs, the values represent the mean + SEM. The experiment was replicated

commonly used indicator of mitochondrial function. However,
excessive ROS accumulation can hinder mitochondrial biogenesis,
which involves the synthesis of new mtDNA, mitochondrial division,
and membrane formation (57). A study conducted on mouse oocytes
found that preincubation with 20 mM Myo-Ins for 4h and 8 h
improved MMP (47).
dysfunction was improved by the enhancement of MMP and the

In the present study, mitochondrial

distribution of mitochondrial quantity within Myo-Ins-treated
blastocysts. Furthermore, Myo-Ins treatment decreased the
mitochondrial ROS levels, specifically superoxide levels, in porcine
blastocysts. These results are consistent with those of a previous
study conducted in mice, in which pre-incubation with 20 mM
Myo-Ins improved MMP and mitochondrial distribution in their
oocytes (47). However, previous research was only conducted on
mouse oocytes, and this is the first report of Myo-Ins supplementation
in porcine blastocysts during IVC, in which mitochondrial function
improved. Based on these results, we speculated that Myo-Ins

Frontiers in

enhances mitochondrial function in porcine blastocysts by regulating
oxidative stress.

A previous study revealed that Myo-Ins supplementation during
the liquid preservation of boar sperm improved oxidative stress,
increased the activity of the nuclear factor (erythroid-derived 2) like
2 (NRF2)-regulated antioxidant pathway and acted as a ROS scavenger
(30). NRF2 is a well-known transcription factor involved in
antioxidant protein expression (58). Under normal conditions, NRF2
remains inactive because it is tethered to its negative regulator, Kelch-
like associated protein 1 (KEAPI), which is located in the cytoplasm.
However, during oxidative stress, it detaches from KEAPI and
translocates to the nucleus, where it binds to ARE (antioxidant
response elements) (59). Subsequently, genes are activated by the
expression of antioxidant enzymes such as HO-Iand SOD, as well as
enzymes responsible for the formation of GSH, are expressed (59). In
this study, 20 mM Myo-Ins treatment significantly upregulated NRF2
gene expression and the expression of downstream genes such as
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from experiments replicated three or four times.

KEAP1

Relative mRNA expression levels of genes associated with mitochondria, including mitochondrial transcription factor A (TFAM), glutathione peroxidase
1 (GPX1), ATP synthase (ATP5F1A), solute carrier family 2 member 1 (SLC2A1), and solute carrier family 2 member 5 (SLC2A5), along with genes
associated with antioxidant signaling, including nuclear erythroid factor 2 related genes (NRF2), Kelch like associated protein (KEAP1), Heme oxygenase
1 (HO-1), quinine oxidoreductase 1 (NQO1), glutamate-cysteine ligase catalytic subunit (GCLC), superoxide dismutase 1, 2 (SOD1, SOD2), and
glutathione-disulfide reductase (GSR), were analyzed in porcine blastocysts treated with Myo-Ins at concentrations of 5, 10, and 20 mM, with data
normalized to the RN18S gene and different letters (a, b) indicating significant differences between the groups, and all values representing mean + SEM
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HO-1 and GCLC. However, SODI upregulation was observed with
10 mM the Myo-Ins, illustrating the antioxidative role of Myo-Ins via
the NRF2/HO-1 pathway in porcine blastocysts. These results were
further verified by immunofluorescence staining of the HO-1I protein
in blastocysts; 20 mM significantly increased HO-1I expression in the
blastocysts. Further studies are required to investigate the mechanisms
underlying the antioxidant role of Myo-Ins in blastocysts via the
NRF2/HO-1 pathway.

The mitochondria are of significant importance in the generation
of ATP during oocyte and embryonic development (60). This study
found that blastocysts supplemented with Myo-Ins had higher
mtDNA copy numbers and different mRNA expression levels of
mitochondrial transcription factor A (TFAM) than the control group.
May-Panloup et al. reported that mtDNA copy number may increase
due to the elevated levels of TFAM transcripts, which rise
simultaneously with mtDNA replication during bovine
embryogenesis (61). However, this study illustrates that higher
mtDNA copy numbers in porcine Myo-Ins-supplemented blastocysts
may improve blastocyst quality with elevated mRNA expression levels
of TFAM which is similar to the results of a previous study in bovines
(61). Furthermore, in the blastocysts treated with Myo-Ins, there was
a change in energy production via glucose metabolism, which is
crucial for adequate mitochondrial function. Blastocysts
supplemented with Myo-Ins showed elevated expression levels of
SLC2A1 and SLC2A5. These genes are responsible for active glucose
and fructose transport across the plasma membrane, indicating the
redirection of energy substrates towards anaerobic glycolysis (62). In
oocytes, mitochondria play a crucial role in fertilization and
embryonic developmental competence. They produce ATP through

