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Abstract: Our previous study established that chrysoeriol (CHE) can reduce reactive oxygen species
(ROS) accumulation, apoptosis, and autophagy in vitro culture (IVC) of porcine embryos. However,
the role of CHE in oocyte maturation and lipid homeostasis is unclear. Herein, we aimed to elucidate
the effect of CHE on porcine oocyte competence in vitro maturation (IVM) and subsequent embryo
development. The study chooses parthenogenetic activated porcine oocytes as the research model.
The study revealed that the cumulus expansion index and related gene expressions are significantly
elevated after supplementing 1 µM CHE. Although there were no significant differences in nuclear
maturation and cleavage rates, the blastocyst formation rate and total cell numbers were significantly
increased in the 1 µM CHE group. In addition, CHE improved the expression of genes related to
oocyte and embryo development. ROS was significantly downregulated in all CHE treatment groups,
and intracellular GSH (glutathione) was significantly upregulated in 0.01, 0.1, and 1 µM CHE groups.
The immunofluorescence results indicated that mitochondrial membrane potential (MMP) and lipid
droplet (LD), fatty acid (FA), ATP, and functional mitochondria contents significantly increased with
1 µM CHE compared to the control. Furthermore, CHE increased the expression of genes related to
lipid metabolism, mitochondrial biogenesis, and β-oxidation.

Keywords: chrysoeriol; porcine; oocyte maturation; lipid homeostasis; mitochondrial function

1. Introduction

After in vitro maturation (IVM), oocytes must undergo the in vitro culture (IVC) phase.
Chrysoeriol (CHE), a flavonoid compound, has been proven to reduce oxidative stress,
reactive oxygen species production, and porcine oocyte apoptosis and autophagy in IVC [1].
In addition, a previous study demonstrated that CHE can inhibit fat deposition and promote
lipolysis in adipocytes by increasing free glycerol and fatty acid levels [2]. Moreover, CHE
exhibits lipase inhibitory activity, which is why it can be used to treat diabetes [3]. Although
how CHE enhances porcine oocyte development during the IVC stage has been studied, its
effects on the early development of porcine oocytes in the IVM stage remain unclear.

Oocyte maturation is a highly complex process, essential in determining the devel-
opmental potential of embryos. Lipid metabolism, including lipogenesis and lipolysis,
provides energy sources during oocyte maturation and embryo development [4]. Oocyte
intracellular lipids are primarily stored in lipid droplets (LDs) as triglycerides (TG), and
endogenous triglycerides are integral for energy metabolism during porcine oocyte in vitro
maturation [5,6]. LDs originate from the endoplasmic reticulum, are storage reservoirs for
lipids and proteins, and directly communicate with other organelles [7].

Oocytes maintain intracellular lipid homeostasis by balancing lipogenesis and lipolysis.
During lipolysis, lipase in cumulus cells and oocytes metabolizes triglycerides, and the
generated fatty acids (FAs) are further metabolized through β-oxidation to produce ATP in

Antioxidants 2024, 13, 122. https://doi.org/10.3390/antiox13010122 https://www.mdpi.com/journal/antioxidants

https://doi.org/10.3390/antiox13010122
https://doi.org/10.3390/antiox13010122
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://orcid.org/0000-0002-8224-7693
https://orcid.org/0000-0002-1990-4590
https://doi.org/10.3390/antiox13010122
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com/article/10.3390/antiox13010122?type=check_update&version=1


Antioxidants 2024, 13, 122 2 of 13

mitochondria [8]. Compared with the in vivo development of oocytes, oocytes that undergo
in vitro maturation (IVM) are more prone to metabolic abnormalities and accumulating
excessive lipid content. A previous study demonstrated that this effect is related to fatty
acid binding protein (FABP) [9].

