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RAD51 maintains chromosome integrity and mitochondrial distribution 
during porcine oocyte maturation in vitro
Zhe-Long JIN1) and Nam-Hyung KIM1)

1)Department of Animal Sciences, Chungbuk National University, Cheongju 361-763, Korea

Abstract.  DNA repair protein RAD51 homolog 1 (RAD51) plays a central role in homologous recombination (HR) repair of 
DNA breaks. HR depends on the formation of a RAD51 recombinase filament that facilitates strand invasion. However, the 
role of RAD51 during porcine oocyte maturation is unknown. The objective of this study was to investigate the expression 
and function of RAD51 during porcine oocyte maturation in vitro. RAD51 was mainly localized to the nucleus at the germinal 
vesicle (GV) stage, and was widely distributed in the cytoplasm between the GV breakdown (GVBD) and metaphase II stage. 
DNA damage induced by etoposide was accompanied by the formation of RAD51 foci that were colocalized with γH2AX. 
Inhibition of RAD51 increased DNA damage and induced metaphase I arrest along with spindle defects, chromosomal 
misalignment, and abnormal spindle assembly checkpoint (SAC) activity. Inhibition of RAD51 also increased ROS levels 
and led to an abnormal mitochondrial distribution. Our results indicate that RAD51 plays a critical role in maintaining 
chromosome integrity and mitochondrial activity during porcine oocyte maturation.
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In mammals, oocytes in the ovary arrest at the dictyate stage of 
prophase I, called the germinal vesicle (GV) stage, for a very long 

period of time, from several months to even decades depending on 
the species [1]. During this time period, the GV oocytes are at risk of 
DNA damage. DNA damage in germ cells can have many negative 
effects on the derived progeny, including low birth weight, abortion, 
and congenital abnormalities [2]. Of the various forms of damage 
that are inflicted by mutagens, DNA double-strand breaks (DSBs) 
are considered the most harmful, because one unrepaired DSB is 
sufficient to trigger permanent growth arrest and cell death [3–5]. 
The cellular response to DSBs includes activation of serine-protein 
kinase ataxia telangiectasia mutated (ATM), serine/threonine-protein 
kinase ataxia telangiectasia and RAD3 related (ATR), serine/threonine 
checkpoint kinase 1 (CHK1), and checkpoint kinase 2 (CHK2) fol-
lowing phosphorylation of the histone H2A variant H2AX (γH2AX) 
at the sites of the DSB and activation of the downstream checkpoint 
that induces cell cycle delay, cell cycle arrest, DNA repair, or the 
elimination of genetically unstable cells by apoptosis [6].

Homologous recombination (HR) is a well-known DNA repair 
pathway for DSBs. After a DSB occurs, the DNA repair protein RAD51 
promotes invasion of ssDNA into undamaged homologous dsDNA 
[7, 8]. A previous study reported that RAD51 regulates cell cycle 
progression by preserving the G2/M transition in mouse embryonic 
stem cells [9]. RAD51 also helps to maintain genome integrity and 

enables cells to resist apoptosis triggered by DNA damage [10]. In 
addition, RAD51 facilitates replication fork progression, important 
for maintaining the structural integrity of the chromosomes and 
ensuring cell proliferation [11, 12].

Microinjection of RAD51 into oocytes from the AKR/J mouse 
strain deficient in DNA repair not only reduced the extent of DSBs 
but also suppressed apoptosis, thus strengthening the relationship 
between RAD51 activation and oocyte resistance to cell death [13]. 
More recently, RAD51 depletion in mouse oocytes was shown to 
be accompanied by decreased ATP production and mitochondrial 
membrane potential, and increased DNA degradation, which is 
probably due to the activated autophagy under RAD51 deficiency 
in oocytes [14].

To obtain additional insights into the role of RAD51 in mammalian 
meiosis in the present study, porcine oocytes were selected as a 
suitable model to investigate the role of RAD51. The maturation 
time for a porcine oocyte is longer than that for the commonly 
used mouse model; therefore, providing the opportunity to carry 
out a more detailed analysis of the cell cycle [15]. The specific 
RAD51 inhibitor B02 was used in the current study, a cell-permeable 
pyridinylvinyl-quinazolinone compound that is directly interacts with 
and controls the activity of RAD51, disrupting its binding to DNA 
and formation of nucleoprotein filaments. [16, 17]. The objective of 
this study was to investigate the expression and function of RAD51 
during porcine oocyte maturation. DNA damage induced RAD51 
foci that were found colocalized with histone γH2AX. Meanwhile, 
inhibition of RAD51 induced metaphase I (MI) arrest in response to 
spindle defects, chromosomal misalignment, and abnormal spindle 
assembly checkpoint (SAC) activity. Furthermore, inhibition of 
RAD51 increased DNA damage and reactive oxygen species (ROS) 
levels, induced abnormal mitochondrial distribution, and decreased 
mitochondrial potential during porcine oocyte maturation.
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Materials and Methods