the expression of ATP synthase (ATP5A1) and regulate ROS via the
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oxidative stress marker glutathione peroxidase (GPXI), which is
mediated by ROS (62). In this study, ATP5FI1A was upregulated in the
20 mM Myo-Ins group compared to that in the control group, which
showed high ATP production in the blastocysts. Moreover, the
oxidative stress marker GPX1 expression was slightly reduced with 10
and 20 mM Myo-Ins and significantly decreased in the 5 mM
Myo-Ins treated group, indicating that a low concentration of
Myo-Ins may be beneficial in lowering GPX1 in porcine blastocysts.
These results suggest that Myo-Ins may improve mitochondrial
functions. However, further studies are required to assess these
mitochondrial functional marker genes in porcine blastocysts to
understand the underlying mechanisms.

5 Conclusion

In conclusion, the results of this study indicated that Myo-Ins
supplementation in porcine PA embryos during IVC was highly
efficient, highlighting the role of Myo-Ins in enhancing blastocyst
formation rate and, decreasing apoptosis, and oxidative stress in
4-5 cell stage embryos. Moreover, Myo-Ins supplementation
regulated mitochondrial dysfunction by increasing the
mitochondrial distribution and MMP and reducing mitochondrial
ROS. Furthermore, Myo-Ins also upregulated the NRF2/HO-1
related pathway genes and mitochondrial function marker genes.
HO-1 protein expression was upregulated in blastocysts,
highlighting the defense mechanism of Myo-Ins against oxidative
stress. To the best of our knowledge, this was the first study to
investigate the role of Myo-Ins in oxidative stress and mitochondrial

dysfunction in porcine PA embryos. Overall, these findings
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FIGURE 5

Myo-Ins prevented mitochondrial dysfunction in porcine blastocysts. (A) Representative fluorescence images of JC-1 staining in blastocysts. Scale
bar = 200 um. (B) Quantification of the ratio of fluorescence intensity (red/green) of JC-1in blastocysts. The number of the blastocysts is shown in
parentheses. Data are expressed as the mean + SEM. Within each endpoint, bars with different letters (a, b) indicate significant differences (p < 0.05)
The experiment was replicated at least four times.
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FIGURE 6

Effect of Myo-Ins on mitochondrial function in porcine PA embryos. (A) Representative fluorescent images of MitoTracker Deep Red staining of the
Myo-Ins treated groups (5, 10, and 20 mM) and control group. Scale bar = 100 um. (B) Relative MitoTracker fluorescence intensities in the blastocysts of
the Myo-Ins treated groups and control group. The number of blastocysts is indicated in parentheses. Within each endpoint, bars with different letters
(a, b) indicate significant differences (p < 0.05) at various Myo-Ins concentrations. For all the graphs, the values represent the mean + SEM. The
experiment was replicated three times.

Frontiers in 10


https://doi.org/10.3389/fvets.2024.1475329
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Jawad et al. 10.3389/fvets.2024.1475329

>
w

1.5

@
° 3
o 7
= °
- [l

2 a a
5 =
= a
[11] =

[}

5]

= (42) (45)

[

2

kS

[}

o

T T
0omM 5mM 10 mM 20 mM

MitoSox

FIGURE 7

Effect of Myo-Ins on mitochondrial ROS in porcine PA embryos. (A) Representative fluorescent images of MitoSox staining of the Myo-Ins treated
groups (5, 10, and 20 mM) and control group. Scale bar = 200 pm. (B) Relative MitoSox fluorescence intensities in the blastocysts of the Myo-Ins
treated groups and control group. The number of blastocysts is indicated in parentheses. Within each endpoint, bars with different letters (a, b) indicate

significant differences (p < 0.05) at various Myo-Ins concentrations. For all the graphs, the values represent the mean + SEM. The experiment was
replicated three times.
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Effects of Myo-Ins treatment during in vitro culture (IVC) for 7 days on the heme oxygenase-1 (HO-1) expression of parthenote embryos.

(A) Immunofluorescence images (200x) of porcine parthenote blastocysts labeled with HO-1 (green) and Hoechst 33342 (total nuclei, blue) following
in vitro culture (IVC) for 7 days. Scale bar = 50 um. (B) The relative intensity of HO-1 was quantified in both the control and Myo-Ins treatment groups
The number of embryos analyzed in each experimental group is indicated in brackets. Within each endpoint, bars with different letters (a, b) indicate
significant differences (p < 0.05) at different concentrations of Myo-Ins. The graph displays the mean + SEM values. The experiment was replicated
three times.
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offerred detailed and novel insights into the antioxidative, and anti-
apoptotic protection provided by Myo-Ins in in vitro models.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary material.