Porcine oocytes contain a high content of fatty acids and endogenous lipids, containing
161 ± 18 µg of endogenous lipids, significantly higher than other species (cattle: 63 ± 6 µg;
sheep: 89 ± 7 µg) [10]. Thus, porcine oocytes are an excellent model for studying lipid
and FA metabolism. Another reason behind the excessive lipid accumulation in porcine
oocytes is that follicular fluid and cumulus–oocyte complexes (COCs) provide a fat-rich
environment, which is harmful to oocyte development in vitro. Similar harmful events
have also been reported during oocyte maturation in vivo, a prominent factor of infertility
in women with obesity [11–13].

Strong evidence shows that mitochondria quality and quantity are vital for successful
oocyte maturation, fertilization, and subsequent development of embryos. Except for
the nucleus, mitochondria are animal organelles that contain genetic information called
mitochondrial DNA (mtDNA) and are related to ATP production [14]. Mitochondria and
LDs exhibit a close interaction. Previous studies have proven a molecular connection
between LDs and mitochondria [6]. Therefore, evaluating mitochondrial function during
the IVM stage of oocytes is necessary.

Herein, we hypothesize that CHE can improve the early development of porcine
oocytes by maintaining lipid metabolism and mitochondrial function. Therefore, we evalu-
ated the quality of early oocyte development through COC expansion, nuclear maturation,
and oxidative stress levels. Then, related lipid metabolism and mitochondrial function
indexes were detected. Finally, the developmental ability of embryos was evaluated based
on total cell number, cleavage, and blastocyst formation rate during the IVC stage.

2. Methods and Materials
2.1. Chemicals

Unless otherwise specified, all reagents used in this study were purchased from Sigma-
Aldrich (St. Louis, MO, USA). The porcine ovaries were obtained from a slaughterhouse
(Jiangmen, China) and transported to the laboratory within two hours. In the study, we
conducted experiments with five dose treatment groups: control (non-treatment), 0.01, 0.1,
1, and 5 µM CHE.

2.2. Porcine Oocyte In Vitro Maturation

Porcine ovaries were obtained from slaughterhouses and kept at 35 ◦C during trans-
portation. Next, the follicles were aspirated with a syringe, and cumulus–oocyte complexes
(COCs) were collected with numerous cumulus cell layers. Finally, 500 µL of IVM medium
(M199 cell medium with 10 IU/mL of follicle-stimulating and luteinizing hormone, 0.91 mM
sodium pyruvate, 10 ng/mL of epidermal growth factor, 1 µg/mL insulin, and 10% fol-
licular fluid of porcine) was added to each well of the four-well plate (Nunc, Roskilde,
Denmark), and approximately 50 oocytes were cultured in each well. The selected COCs
per group were then cultured at 38.5 ◦C in a 5% CO2 atmosphere for 42–44 h with control,
0.01, 0.1, or 1.5 µM CHE.

2.3. Evaluation of Cumulus Cell Expansion

After 42 h of culture, the cumulus expansion index (CEI) was classified according to
the description provided by Jin et al. [15]: Grade 0, cumulus cells fall off and leave partially
or entirely naked oocytes without cell expansion; Grade 1, cumulus cells are closely packed
around oocytes without cell expansion; Grade 2, the outermost cumulus cell layers exhibit
expansion; Grade 3, all layers except the corona radiata expanded obviously, cumulus
cells exhibit significant expansion in all layers except the corona radiata; and Grade 4, all
layers expanded.
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2.4. Assessment of Nuclear Maturation

After 42–44 h of culture, COCs were transferred with hyaluronidase (0.1%) in a pipette,
and then oocytes and cumulus cells were separated. Oocytes were classified under the
bright field of a microscope into metaphase II (MII), immature, or degenerated. The sign
that an oocyte reaches the MII stage is that it has the first polar body, the mature oocyte.