Oocyte collection and culture
All animal handling and experiments were performed according to 

a protocol approved by the Animal Research Committee of Chungbuk 
National University, Korea. All chemicals used in this study were 
purchased from Sigma-Aldrich, unless otherwise indicated. Porcine 
ovaries were provided by a local slaughterhouse (Umsung, Cheongju, 
Korea). Cumulus-oocyte complexes (COCs) were aspirated from 
the follicles (3–8 mm in diameter) of porcine ovaries and washed 
three times with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES)-buffered Tyrode’s medium containing 0.1% (w/v) poly(vinyl 
alcohol) (HEPES-TL-PVA). The collected COCs were incubated 
with in vitro maturation (IVM) medium for 44 h at 38.5°C, 5% CO2. 
The IVM medium comprised tissue culture medium 199 (Gibco) 
supplemented with 0.1 g/l sodium pyruvate, 0.6 mM L-cysteine, 
10 ng/ml epidermal growth factor, 10% porcine follicular fluid 
(v/v), 10 IU/ml luteinizing hormone (Sigma-Aldrich), and 10 IU/
ml follicle-stimulating hormone (Sigma-Aldrich). The COCs were 
pipetted in TL-HEPES supplemented with 1 mg/ml hyaluronidase 
(w/v) for 3 min.

Quantitative RT-PCR

Total RNA was extracted from 30 oocytes at each stage using 
the Dynabeads mRNA DIRECT kit (Invitrogen Dynal AS, Oslo, 
Norway), and cDNA was obtained by reverse transcription of the 
mRNA using a cDNA synthesis kit (Takara) with Oligo(dT)12-18 
primers and SuperScript III Reverse Transcriptase (Invitrogen Co, 
NY, USA). The primers used for real-time PCR (RT-PCR) were 
5ʹ-AGG TGG AGG TGA AGG AAA GG-3′ (forward) and 5′-TAA 
AGG AGC TGG GTC TGG TG-3′ (reverse). The amplification 
program was: 95°C for 3 min followed by 35 cycles of 95°C for 
15 sec, 60°C for 30 sec, and 72°C for 20 sec, and a final extension 
step at 72°C for 5 min.

Drug treatment
The RAD51 inhibitor B02 (SML0364, Sigma-Aldrich) was used 

as a RAD51-specific inhibitor. To investigate the functional roles of 
RAD51, B02 (stored at 4°C until use) was added to IVM medium to 
a final concentration of 0 (control), 25, 50, or 100 μM.

Immunofluorescence analysis
Oocytes were washed with phosphate-buffered saline (PBS) 

(P4417, Sigma-Aldrich), fixed with 3.7% paraformaldehyde (w/v) in 
PBS containing 0.1% PVA (PBS-PVA), and permeabilized with 1% 
Triton X-100 (v/v) for 30 min at 37°C. After incubation in blocking 
buffer (PBS containing 1% BSA) for 1 h, the samples were incubated 
overnight with different antibodies in a blocking buffer at 4°C and 
washed three times with PBS containing 1% BSA. The antibodies 
used were rabbit anti-RAD51 (sc-8349, 1:100; Santa Cruz), mouse 
anti-γH2AX (ab26350, 1:100; Abcam), rabbit anti-ATM (pS1981, 
1:100; Cell Signaling Technology), goat anti-CHK1 (pS345, 1:100; 
Santa Cruz), anti-α-tubulin conjugated to FITC (F2168, 1:100; 
Sigma-Aldrich), and anti-BUB3 (mitotic checkpoint protein BUB3; 
sc-28258, 1:100; Santa Cruz). Stained RAD51 oocytes were treated 

with 0.1% pronase for 30 sec to expand the zona pellucida and then 
centrifuged for 10 min for removal of the lipid droplets prior to 
fixation. The oocytes were washed three times with PBS-PVA, and 
then labeled with a FITC-conjugated antibody (1:100) for 1 h at room 
temperature. The oocytes were counterstained with 5 μg/ml Hoechst 
33342 (Sigma Life Science) for 15 min, mounted on a glass slide, 
and examined using an LSM 710 META confocal laser-scanning 
microscope (Zeiss, Jena, Germany).