Ethics statement

Ethical approval was not required for the study involving animals
in accordance with the local legislation and institutional requirements
because Since pig ovaries, a by-product discarded by a local abattoir
were obtained, only the oocytes were collected and used for
further experiments.

Author contributions

AJ: Conceptualization, Formal analysis, Investigation, Methodology,
Validation, Writing — original draft, Writing — review & editing. DO:
Formal analysis, Investigation, Methodology, Writing - review & editing.
HC: Formal analysis, Investigation, Methodology, Writing — review &
editing. MK: Formal analysis, Investigation, Methodology, Writing —
review & editing. JH: Formal analysis, Investigation, Writing — review &
editing. BO: Writing - review & editing, Conceptualization, Data curation,
Formal analysis, Validation, Investigation. JL: Funding acquisition,
Writing - review & editing, Formal analysis, Investigation, Methodology.
S-HH: Conceptualization, Funding acquisition, Supervision, Validation,
Writing - original draft, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work was
supported, in part, by a grant from the “National Research Foundation
of Korea Grant funded by the Korean Government
(2020R1A2C2008276, 2021R1C1C2013954). Technology Innovation
Program (20023068) funded by the Ministry of Trade, Industry &
Energy (MOTIE, Korea) and Korea Institute of Planning and
Evaluation for Technology in Food, Agriculture, Forestry and
Fisheries (IPET) through Agriculture and Food Convergence
Technologies Program for Research Manpower development funded

References

1. Zhao J, Ross JW, Hao Y, Spate LD, Walters EM, Samuel MS, et al. Significant
improvement in cloning efficiency of an inbred miniature pig by histone deacetylase
inhibitor treatment after somatic cell nuclear Transfer1. Biol Reprod. (2009) 81:525-30.
doi: 10.1095/biolreprod.109.077016

2. Ren ], Yu D, Wang ], Xu K, Xu Y, Sun R, et al. Generation of immunodeficient pig
with hereditary tyrosinemia type 1 and their preliminary application for humanized
liver. Cell Biosci. (2022) 12:26. doi: 10.1186/s13578-022-00760-3

3. Booth PJ, Holm P, Callesen H. The effect of oxygen tension on porcine embryonic
development is dependent on embryo type. Theriogenology. (2005) 63:2040-52. doi:
10.1016/j.theriogenology.2004.10.001

Frontiers in Veterinary Science

12

10.3389/fvets.2024.1475329

by Ministry of Agriculture, Food and Rural Affairs (MAFRA) (grant
number: RS-2024-00398561).

Acknowledgments

The authors are grateful to Miss. Eun Jeong Kim for her technical
support including the ovaries collection from the slaughterhouse. We
would like to thank editage korea (www.editage.co kr) for its linguistic
assistance during the preparation of this manuscript.

Conflict of interest

The authors declare that the research was performed without the
aid of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fvets.2024.1475329/
full#supplementary-material

SUPPLEMENTARY FIGURE S1

Effect of various concentrations of Myo-Ins supplementation during in vitro
culture (IVC) on embryonic development after parthenogenetic activation
(PA). (A) Representative morphologies of porcine blastocysts from each
group 7 days after PA. Scale bar = 300 uym. (B) Effect of Myo-Ins
supplementation during IVC on the cleavage pattern of PA embryos at day 2.
(C) Effect of Myo-Ins supplementation during IVC on the percentage of PA
embryos that developed to the blastocyst stage at day 7. For all graphs, the
value represents the mean + SEM. Within each end point, bars with different
letters (a and b) are significantly (p < 0.05) different. Statistical significance
was determined by one-way ANOVA. 1 cell + fragmentation embryos; 2-3
cells; 4-5 cells; 6-8 cells; CL, cleavage; BL, blastocyst. The experiment was
replicated three times.

SUPPLEMENTARY TABLE S1
Effect of Myo-Ins treatment during in vitro culture (IVC) for seven days on
embryonic development after parthenogenetic activation (PA).

