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Nicotinamide adenine dinucleotide (NAD(H)) and its metabolites function as crucial regulators 
of physiological processes, allowing cells to adapt to environmental changes such as nutritional 
deficiencies, genotoxic factors, disruptions in circadian rhythms, infections, inflammation, and 
exogenous substances. Here, we investigated whether elevated NAD(H) levels in oocytes enhance 
their quality and improve developmental competence following in vitro fertilization (IVF). Bovine 
cumulus-oocyte complexes (COCs) were matured in a culture medium supplemented with 0–100 
μM nicotinamide mononucleotide (NMN), a precursor of NAD(H). The addition of NMN caused an 
increase in intracellular NAD(H) and nicotinamide adenine dinucleotide phosphate levels, leading to 
enhanced competence for development to the blastocyst stage after IVF. The increase in intracellular 
NAD(H) levels led to changes in the expression of mitochondria function-related genes. As a result, 
NMN supplementation increased the ratio of MitoTracker Orange fluorescence to nonyl acridine 
orange fluorescence, as well as adenosine triphosphate levels, while decreasing reactive oxygen 
species levels in the oocytes. NMN also lowered chromosome lagging during anaphase. These results 
suggest that increased NAD(H) levels in oocytes following NMN treatment enhances post-fertilization 
developmental competence through improved mitochondrial function.
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The in vitro maturation (IVM) of oocytes is a crucial technique for assisted reproductive technology, with 
extensive related research and clinical applications1. It is used not only for human infertility treatment2but also for 
producing mature oocytes in animal reproduction3. However, the developmental capacity of embryos produced 
using IVM oocytes is generally lower than that of their in vivo counterparts, possibly due to inappropriate 
cytoplasmic conditions3,4.

Nicotinamide adenine dinucleotide (NADH), the reduced form of NAD+, was discovered in 1906 
as a component enhancing the fermentation rate of yeast5. It plays a central role as a hydrogen donor in 
mitochondrial redox reactions for adenosine triphosphate (ATP) synthesis and reactive oxygen species (ROS) 
production6. Apart from its vital role as a cofactor in energy metabolism, NADH has numerous functions in 
cellular processes and cellular function regulation, acting as a cofactor or substrate for hundreds of enzymes7. 
NAD+has been identified as a substrate for enzymes such as sirtuins, poly (ADP-ribose) polymerase (PARP), 
cluster of differentiation 157 (CD157), CD73, CD38, and sterile alpha and TIR motif containing 1 (SARM1)891011. 
Furthermore, NAD+has been shown to serve as a nucleotide analog in DNA ligation and RNA capping12,13. 
Thus, NAD+and its metabolites contribute to the reorganization of cellular processes through post-synthetic 
modifications of fundamental biomolecules like DNA, RNA, and proteins in response to various stresses and 
physiological stimuli14,15.

A decrease in NAD+ levels is associated with several diseases, including metabolic and neurodegenerative 
disorders, and is correlated with aging in rodents and humans. Consequently, the impact of NADH and 
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NAD+(NAD(H)) metabolism on diseases, particularly age-related diseases, has garnered attention11,13. In 
this context, replenishing NAD(H) levels using NAD(H) precursors, such as nicotinamide riboside (NR) or 
nicotinamide mononucleotide (NMN), has emerged as a significant approach for treating age-related diseases in 
rodent models. Notably, administering NMN or NR to aged mice improved mitochondrial function in oocytes, 
reduce the frequency of spindle structure abnormalities, and enhance developmental competence16,17.

Moreover, culturing isolated cells without NAD(H) precursors, where the salvage pathway for NAD(H) 
synthesis is not functional, is predicted to decrease NAD+levels below the physiological requirement. Adding 
NAD(H) precursors to in vitro cultured porcine oocytes has been shown to increase their maturation18. However, 
the study did not investigate changes in cellular NAD(H) levels, and the mechanism of action underlying the 
increased rate of parthenogenesis and developmental potential after in vitro fertilization (IVF) remains unclear. 
The present study aimed to investigate the intracellular changes and improvement in developmental competence 
following the NMN supplementation of in vitro cultured oocytes.

Results
NMN increased NAD(H) levels in oocytes and improved their ability to develop into 
blastocysts after IVF
As shown in Fig. 1A, the amount of NAD(H) in oocytes increased significantly (P < 0.01) when more than 1 μM 
NMN was added. The amount of NAD(H) in oocytes also increased significantly when 50 μM NMN was added 
compared to when 10 μM or less NMN was added (P < 0.01). Furthermore, NAD(H), NAD+, and NADH levels 
in oocytes cultured with 100 μM NMN were significantly increased compared to those in controls (P < 0.01, 
Fig. 1B-D).