Fluorescence intensity analysis
Image J software (v.1.47) was used to define a region of interest 

(ROI) and the average fluorescence intensity per unit area within the 
ROI was determined. Independent measurements using identically 
sized ROIs were obtained for the nucleus or cytoplasm. The average 
values of all measurements were used to obtain the final average 
intensities and control and treated oocyte values were compared.

Chromosome spreads
MI oocytes were incubated in acidic Tyrode’s solution (Sigma) for 

1 min. After removing the zona pellucida, the oocytes were recovered 
in IVM medium and fixed with 1% paraformaldehyde in distilled H2O 
(pH 9.2) containing 0.15% Triton X-100 and 3 mM dithiothreitol. The 
glass slides were dried slowly in a humid chamber for several hours. 
After drying, the slides were blocked with 1% BSA in PBS for 1 h at 
room temperature. Next, the oocytes were incubated with a primary 
antibody overnight at 4°C and then with the secondary antibody for 1 
h at room temperature. DNA on the slides was stained with Hoechst 
33342 for 15 min, and then the slides were examined with an LSM 
710 META confocal laser-scanning microscope (Zeiss). Data were 
analyzed with ZEN 2010LSM software (Zeiss) and Image J.

Measurement of MII oocyte ROS levels
To measure ROS levels, oocytes were incubated with 10 µM 

2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) for 15 min 
(green fluorescence, UV filter, 100 nm). The same procedures were 
followed for all groups of oocytes, including incubation, rinsing, 
mounting, and imaging. Image J software was used to analyze 
fluorescence intensity.

Staining of mitochondria
To evaluate the distribution of mitochondria, MII oocytes were 

incubated in IVC medium supplemented with 0.5 μM MitoTracker 
Red CMXRos dye (Molecular Probes, Eugene, OR) for 30 min at 
38.5°C, washed three times with PBS-PVA, and counterstained with 
Hoechst 33342 for 15 min.

Membrane potential assay
To measure the mitochondrial membrane potential, MII oocytes 

were washed three times with PBS-PVA and incubated in culture 
medium containing 1 mM 5,5ʹ,6,6ʹ-tetrachloro-1,1ʹ,3,3ʹ-tetraeth
ylimidacarbocyanineiodide (JC-1; Invitrogen, Grand Island, NY, 
USA) for 30 min at 37°C, 5% CO2. The membrane potential was 
calculated as the ratio of red florescence (activated mitochondria 
[J-aggregates]) to green fluorescence (less-activated mitochondria 
[J-monomers]). Fluorescence was visualized with an epifluorescence 
microscope (Nikon, Tokyo, Japan). The fluorescence intensity of the 
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control group was arbitrarily set to 1 and the relative fluorescence 
intensities of the treatment groups were determined. Three separate 
experiments were performed, with 15–20 oocytes per experiment.

Statistical analyses
Each experiment was performed at least three times. Statistical 

analyses were performed with the SPSS software package (Version 
11.5; SPSS). The data were expressed as the mean ± SEM, and 
analysis of variance (ANOVA) was used to analyze the data. P values 
less than 0.05 were considered statistically significant.

Results

Expression and subcellular localization of RAD51 during 
meiotic maturation

To investigate the function of RAD51 during oocyte meiosis, 
RAD51 mRNA levels and the subcellular localization of RAD51 
protein were examined. RT-PCR showed that RAD51 mRNA levels 
were reduced at the GV breakdown (GVBD) stage and increased at 
the MII stage (Fig. 1A). To assess RAD51 localization, oocytes were 

cultured for 0, 24, 30, and 44 h, which corresponds to the lengths of 
time required to reach the GV, GVBD, MI, and MII stages respectively. 
Immunostaining analysis revealed that RAD51 was mainly localized 
to the nucleus at the GV stage and widely distributed in the cytoplasm 
beginning at the GVBD stage (Fig. 1B).