2.5. Detection of Intracellular ROS and GSH Levels

After 42–44 h, ROS and GSH levels of MII oocytes were detected through H2DCFDA
(Beyotime, Shanghai, China) and CMF2HC (Beyotime, Shanghai, China). Each group
was stained by H2DCFDA and CMF2HC for 10 µM and 30 min at room temperature,
then 4 µL PBS droplets were placed in a 35 mm small dish (Thermo Fisher Scientific,
Wilmington, DE, USA), and each group of oocytes was transferred to different dishes
in turn. Stained samples were imaged with an inverted fluorescence microscope (Ti2eU;
Nikon, Tokyo, Japan) using ImageJ software (version 8.0.2, NIH, Bethesda, MD, USA) to
examine fluorescence intensity. For each experimental group, 30 to 60 oocytes were selected
for analysis.

2.6. Lipid Droplet (LD), Fatty Acid (FA), and ATP Staining

After IVM, oocytes with the first polar body were selected for staining. Oocytes were
fixed in 4% paraformaldehyde at 4 ◦C for 7 h, then transferred to DPBS containing 500 nM
BODIPY-ATP (BODIPY FL ATP; A12410; Molecular Probes, Eugene, OR, USA), 10 µg/mL
BODIPY-LD (BODIPY 493/503; D3922; Molecular Probes) or 6 µM BODIPY-FA (BODIPY
558/568 C12; D3835; Molecular Probes) for ATP, LDs, and FAs for 1 h. Next, oocytes
were washed thrice with DPBS and transferred to a confocal dish. Lastly, oocytes were
photographed using a laser confocal microscope (Leica TCS SP8; Wetzlar, Germany) and
ImageJ software (version 8.0.2, NIH, Bethesda, MD, USA) to examine fluorescence intensity.
Each group selected at least 40 individual oocytes for result analysis.

2.7. Mitochondrial Abundance and Mitochondrial Membrane Potential (MMP) Assay

MII oocytes were then incubated in DPBS containing 200 nM MitoTracker Red CMXRos
(Beyotime, Shanghai, China) for 1 h to measure mitochondrial abundance. Then, oocytes
were co-incubated in DPBS with 15 µg/mL JC-1 (Beyontime, Shanghai, China) for 16 h to
measure MMP. An inverted fluorescence microscope (Ti2eU; Nikon, Tokyo, Japan) was
used to detect fluorescence signals, and the ratio of red to green fluorescence was examined
by ImageJ software (version 8.0.2, NIH, Bethesda, MD, USA).

2.8. Parthenogenetic Activation (PA) and In Vitro Culture (IVC)

Following the same activation procedure as Wang et al. [1], MII oocytes were placed
into the activation solution. Next, parthenogenetic activation was conducted using two
160 V direct current pulses for 40 µs. After activation, embryos were transferred to a
porcine zygote medium (PZM-3) containing 7.5 mg/mL cytochalasin B at 38.5 ◦C in a
5% CO2 atmosphere for 3 h. Finally, oocytes were placed in a four-well plate with 50 µL
PZM-3 at 38.5 ◦C and 5% CO2 for seven days. The cleavage rate was determined on Day 2.
Blastocysts on Day 7 were detected and collected, and the total cell number was detected
through 5 µg/mL Hoechst-33342 for 7 min. The blastocysts were observed with an inverted
fluorescence microscope (Ti2eU; Nikon, Tokyo, Japan) to count cell nuclei.

2.9. Reverse-Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR) Analysis

The total mRNA of cumulus cells or oocytes was extracted from each group using the
Dynabeads™ mRNA DIRECT™ Purification Kit (Invitrogen, Waltham, MA, USA). The
first-strand cDNA was obtained through a kit (TIANGEN, Beijing, China). Next, cDNA
content was detected using a Spectrophotometer (NanoDrop 2000, Thermo Fisher Scientific,
Wilmington, DE, USA) to ensure the obtained cDNA was sufficient for subsequent qRT-PCR
experiments. Transcript expression analysis was performed using the KAPA SYBR FAST
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Universal qPCR Kit (Kapa Biosystems, Cape Town, South Africa). A PCR system contains
10 µL KAPA SYBR FAST qPCR Master Mix (2X) Universal, forward primer and reverse
primer 0.4 µL each, 1 µL of cDNA, and 7 µL of deionized water for a total volume of
20 µL. The amplification conditions were as follows: initial denaturation for 180 s at 95 ◦C,
40 cycles of denaturation for 3 s at 95 ◦C, annealing for 30 s at 60 ◦C, elongation for 20 s at
72 ◦C, and extension for 300 s at 72 ◦C. Each target transcript expression was calculated
relative to the housekeeping gene RN18s for oocytes or GAPDH for cumulus cells using the
R = 2−∆∆Ct equation. Table S1 lists the primer sequences.