4. Shahbazi MN, Jedrusik A, Vuoristo S, Recher G, Hupalowska A, Bolton V, et al.
Self-organization of the human embryo in the absence of maternal tissues. Nat Cell Biol.
(2016) 18:700-8. doi: 10.1038/ncb3347

5. Takahashi M. Oxidative stress and redox regulation on in vitro development of
mammalian embryos. ] Reprod Dev. (2012) 58:1-9. doi: 10.1262/jrd.11-138N

6. Ezraty B, Gennaris A, Barras F, Collet JE. Oxidative stress, protein damage and
repair in bacteria. Nat Rev Microbiol. (2017) 15:385-96. doi: 10.1038/nrmicro.2017.26

7. Muralikrishna Adibhatla R, Hatcher JE. Phospholipase A2, reactive oxygen species,
and lipid peroxidation in cerebral ischemia. Free Radic Biol Med. (2006) 40:376-87. doi:
10.1016/j.freeradbiomed.2005.08.044

frontiersin.org


https://doi.org/10.3389/fvets.2024.1475329
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.editage.co.kr/
https://www.frontiersin.org/articles/10.3389/fvets.2024.1475329/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fvets.2024.1475329/full#supplementary-material
https://doi.org/10.1095/biolreprod.109.077016
https://doi.org/10.1186/s13578-022-00760-3
https://doi.org/10.1016/j.theriogenology.2004.10.001
https://doi.org/10.1038/ncb3347
https://doi.org/10.1262/jrd.11-138N
https://doi.org/10.1038/nrmicro.2017.26
https://doi.org/10.1016/j.freeradbiomed.2005.08.044

Jawad et al.

8. Storr SJ, Woolston CM, Zhang Y, Martin SG. Redox environment, free radical, and
oxidative DNA damage. Antioxid Redox Signal. (2013) 18:2399-408. doi: 10.1089/
ars.2012.4920

9. Slimen IB, Najar T, Ghram A, Dabbebi H, Ben Mrad M, Abdrabbah M. Reactive
oxygen species, heat stress and oxidative-induced mitochondrial damage. A review. Int
] Hyperthermia. (2014) 30:513-23. doi: 10.3109/02656736.2014.971446

10. Guérin P, El Mouatassim S, Ménézo Y. Oxidative stress and protection against
reactive oxygen species in the pre-implantation embryo and its surroundings. Hum
Reprod Update. (2001) 7:175-89. doi: 10.1093/humupd/7.2.175

11. Rodriguez-Osorio N, Kim IJ, Wang H, Kaya A, Memili E. Melatonin increases
cleavage rate of porcine preimplantation embryos in vitro. J Pineal Res. (2007) 43:283-8.
doi: 10.1111/§.1600-079X.2007.00475.x

12.Li XX, Lee KB, Lee JH, Kim KJ, Kim EY, Han KW, et al. Glutathione and
cysteine enhance porcine preimplantation embryo development in vitro after
intracytoplasmic sperm injection. Theriogenology. (2014) 81:309-14. doi: 10.1016/j.
theriogenology.2013.09.030

13. Khalil WA, Marei WF, Khalid M. Protective effects of antioxidants on linoleic
acid-treated bovine oocytes during maturation and subsequent embryo development.
Theriogenology. (2013) 80:161-8. doi: 10.1016/j.theriogenology.2013.04.008

14. Jiang H, Liang S, Yao XR, Jin YX, Shen XH, Yuan B, et al. Laminarin improves
developmental competence of porcine early stage embryos by inhibiting oxidative stress.
Theriogenology. (2018) 115:38-44. doi: 10.1016/j.theriogenology.2018.04.019

15. Lee K, Wang C, Chaille JM, Machaty Z. Effect of resveratrol on the development of
porcine embryos produced in vitro. ] Reprod Dev. (2010) 56:330-5. doi: 10.1262/jrd.09-174K

16. Gohil VM, Greenberg ML. Mitochondrial membrane biogenesis: phospholipids
and proteins go hand in hand. J Cell Biol. (2009) 184:469-72. doi: 10.1083/jcb.200901127

17. Marat AL, Haucke V. Phosphatidylinositol 3-phosphates-at the interface between cell
signalling and membrane traffic. EMBO J. (2016) 35:561-79. doi: 10.15252/embj.201593564

18. Foskett JK. Inositol trisphosphate receptor Ca2+ release channels in neurological
diseases. Eur ] Physiol. (2010) 460:481-94. doi: 10.1007/s00424-010-0826-0

19. Oudit GY, Penninger JM. Cardiac regulation by phosphoinositide 3-kinases and
PTEN. Cardiovasc Res. (2009) 82:250-60. doi: 10.1093/cvr/cvp014