Inhibition of RAD51 affects porcine oocyte maturation
To determine the function of RAD51 during porcine oocyte 

maturation, oocytes were treated with 0, 25, 50, or 100 μM B02 (a 
RAD51 inhibitor) and the rate of oocyte maturation was evaluated. 
The results showed that RAD51 inhibition did not affect the GVBD 
rate. After 24 h B02 treatment, the GVBD rates of oocytes treated with 
0, 25, 50, and 100 μM B02 were 91.22, 85.75, 89.30, and 83.63% 
respectively (Fig. 2A). Unlike the uniform progression to GVBD, 
porcine oocytes exposed to B02 for 48 h showed a dose-dependent 
decrease in polar bodies: 87.94% of control oocytes developed to 
the MII stage, whereas only 75.99, 58.72, and 48.93% of the oocytes 
treated with 25, 50, and 100 μM B02 were similarly developed (Fig. 
2B). For all subsequent studies, porcine oocytes were treated with 
50 μM B02.

Fig. 1. Expression and localization of RAD51 during porcine oocyte meiotic maturation. (A) Analysis of RAD51 mRNA levels during porcine oocyte meiosis 
by RT-qPCR. The mRNA levels of RAD51 at the GV, GVBD, MI, and MII stages were ± 100, ± 42, ± 98.27, and ± 192.33%, respectively. The 
normalized expression of RAD51 was quantified and is reported as the mean ± SEM from three independent experiments. * P < 0.05. *** P < 0.001. 
(B) Immunostaining of RAD51 during porcine oocyte meiotic maturation. Hoechst33342 was used for DNA counterstaining. Oocytes were collected 
at 0, 24, 30, and 44 h of incubation (corresponding to the GV, GVBD, meiosis I, and meiosis II stages, respectively). Red, RAD51; blue, DNA. Scale 
bar = 20 μm.
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Inhibition of RAD51 increased the level of DNA damage in the 
porcine oocytes

Because RAD51 is required for DNA repair, the influence of the 
inhibition of RAD51 on DNA damage was assessed by γH2AX 
intensity. The results showed that B02 treatment led to an increased 
accumulation of γH2AX in comparison with the untreated control 
group (Fig. 3B and 3C). Next, porcine oocytes were treated with 
50 µg/ml etoposide for 5 h to induce DNA damage. While RAD51 

foci did not appear in the control oocytes, RAD51 foci formed in the 
nucleus and were colocalized with γH2AX in the treated oocytes (Fig. 
3A), further confirming that RAD51 is required for DNA damage 
repair in porcine oocytes.

Inhibition of RAD51 does not activate the ATM/CHK1-
dependent DNA damage checkpoint in porcine oocytes

As RAD51 inhibition increased DNA damage in porcine oocytes, 

Fig. 2. Inhibition of RAD51 does not affect the rate of GVBD but does decrease the rate of PBE. (A) Effects of RAD51 inhibitor (B02) on the rate of 
GVBD in porcine oocytes after 24 h of incubation with 0, 25, 50, and 100 µM B02. P > 0.05, not statistically significant. (B) Effects of the RAD51 
inhibitor B02 on the rate of PBE in porcine oocytes after 44 h of incubation with 0, 25, 50, and 100 µM B02. The data were obtained from three 
independent experiments. *** P < 0.001

Fig. 3. DNA damage-induced RAD51 foci colocalized with γH2AX and inhibition of RAD51 increased DNA damage. (A) Oocytes were treated with 
B02 (50 μM) for 18 h. Green, γH2AX; blue, DNA. Scale bar = 20 μm. (B) Quantification of γH2AX intensity after B02 treatment. * P < 0.05. 
(C) Porcine oocytes at GV stage were treated with etoposide (50 µg/ml) for 5 h to induce DNA damage. H2AX was activated by phosphorylation 
(γH2AX) at sites of DNA damage and served as a marker of DNA DSBs. RAD51 aggregated as foci in the nucleus and colocalized with γH2AX. 
Red, RAD51; green, γH2AX; blue, DNA. Scale bar = 20 μm. The data were obtained from three independent experiments.
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their involvement in ATM/CHK1 checkpoint activation was explored. 
Porcine GV oocytes were treated with B02 for 6 h, and the phos-
phorylated ATM and CHK1 intensity in nuclear was evaluated. ATM 
was almost inactive in B01-treated oocytes when compared with 
untreated control oocytes (Fig. 4A and 4B). CHK1, the downstream 
effector of the ATM-dependent G2/M checkpoint, was also inactive 
in treated oocytes (Fig. 4C and 4D). Moreover, exposure of the 
oocytes to a higher concentration of B02 (100 μM) did not activate 
the ATM and CHK1 checkpoint (data not shown).