2.10. Statistical Analyses

The statistical analysis, which included checking for variable normality, was con-
ducted using SPSS software (version 22.0, IBM Corp, Chicago, IL, USA), and the data were
represented as the mean ± SEM. Fluorescence staining and PCR results were compared
using the Student’s t-test. At least 30 oocytes were used for each repeated analysis. Each
experiment was repeated at least thrice (R represents the number of repetitions of figure
note). Differences with p < 0.05 were considered statistically significant.

3. Results
3.1. Chrysoeriol Upgraded Cumulus Expansion of Oocytes

We observed high-concentration inhibition during the IVM stage. Namely, when
treated with 10 µM CHE in an IVM medium, the oocyte cumulus fell off, and the maturity
rate was almost zero. Therefore, 5 µM was chosen as the high-concentration option to
ensure a specific proportion of oocytes survived in the subsequent experiments. Our results
indicated that the 1 µM CHE treatment group could significantly upregulate COCs expan-
sion compared to the control (CEI Grade 4; 66.15 ± 2.40% vs. 51.90 ± 1.57%, respectively;
Figure 1E; p < 0.05).

Inversely, 0.1 µM and 1 µM CHE groups significantly reduced the proportion of CEI
Grade 1 in oocytes compared to the control (4.28 ± 1.93% and 0.78 ± 0.78% vs. 12.12 ± 1.52%,
respectively; Figure 1B; p < 0.05). Notably, the 5 µM CHE group decreased the expansion
ability of COCs and significantly increased the proportion of CEI Grades 1 and 2 compared to
the control (CEI Grade 1: 22.83 ± 0.98% vs. 12.12 ± 1.52%; CEI Grade 2: 25.45 ± 2.29% vs.
12.43 ± 1.23%, respectively; Figure 1B,C; p < 0.05). In addition, the proportion of CEI Grade 4
decreased significantly (31.30 ± 1.96% vs. 51.90 ± 1.57%, respectively; Figure 1E; p < 0.05).

Overall, the average CEI increased significantly in the 1 µM group (3.53 ± 0.03 vs.
3.15 ± 0.04, Figure 1F; respectively; p < 0.05) and decreased significantly in the 5 µM group
(2.48 ± 0.12 vs. 3.15 ± 0.04, respectively; Figure 1F; p < 0.05) compared to the control.
Moreover, cumulus expansion-related transcript expressions (PTX3, PTGS1, PTGS2, and
HAS2) were significantly higher in the 1 µM CHE group compared to the control (Figure 1G–J;
p < 0.05). Furthermore, GLI1 expression significantly increased in the 1 µM CHE group
(Figure 1K; p < 0.05).

3.2. Effects of Chrysoeriol on Oocytes Development

As shown in Figure 2A, the 1 µM CHE treatment group exhibited an increased oocyte
maturation rate, but there was no significant difference. Moreover, the degenerated oocyte
proportion was significantly elevated in the 5 µM CHE group compared to the other
groups (control: 11.10 ± 0.95%, 0.01 µM: 12.21 ± 0.87%, 0.1 µM: 11.70 ± 1.26%, 1 µM:
9.23 ± 1.44%, 5 µM: 22.98 ± 2.44%, respectively; p < 0.05), while the oocyte maturation
rate was significantly decreased (52.58 ± 3.79% vs. 67.01 ± 2.18%, respectively; Figure 2A;
p < 0.05). Excluding the 5 µM CHE group, other CHE treatment concentrations significantly
increased intracellular GSH levels and lowered ROS levels in oocytes (Figure 2B,C; p < 0.05).
The ROS and intracellular GSH levels in the 5 µM CHE group were significantly decreased
compared to the control (Figure 2B,C; p < 0.05). Lastly, we compared the relative transcript
content of oocyte development-related gene expressions between the 1 µM CHE group and