20. Santamaria A, Di Benedetto A, Petrella E, Pintaudi B, Corrado F, D'Anna R, et al.
Myo-inositol may prevent gestational diabetes onset in overweight women: a
randomized, controlled trial. ] Mater Fetal Neonatal Med. (2016) 29:3234-7. doi:
10.3109/14767058.2015.1121478

21. Santamaria A, Giordano D, Corrado E Pintaudi B, Interdonato ML, Vieste GD,
et al. One-year effects of myo-inositol supplementation in postmenopausal women with
metabolic syndrome. Climacteric. (2012) 15:490-5. doi: 10.3109/13697137.2011.631063

22.Tuorno MJ, Jakubowicz DJ, Baillargeon JP, Dillon P, Gunn RD, Allan G, et al.
Effects of d-chiro-inositol in lean women with the polycystic ovary syndrome. Endocrine
Pract. (2002) 8:417-23. doi: 10.4158/EP.8.6.417

23. Lewin LM, Szeinberg A, Lepkifker E. Gas chromatography measurement of myo-
inositol in human blood, cerebrospinal fluid and seminal fluid. Clinic Chim Acta. (1973)
45:361-8. doi: 10.1016/0009-8981(73)90036-3

24. Fujiwara T, Nakada K, Shirakawa H, Miyazaki S. Development of inositol
trisphosphate-induced calcium release mechanism during maturation of hamster
oocytes. Dev Biol. (1993) 156:69-79. doi: 10.1006/dbio.1993.1059

25. Chiu TT, Rogers MS, Law EL, Briton-Jones CM, Cheung LP, Haines CJ. Follicular
fluid and serum concentrations of myo-inositol in patients undergoing IVF: relationship
with oocyte quality. Hum Reprod. (2002) 17:1591-6. doi: 10.1093/humrep/17.6.1591

26. Holm P, Booth PJ, Schmidt MH, Greve T, Callesen H. High bovine blastocyst
development in a static in vitro production system using SOFa a medium supplemented
with sodium citrate and myo-inositol with or without serum-proteins. Theriogenology.
(1999) 52:683-700. doi: 10.1016/S0093-691X(99)00162-4

27. Warner SM, Conlon FV, Kane MT. Inositol transport in preimplantation rabbit
embryos: effects of embryo stage, sodium, osmolality and metabolic inhibitors.
Reproduction. (2003) 125:479-93. doi: 10.1530/rep.0.1250479

28. Jiang WD, Kuang SY, Liu Y, Jiang J, Hu K, Li SH, et al. Effects ofmyo-inositol on
proliferation, differentiation, oxidative status and antioxidant capacity of carp enterocytes
in primary culture. Aquac Nutr. (2013) 19:45-53. doi: 10.1111/j.1365-2095.2011.00934.x

29. Mohammadi F, Varanloo N, Heydari Nasrabadi M, Vatannejad A, Amjadi FS,
Javedani Masroor M, et al. Supplementation of sperm freezing medium with myoinositol
improve human sperm parameters and protects it against DNA fragmentation and
apoptosis. Cell Tissue Bank. (2019) 20:77-86. doi: 10.1007/s10561-018-9731-0

30. Jawad A, Oh D, Choi H, Kim M, Cai L, Lee ], et al. Myo-inositol improves the
viability of boar sperm during liquid storage. Front Vet Sci. (2023) 10:1150984. doi:
10.3389/fvets.2023.1150984

31.Jiang WD, Hu K, Liu Y, Jiang J, Wu P, Zhao J, et al. Dietary myo-inositol modulates
immunity through antioxidant activity and the Nrf2 and E2F4/cyclin signalling factors
in the head kidney and spleen following infection of juvenile fish with Aeromonas
hydrophila. Fish Shellfish Immunol. (2016) 49:374-86. doi: 10.1016/j.f51.2015.12.017

32. Kwak S-S, Yoon JD, Cheong S-A, Jeon Y, Lee E, Hyun S-H. The new system of
shorter porcine oocyte in vitro maturation (18 hours) using >8 mm follicles derived
from cumulus-oocyte complexes. Theriogenology. (2014) 81:291-301. doi: 10.1016/j.
theriogenology.2013.09.028

Frontiers in Veterinary Science

13

10.3389/fvets.2024.1475329

33.Kim M, Hwang SU, Yoon JD, Lee J, Kim E, Cai L, et al. Beneficial effects of
Neurotrophin-4 supplementation during in vitro maturation of porcine cumulus-oocyte
complexes and subsequent embryonic development after parthenogenetic activation.
Front Vet Sci. (2021) 8:779298. doi: 10.3389/fvets.2021.779298