B02 Inhibition of RAD51 resulted in spindle defects and 
abnormal SAC activity

Since treatment with B02 decreased the rate of polar body extru-
sion (PBE) and increased DNA damage, the effect of B02 on the 
progression of spindle assembly and chromosome alignment was 
assessed. Oocytes treated with B02 (50 μM) showed disrupted 
spindle assemblies at the MI and MII stages, while barrel-shaped 
spindles were observed in control oocytes. Chromosomes were also 
misaligned in MI and MII oocytes treated with B02, which was not 
observed in untreated controls (Fig. 5A and 5B).

Because the SAC is known to control PBE- and B02-mediated 
abnormal spindles [18], SAC activity was explored in the present 

experiment. To this end, the level of BUB3, a protein involved in 
SAC regulation, was assessed after B02 treatment. Porcine oocytes 
were cultured with B02 (50 μM) for 30 h (MI stage), and then a 
chromosome spread was generated and stained for BUB3. Visual 
inspection showed that the BUB3 signal was weaker in control oocytes 
than in B02-treated oocytes (Fig. 6A) and quantitation of the staining 
intensity confirmed this difference (Fig. 6B). The abovementioned 
results indicate that RAD51 inhibition resulted in spindle defects 
and abnormal SAC activity.

RAD51 inhibition leads to abnormal mitochondrial 
distribution and increased intracellular ROS levels

The mitochondrial distribution pattern in B02-treated MII oocytes 
was different from that of control MII oocytes (Fig. 7A and 7D). 
In control oocytes, mitochondria were distributed throughout the 
ooplasm, whereas in B02-treated MII oocytes, the mitochondria were 
abnormally distributed and had a lower membrane potential (Fig. 
7B and 7E). Next, we determined the effect of RAD51 inhibition 
on ROS production and observed that the fluorescence intensity of 
ROS staining increased significantly after treatment with B02 (Fig. 
7C and 7F), indicative of an increase in oxidation activity following 
RAD51 inhibition.

Fig. 4. B02 does not activate the ATM/CHK1-dependent DNA damage checkpoint in porcine oocytes. (A)(C) RAD51 inhibition does not activate the 
DNA damage checkpoint proteins ATM and CHK1. Porcine GV oocytes were treated with B02 (50 μM) for 6 h. After treatment, the phosphorylated 
CHK1 (CHK1-P) and phospho-ATM (ATM-P) signals did not differ from those in the untreated control. Red, ATM-P; green, CHK1-P; blue, 
DNA. Scale bar = 20 μm. (B) Quantification of the ATM-P signal with and without B02 treatment. (D) Quantification of the CHK1-P signal with 
and without B02 treatment. The data were obtained from three independent experiments. P > 0.05, not statistically significant.
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Fig. 5. RAD51 inhibition resulted in spindle defects and chromosomal misalignments. (A) Porcine oocytes were cultured in the presence of B02 (50 μM) 
for 30 h (MI stage) and 44 h (MII stage), and then spindle assembly and chromosomal alignment were assessed. Green, α-tubulin; blue, DNA. 
Scale bar = 20 μm. (B) Quantification of the percentage of B02-treated (50 μM) and control (untreated) oocytes with spindle and chromosomal 
defects. The data were obtained from three independent experiments. ** P < 0.01. *** P < 0.001.

Fig. 6. RAD51 inhibition mediated abnormal SAC activity. (A) Chromosome spread of control and B02-treated (50 μM) MI oocytes immunostained 
for BUB3. RAD51 inhibition increased SAC activity as the BUB3 signal in B02-treated oocytes is stronger than that in the control oocytes. Red, 
BUB3; blue, DNA. Scale bar = 10 μm. (B) Quantification of BUB3 intensity in B02-treated and control oocytes. The data were obtained from 
three independent experiments. *** P < 0.001.
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Discussion

RAD51 foci spontaneously form during mitosis as cells undergo 
DNA replication in S phase or in response to DNA damage [19]. 
Here, a similar distribution pattern of RAD51 was observed in 
meiotic oocytes. RAD51 was mainly localized to the nuclear region, 
and a number of distinct nuclear RAD51 foci formed after treatment 
with the DNA-damaging agent etoposide. DNA damage-induced 
RAD51 foci also colocalized with γH2AX. The accumulation of 
the recombination proteins RAD51 and γH2AX supports the notion 
that these foci represent sites where repair reactions are occurring. 
This further confirms the significance of RAD51 in DNA repair 
during porcine oocyte maturation. However, it has been reported 
that upregulation of RAD51 leads to genome instability and the 
increased resistance of cancer cells to radiation and drug treatment 
[20]. Therefore, the nuclear availability of RAD51 must be carefully 
regulated to allow appropriate levels of recombination to occur, both 