Antioxidants 2024, 13, 122 5 of 13

the control group. GDF9, CDK1, CYCLIN B1, and BMP15 were significantly higher in the
1 µM CHE group compared to the control group (Figure 2D–G; p < 0.05).
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3.3. Chrysoeriol Improved Embryo Development after Parthenogenetic Activation

Results demonstrated that the parthenogenetic blastocyst formation rate treated
with 0.1 µM and 1 µM CHE were significantly higher than the control group after IVC
(38.52 ± 4.56% and 45.66 ± 2.59% vs. 27.61 ± 0.66%, respectively; Figure 3C; p < 0.05).
Moreover, total cell numbers in the 5 µM CHE group decreased significantly (30.37 ± 0.74
vs. 39.67 ± 0.78, respectively; Figure 3D; p < 0.05), while those in other concentration
groups increased (46.23 ± 0.93, 51.67 ± 1.02 and 66.57 ± 1.05 vs. 39.67 ± 0.78, respectively;
Figure 3D; p < 0.05). However, cleavage rates did not show significant difference (Figure 3B).
Based on these results, we compared the 1 µM CHE and control groups in subsequent
experiments. Concerning transcript expression, our results demonstrated that the relative
transcript content of embryo development-related genes (POU5F1, CDK2, SOX2, PCNA,
NANOG and GLUT1) were significantly increased and DNMT1 was significantly decreased
in the 1 µM CHE group (Figure 3E–K; p < 0.05). Some genes related to embryo development
(DNMT3A and DNMT3B) increased, but there was no significant difference (Figure 3M,N).
Furthermore, the 1 µM CHE group exhibited significantly diminished BAX and BAX/BCL2
ratio expressions, but BCL2 expression significantly increased (Figure 3O–Q).
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3.4. Chrysoeriol Participated in Lipid Homeostasis Maintenance

Our results revealed that 1 µM CHE treatment significantly increased the fluores-
cence intensity of lipid droplets (LDs), fatty acids (FAs), and ATP compared to the control
(Figure 4A–F; p < 0.05). In addition, lipogenesis-related transcript expressions (PPARγ,
ACACA, FASN, and SREBP1) were significantly increased. Furthermore, 1 µM CHE sup-
plementation raised lipolysis-related transcript expression levels, including ATGL and
HSL (Figure 4G–L; p < 0.05). Moreover, β-oxidation-related (CPT2 and CPT1B) transcript
expressions were significantly increased in the 1 µM CHE group (Figure 4M,N; p < 0.05).
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3.5. Chrysoeriol Improved the Mitochondrial Function of Oocytes

Abnormal lipid metabolism in oocytes often affects mitochondrial function. Therefore,
we examined the effects of CHE on mitochondrial membrane potential (MMP) levels,
mitochondrial abundance, and related transcript expression levels in oocytes. The 1 µM
CHE treatment group displayed significantly upregulated mitochondrial abundance and
MMP (Figure 5A–D; p < 0.05). Furthermore, 1 µM CHE supplementation significantly
augmented mitochondrial function-related transcript expressions (TFAM, ND1, NRF2,
TFB1M, PGC1α, and PRDX2).
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4. Discussion

Chrysoeriol (CHE) is an antioxidant that can reduce oxidative stress. Recently, phar-
macokinetic analysis in vivo has proven the CHE molecule’s stability, establishing its
promising potential in preventing or treating cancer, inflammation [16], osteoporosis, dia-
betes, Parkinson’s disease [17], and cardiovascular diseases [18]. Previously, we determined
that after the parthenogenetic activation of porcine oocytes, adding 1 µM CHE to the IVC
medium improves the embryo development rate, antioxidant capacity, and mitochondrial
function while reducing apoptosis and autophagy levels [1]. However, the effect of CHE
on the early maturation stage of porcine oocytes remains unclear.