34.Kim M, Lee J, Cai L, Choi H, Oh D, Jawad A, et al. Neurotrophin-4 promotes the
specification of trophectoderm lineage after parthenogenetic activation and enhances
porcine early embryonic development. . Front Cell Dev Biol. (2023) 11:1194596. doi:
10.3389/fcell.2023.1194596

35. Dinnyés A, Hirao Y, Nagai T. Parthenogenetic activation of porcine oocytes by
electric pulse and/or butyrolactone I treatment. Cloning. (1999) 1:209-16. doi:
10.1089/15204559950019843

36. Do SQ, Nguyen HT, Wakai T, Funahashi H. Exogenous expression of PGC-1a
during in vitro maturation impairs the developmental competence of porcine oocytes.
Theriogenology. (2024) 228:30-6. doi: 10.1016/j.theriogenology.2024.07.021

37.Choi H, Lee ], Yoon JD, Hwang SU, Cai L, Kim M, et al. The effect of copper
supplementation on in vitro maturation of porcine cumulus-oocyte complexes and
subsequent developmental competence after parthenogenetic activation. Theriogenology.
(2021) 164:84-92. doi: 10.1016/j.theriogenology.2021.01.009

38. Cai L, Jeong YW, Jin YX, Lee JY, Jeong YI, Hwang KC, et al. Effects of human
recombinant granulocyte-colony stimulating factor treatment during in vitro culture on
porcine pre-implantation embryos. PLoS One. (2020) 15:e0230247. doi: 10.1371/journal.
pone.0230247

39. Niu YJ, Zhou W, Guo J, Nie ZW, Shin KT, Kim NH, et al. C-Phycocyanin protects
against mitochondrial dysfunction and oxidative stress in parthenogenetic porcine
embryos. Sci Rep. (2017) 7:16992. doi: 10.1038/s41598-017-17287-0

40. Yang S-G, Park H-J, Kim J-W, Jung J-M, Kim M-J, Jegal H-G, et al. Mito-TEMPO
improves development competence by reducing superoxide in preimplantation porcine
embryos. Sci Rep. (2018) 8:10130. doi: 10.1038/s41598-018-28497-5

41. Oh D, Choi H, Kim M, Cai L, Lee ], Jawad A, et al. Interleukin-7 enhances in vitro
development and blastocyst quality in porcine parthenogenetic embryos. Front Vet Sci.
(2022) 9:1052856. doi: 10.3389/fvets.2022.1052856

42.Yoon JD, Hwang SU, Kim M, Lee G, Jeon Y, Hyun SH. GDF8 enhances SOX2
expression and blastocyst total cell number in porcine IVF embryo development.
Theriogenology. (2019) 129:70-6. doi: 10.1016/j.theriogenology.2019.02.007

43. Scherz-Shouval R, Elazar Z. ROS, mitochondria and the regulation of autophagy.
Trends Cell Biol. (2007) 17:422-7. doi: 10.1016/j.tcb.2007.07.009

44. Harvey AJ. Mitochondria in early development: linking the microenvironment,
metabolism and the epigenome. Reproduction. (2019) 157:R159-79. doi: 10.1530/
REP-18-0431

45.Joo YE, Jeong P-S, Lee S, Jeon S-B, Gwon M-A, Kim M], et al. Anethole improves
the developmental competence of porcine embryos by reducing oxidative stress via the
sonic hedgehog signaling pathway. ] Anim Sci Biotechnol. (2023) 14:32. doi: 10.1186/
540104-022-00824-x

46. Cagnone G, Sirard MA. The embryonic stress response to in vitro culture: insight
from genomic analysis. Reproduction. (2016) 152:R247-61. doi: 10.1530/REP-16-0391

47. Mohammadi F, Ashrafi M, Zandieh Z, Najafi M, Niknafs B, Amjadi FS, et al. The
effect of Preincubation time and Myo-inositol supplementation on the quality of mouse
MII oocytes. ] Reprod Infertility. (2020) 21:259-68. doi: 10.18502/jri.v21i4.4330

48. Ufer C, Wang CC, Borchert A, Heydeck D, Kuhn H. Redox control in mammalian
embryo development. Antioxid Redox Signal. (2010) 13:833-75. doi: 10.1089/
ars.2009.3044

49. Agarwal A, Gupta S, Sharma RK. Role of oxidative stress in female reproduction.
Reprod Biol Endocrinol. (2005) 3:28. doi: 10.1186/1477-7827-3-28

50. Gardiner CS, Reed DJ. Status of glutathione during oxidant-induced oxidative
stress in the preimplantation mouse embryo. Biol Reprod. (1994) 51:1307-14. doi:
10.1095/biolreprod51.6.1307