before and after exposure to DNA damage.
In response to DNA damage, oocytes activate the ATM/CHK1-

dependent DNA damage checkpoint, blocking cell cycle progression to 
allow time for repair and thereby preventing transmission of damaged 
or incompletely replicated chromosomes [21]. Previously, in mouse 
embryonic stem cells, suppression of RAD51 expression caused cells 
to accumulate at the G2/M phase and activated the DNA damage 
checkpoint [9]. Our results demonstrate that inhibition of RAD51 
increased DNA damage and inactivated ATM and CHK1 in porcine 
oocytes, but did not affect GVBD rates. Despite the accumulation of 
DNA damage, these oocytes underwent GVBD and entered MI. This 
implies that RAD51 is not required for the G2/M phase transition 
in porcine oocytes. Compared to blastocysts, oocytes have limited 
ATM checkpoint activation activity [22]. In addition, it has been 
suggested that inactivated ATM may result from slight DNA damage 
and a low abundance of ATM in oocytes [22]. Porcine oocytes do not 
possess sufficient levels of any active checkpoint proteins, therefore 

Fig. 7. RAD51 inhibition led to abnormal mitochondrial distribution and increased intracellular ROS levels. (A) Mitochondrial distribution in RAD51 
inhibitor-treated and untreated control oocytes as detected by immunostaining. Porcine oocytes were cultured in the presence of B02 (50 μM) for 44 
h (MII stage). Red, mitochondria; blue, DNA. Scale bar = 20 μm. (B) Red fluorescence corresponds to activated mitochondria and green fluorescence 
corresponds to less-activated mitochondria. Scale bar = 120 μm. (C) ROS staining in B02-treated (50 μM) and untreated (control) MII oocytes. 
Scale bar = 240 μm. (D) Percentage of B02-treated (50 μM) and untreated (control) oocytes with abnormal mitochondrial distribution. ** P < 0.01. 
(E) Membrane potential was measured as the ratio of red fluorescence to total fluorescence. **** P < 0.0001. (F) ROS levels in B02-treated and 
control oocytes were measured as green fluorescence intensity. *** P < 0.001. The data were obtained from three independent experiments.
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low levels of DNA damage fail to effectively activate ATM, while 
severe DSBs fail to activate CHK1 [1]. The molecular mechanisms 
regulating the G2/M transition remain to be elucidated, particularly 
those underlying the DNA damage responses in porcine oocytes.

In this study, inhibition of RAD51 with B02 disrupted spindle 
organization and led to abnormal SAC activation in porcine oocytes, 
where spindle defects led to reduced maturation. Recent studies have 
implicated the SAC in delaying oocyte progression through meiosis 
I [18]. The abnormal SAC activity caused by RAD51 inhibition in 
the present study may have induced DNA damage because DNA 
damage-induced MI arrest is mediated by the SAC [23]. Furthermore, 
there is growing evidence for crosstalk between the DNA damage 
response (DDR) and the SAC. As such, proteins associated with the 
DDR also have roles in the SAC [24−26].

In the present research, RAD51 inhibition reduced oocyte qual-
ity, as indicated by disrupted mitochondrial distribution and ROS 
accumulation. Mammalian oocyte maturation requires cellular ATP, 
where oocytes with low ATP levels have poor developmental potential, 
whereas oocytes with high ATP levels have great potential for further 
development, embryogenesis, and implantation [27, 28]. Enhanced 
ATP production is related to mitochondrial aggregation. During oocyte 
maturation, mitochondria translocate and forma mitochondrial clusters. 
Moreover, most of the ATP in oocytes is generated by changes in 
mitochondrial distribution [27]. In mammalian oocytes, mitochondrial 
localization is microtubule-dependent [28, 29]. Thus, disruption of 
spindle assembly following RAD51 inhibition is likely related to the 
abnormal distribution of mitochondria, in agreement with previous 
results showing that the anatomical association of spindles and 
mitochondria is linked to meiotic progression in oocytes [28, 30].

In conclusion, inhibition of RAD51 did not affect GVBD, but led 
to reduced oocyte maturation by disrupting spindle organization and 
spindle assembly checkpoint activation in porcine oocytes. RAD51 
inhibition increased DNA damage, reduced oocyte quality, and as 
indicated by the disrupted mitochondrial distribution, decreased the 
mitochondrial membrane potential and induced ROS accumulation.
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