A recent study reported that CHE inhibited fat deposition in 3T3-L1 adipocytes and
exhibited anti-adipogenic and lipolytic properties [2]. Another study confirmed that CHE
can enhance the expression of antioxidant-related molecules and reduce mitochondrial
damage [19]. Therefore, we demonstrated that CHE can also positively influence porcine
oocyte maturation and regulate lipid metabolism and mitochondrial function. Adding CHE
to an IVM medium with the same treatment concentration as the IVC stage (1 µM) signifi-
cantly improved cumulus expansion, oocyte maturation rate, and blastocyst formation rate
after parthenogenetic activation. In addition, cumulus expansion-, oocyte development-,
or embryo development-related transcript expressions were significantly increased. More-
over, 1 µM CHE treatment decreased oxidative stress, improved mitochondrial abundance
and membrane potential, and maintained lipid homeostasis by balancing lipogenesis and
lipolysis. Lipid droplets (LDs), fatty acids (FAs), and ATP contents in the 1 µM CHE group
increased significantly, demonstrating more substantial development potential than in
the control.

Several layers of cumulus cells surround oocytes during the maturation process
in vitro and are called cumulus–oocyte complexes (COCs) [20]. Cumulus cell expansion
affects various fundamental changes during oocyte maturation. In porcine cells, COC vol-
ume changes are related to the outcome of oocyte maturation, fertilization, and subsequent
embryo development [21,22]. Intracellular communication between cumulus cells and
the oocyte is essential for numerous processes during oocyte maturation, and cumulus
cells can protect oocytes from oxidative stress and reduce apoptosis [23–25]. Complete
cumulus expansion is crucial for oocyte cytoplasm and nuclear maturation. In contrast, less
or absence of cumulus cells will negatively impact the nuclear maturation rate, fertilization,
and subsequent development state [21,26,27].

HAS2 is necessary for hyaluronic synthesis, and PTX3 is produced by cumulus
cells during its expansion. PTX3 localizes in the matrix and exists in human cumulus
cells, and HAS2 and PTX3 are necessary extracellular matrix components for female an-
imal reproduction, which correlates with cumulus expansion [28–31]. In addition, GLI1,
PTGS1, and PTGS2 are integral for cumulus cells to transport developmental abilities to



Antioxidants 2024, 13, 122 10 of 13

oocytes [32–34]. In particular, the decrease of GLI1 may not affect oocyte maturation but
will diminish developmental ability [35].

In our results, supplementation of 1 µM CHE significantly promoted the cumulus
expansion and the expression of genes related to cumulus cell expansion, including PTX3,
PTGS1, PTGS2, HAS2, and GLI1. These results were the same as supplementing exogenous
melatonin [34]. However, the 5 µM CHE group exhibited opposite results, indicating that
high CHE concentrations during the mature stage inhibit porcine oocyte development and
beget adverse effects. We theorized that CHE is critical for porcine oocyte maturation [36].

Next, we evaluated the role of CHE on embryo development in porcine oocytes. In
this experiment, we chose parthenogenetic activation to make mature oocytes continue to
develop into blastocysts because the polyspermy phenomenon easily occurs in the in vitro
fertilization of porcine oocytes. We found that although there was an improvement, CHE
supplementation did not significantly enhance the parthenogenetic oocyte maturation,
and the degradation rate was significantly increased in the 5 µM group. Furthermore,
excluding the 5 µM CHE group, other groups’ relative intracellular GSH levels increased
significantly. Comparatively, intracellular ROS levels significantly decreased across all CHE
treatment concentrations. These results demonstrate that CHE does not significantly im-
prove porcine oocyte maturation rates. However, as a potent antioxidant, CHE can enhance
the antioxidant stress resistance of oocytes by reducing reactive oxygen species production,
further supporting the theory that antioxidants can improve the microenvironment of
oocyte development in vitro [37–40].