51. Ishibashi M, Akazawa S, Sakamaki H, Matsumoto K, Yamasaki H, Yamaguchi Y,
et al. Oxygen-induced embryopathy and the significance of glutathione-dependent
antioxidant system in the rat embryo during early organogenesis. Free Radic Biol Med.
(1997) 22:447-54. doi: 10.1016/S0891-5849(96)00338-3

52. Ozawa M, Nagai T, Fahrudin M, Karja NW, Kaneko H, Noguchi ], et al. Addition
of glutathione or thioredoxin to culture medium reduces intracellular redox status of
porcine IVM/IVF embryos, resulting in improved development to the blastocyst stage.
Mol Reprod Dev. (2006) 73:998-1007. doi: 10.1002/mrd.20533

53. Chen HL, Cheng JY, Yang YE Li Y, Jiang XH, Yang L, et al. Phospholipase C
inhibits apoptosis of porcine oocytes cultured in vitro. J Cell Biochem. (2020)
121:3547-59. doi: 10.1002/jcb.29636

54.Kim JS, Cho YS, Song BS, Wee G, Park JS, Choo YK, et al. Exogenous dibutyryl
cAMP affects meiotic maturation via protein kinase a activation; it stimulates further
embryonic development including blastocyst quality in pigs. Theriogenology. (2008)
69:290-301. doi: 10.1016/j.theriogenology.2007.09.024

55. Lee ], Giordano S, Zhang J. Autophagy, mitochondria and oxidative stress: cross-
talk and redox signalling. Biochem J. (2012) 441:523-40. doi: 10.1042/BJ20111451

56. Czarny P, Pawlowska E, Bialkowska-Warzecha ], Kaarniranta K, Blasiak J.
Autophagy in DNA damage response. Int ] Mol Sci. (2015) 16:2641-62. doi: 10.3390/
ijms16022641

frontiersin.org


https://doi.org/10.3389/fvets.2024.1475329
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1089/ars.2012.4920
https://doi.org/10.1089/ars.2012.4920
https://doi.org/10.3109/02656736.2014.971446
https://doi.org/10.1093/humupd/7.2.175
https://doi.org/10.1111/j.1600-079X.2007.00475.x
https://doi.org/10.1016/j.theriogenology.2013.09.030
https://doi.org/10.1016/j.theriogenology.2013.09.030
https://doi.org/10.1016/j.theriogenology.2013.04.008
https://doi.org/10.1016/j.theriogenology.2018.04.019
https://doi.org/10.1262/jrd.09-174K
https://doi.org/10.1083/jcb.200901127
https://doi.org/10.15252/embj.201593564
https://doi.org/10.1007/s00424-010-0826-0
https://doi.org/10.1093/cvr/cvp014
https://doi.org/10.3109/14767058.2015.1121478
https://doi.org/10.3109/13697137.2011.631063
https://doi.org/10.4158/EP.8.6.417
https://doi.org/10.1016/0009-8981(73)90036-3
https://doi.org/10.1006/dbio.1993.1059
https://doi.org/10.1093/humrep/17.6.1591
https://doi.org/10.1016/S0093-691X(99)00162-4
https://doi.org/10.1530/rep.0.1250479
https://doi.org/10.1111/j.1365-2095.2011.00934.x
https://doi.org/10.1007/s10561-018-9731-0
https://doi.org/10.3389/fvets.2023.1150984
https://doi.org/10.1016/j.fsi.2015.12.017
https://doi.org/10.1016/j.theriogenology.2013.09.028
https://doi.org/10.1016/j.theriogenology.2013.09.028
https://doi.org/10.3389/fvets.2021.779298
https://doi.org/10.3389/fcell.2023.1194596
https://doi.org/10.1089/15204559950019843
https://doi.org/10.1016/j.theriogenology.2024.07.021
https://doi.org/10.1016/j.theriogenology.2021.01.009
https://doi.org/10.1371/journal.pone.0230247
https://doi.org/10.1371/journal.pone.0230247
https://doi.org/10.1038/s41598-017-17287-0
https://doi.org/10.1038/s41598-018-28497-5
https://doi.org/10.3389/fvets.2022.1052856
https://doi.org/10.1016/j.theriogenology.2019.02.007
https://doi.org/10.1016/j.tcb.2007.07.009
https://doi.org/10.1530/REP-18-0431
https://doi.org/10.1530/REP-18-0431
https://doi.org/10.1186/s40104-022-00824-x
https://doi.org/10.1186/s40104-022-00824-x
https://doi.org/10.1530/REP-16-0391
https://doi.org/10.18502/jri.v21i4.4330
https://doi.org/10.1089/ars.2009.3044
https://doi.org/10.1089/ars.2009.3044
https://doi.org/10.1186/1477-7827-3-28
https://doi.org/10.1095/biolreprod51.6.1307
https://doi.org/10.1016/S0891-5849(96)00338-3
https://doi.org/10.1002/mrd.20533
https://doi.org/10.1002/jcb.29636
https://doi.org/10.1016/j.theriogenology.2007.09.024
https://doi.org/10.1042/BJ20111451
https://doi.org/10.3390/ijms16022641
https://doi.org/10.3390/ijms16022641

Jawad et al.

57. Bhatti JS, Bhatti GK, Reddy PH. Mitochondrial dysfunction and oxidative stress
in metabolic disorders - a step towards mitochondria based therapeutic strategies.
Biochim Biophys Acta Mol Basis Dis. (2017) 1863:1066-77. doi: 10.1016/j.
bbadis.2016.11.010

58. Shu K, Zhang Y. Protodioscin protects PC12 cells against oxygen and glucose
deprivation-induced injury through miR-124/AKT/Nrf2 pathway. Cell Stress
Chaperones. (2019) 24:1091-9. doi: 10.1007/s12192-019-01031-w

59.Francisqueti-Ferron FV, Ferron AJT, Garcia JL, Silva C, Costa MR, Gregolin
CS, et al. Basic concepts on the role of nuclear factor erythroid-derived 2-like 2
(Nrf2) in age-related diseases. Int J Mol Sci. (2019) 20:208. doi: 10.3390/
ijms20133208

Frontiers in Veterinary Science

14

10.3389/fvets.2024.1475329

60. Dadarwal D, Adams GP, Hyttel P, Brogliatti GM, Caldwell S, Singh J. Organelle
reorganization in bovine oocytes during dominant follicle growth and regression.
Reprod Biol Endocrinol. (2015) 13:124. doi: 10.1186/s12958-015-0122-0

61. May-Panloup P, Vignon X, Chrétien M-E, Heyman Y, Tamassia M, Malthiéry Y,
et al. Increase of mitochondrial DNA content and transcripts in early bovine
embryogenesis associated with upregulation of mtTFA and NRF1 transcription factors.
Reprod Biol Endocrinol. (2005) 3:65. doi: 10.1186/1477-7827-3-65

62. Traut M, Kowalczyk-Zieba I, Boruszewska D, Jaworska J, Lukaszuk K, Woclawek-
Potocka I. Mitochondrial DNA content and developmental competence of blastocysts
derived from pre-pubertal heifer oocytes. Theriogenology. (2022) 191:207-20. doi:
10.1016/j.theriogenology.2022.07.017

frontiersin.org


https://doi.org/10.3389/fvets.2024.1475329
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1016/j.bbadis.2016.11.010
https://doi.org/10.1016/j.bbadis.2016.11.010
https://doi.org/10.1007/s12192-019-01031-w
https://doi.org/10.3390/ijms20133208
https://doi.org/10.3390/ijms20133208
https://doi.org/10.1186/s12958-015-0122-0
https://doi.org/10.1186/1477-7827-3-65
https://doi.org/10.1016/j.theriogenology.2022.07.017

	Myo-inositol improves developmental competence and reduces oxidative stress in porcine parthenogenetic embryos
	1 Introduction
	2 Materials and methods
	2.1 Chemical and reagents
	2.2 Oocyte collection and in vitro maturation (IVM)
	2.3 Parthenogenetic activation (PA) and in vitro culture (IVC) of porcine embryos
	2.4 Measurement of intracellular GSH and ROS levels
	2.5 Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling assay (TUNEL assay)
	2.6 Assay of mitochondrial membrane potential (∆Ψm)
	2.7 Colocalization assay of the mitochondria and mitochondrial ROS
	2.8 Quantitative reverse transcription-polymerase chain reaction
	2.9 Immunofluorescence assay
	2.10 Experimental design
	2.11 Statistical analysis

	3 Results
	3.1 Myo-ins enhances development of porcine PA embryos
	3.2 Myo-ins modulates intracellular GSH and ROS levels in PA cleaved embryos
	3.3 Myo-ins regulates apoptosis in porcine PA embryos
	3.4 Myo-ins modifies gene expression in porcine PA embryos
	3.5 Myo-ins improves mitochondrial function in porcine PA embryos
	3.6 Myo-ins activates HO-1 expression in porcine PA embryos

	4 Discussion
	5 Conclusion

	References