Consequently, GDF9 and BMP15 are secreted by oocytes, are crucial for ovarian
function, and participate in regulating granulosa cells and the development quality of
embryos [41–43]. Moreover, CDK and CYCLIN B1 are related to maturation-promoting
factors (MPF). Together with MPFs, these genes regulate the cell cycle through complex
mechanisms, affecting mitotic and meiotic cell cycle and oocyte maturation [44,45]. Our
results revealed that 1 µM CHE supplementation significantly increased GDF9, BMP15,
CYCLIN B1, and CDK1 transcript expressions, demonstrating that CHE can regulate and
improve porcine oocyte maturation. Additionally, the 1 µM CHE treatment increased
blastocyst formation rate and cell numbers but not cleavage rate. Correspondingly, 1 µM
CHE treatment upregulated embryo development-related transcript expressions (Figure 3)
and downregulated apoptosis-related transcript expressions. Our results indicate that CHE
can help porcine oocytes resist oxidative stress and establish a stronger potential for early
embryo development.

Lipids are a vital energy pool for embryo development and participate in plasma mem-
brane synthesis. Excessive lipid droplets (LDs) formation will reduce cryotolerance and
affect mitochondrial function, even the energy supply process [46]. Poor lipid metabolism
during IVM will cause fatty acid (FA) accumulation and lipid droplet enlargement in
oocytes and cumulus cells [9]. Our results show that LD, FA, and ATP levels in porcine
oocytes treated with 1 µM CHE significantly increased compared with the control. This
observation proves that CHE can increase the energy storage of oocytes. In the present
study, 1 µM CHE upregulated lipogenesis-related (PPARγ, ACACA, FASN, and SREBP1),
lipolysis-related (ATGL and HSL), and β-oxidation-related genes (CPT1B and CPT2). These
results indicate that CHE supplementation increases energy production and balances lipid
metabolism by regulating lipogenesis and lipolysis in oocytes so cells can gain stronger
developmental ability.

Additionally, β-oxidation and energy production are indispensable for mitochondria,
as they control intracellular Ca2+ homeostasis [47]. Suboptimal IVM conditions may affect
mitochondrial morphology and related transcript expressions. Thus, it is essential to
maintain normal mitochondrial function for oocyte maturation and development. The
continuous oocyte transcription and translation require a large amount of ATP, so it is
crucial to have enough functional mitochondria. On the other hand, one difference between
different mitochondrial subpopulations is the membrane potential [14].
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Therefore, this study confirmed the effects of 1 µM CHE on mitochondrial abundance
and membrane potential in oocytes developed to the MII stage. The results indicated
that 1 µM CHE supplementation significantly increased the mitochondrial content in
oocytes and upregulated mitochondrial membrane potential (MMP), establishing CHE’s
positive effect in improving mitochondrial function. As expected, 1 µM CHE treatment
upregulated ND1 and mitochondrial-related transcript expressions (TFAM, NRF1, NRF2,
TFB1M, TFB2M, PGC1α, and PRDX2). In addition, PGC1α and TFAM work together
to regulate mitochondrial biogenesis to stimulate mitochondrial activity [40,48]. These
results demonstrated that CHE could maintain the lipid metabolism balance and improve
mitochondrial function during porcine oocyte development. In addition, CHE treatment
improves the early developmental potential and late embryo quality by increasing the
intracellular energy content.

5. Conclusions

In conclusion, supplementing 1 µM CHE during IVM improved parthenogenetic
oocyte maturation potential and subsequent embryo development competence by main-
taining lipid homeostasis and improving mitochondrial function.
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