Whether increased NAD(H) levels in oocytes improved their ability to develop into blastocysts was 
investigated using 10 μM NMN-cultured oocytes. However, the blastocyst formation rate on Day 7 after 
fertilization did not increase (Figure 1E). Next, IVM culture of oocytes was performed without NMN, with 1 
μM NMN, and with 100 μM NMN. The blastocyst formation rate of oocytes supplemented with 100 μM NMN 

Fig. 1.  NMN increased oocyte NAD(H) levels and improved their developmental competence after IVF. (A) 
As the concentration of NMN in the culture medium increased (0–50 μM), NAD(H) levels in the oocytes 
increased. NMN in the culture medium (100 μM) increased (B) total NAD, (C) NAD+, and (D) NADH levels 
in oocytes. Data were obtained from three experimental replicates. (A-D) Numbers in parentheses indicate 
the number of oocytes used in the measurements. (E) The addition of NMN (10 μM) to the in vitro oocyte 
maturation medium did not affect the blastocyst formation rate (blastulation). Data were obtained from 
8 repeat experiments using 20 oocytes per trial. (F) However, 100 μM NMN to the medium significantly 
improved the blastulation (P < 0.05). Data were obtained from 11 repeat experiments using 20 oocytes per 
trial. Representative images from Day 7 of embryos cultured in (G) 0 and (H) 100 μM NMN. The scale bar 
is 100 μm (G, H). (I) The addition of NMN (100 mM) did not affect nuclear maturation. Data were obtained 
from 5 repeat experiments using 20 oocytes per trial. Data are shown as the mean ± SD. (A) a-dP < 0.05 by 
ANOVA followed by the Tukey–Kramer test. Statistical comparison between two groups was performed using 
a t-test.

 

Scientific Reports |          (2025) 15:310 2| https://doi.org/10.1038/s41598-024-81393-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


on Day 7 after IVF was significantly improved compared to that of the control (P < 0.05,  Figure 1F-H).    The 
nuclear maturation rate of oocytes under these conditions was 83% in the NMN-added group and 86% in the 
control, with no significant difference (Figure 1I).

NMN significantly altered mitochondrial gene expression and enhanced mitochondrial 
function in oocytes
To understand the mechanism by which the developmental potential of oocytes after IVF was improved by 
increasing the NAD(H) level, we examined changes in the gene expression patterns in the oocytes uppon adding 
100 μM NMN to the oocyte culture. The expression levels of 112 genes increased by more than twofold, and 
those of 280 genes decreased by less than half, indicating that the gene expression pattern of the oocytes changed 
drastically (Fig. 2A). In cumulus cells, the expression levels of 204 genes increased by more than twofold and 
those of 295 genes decreased by less than half.

Since mammalian oocytes, including those of humans, store maternal mRNA in membrane-free 
compartments with hydrogel-like properties around mitochondria using their membrane potentials19, we 
used Mitocarta 3.0 to analyze gene expression changes, focusing on mitochondria. Genes with an absolute fold 
change value greater than 0 and a p-value less than 0.05 were treated as differentially expressed genes (DEGs). 
The results showed that in oocytes, the expression of 85 out of 1,136 mitochondria-related genes varied (7.5%, 
Fig. 2B). In particular, gene expression was upregulated in lipid metabolism, amino acid metabolism, nucleotide 
metabolism, vitamin metabolism, apoptosis, oxidative phosphorylation, and the mitochondrial central dogma. 
On the other hand, only 20 genes out of 1,136 showed variable expression in the cumulus cells (1.8%, Suppl. 
Figure  1). The results indicate that mitochondrial function in oocytes might be greatly affected by elevated 
intracellular NAD(H) levels.

Since gene expression analysis indicated that mitochondrial function was altered by NMN, we evaluated 
mitochondrial function by double-staining cells with MitoTracker Orange (MTO) and nonyl acridine orange 
(NAO) and calculating the ratio of MTO fluorescence to NAO fluorescence. Mitochondrial function in oocytes 
cultured with 100 μM NMN increased significantly (P < 0.05, Fig. 2C, D). Next, when intracellular ATP levels 
were measured, a trend toward increased ATP levels in oocytes was observed upon adding NMN to the culture 
medium, particularly when the concentration exceeded 10 µM (P < 0.01, Fig. 2E).

NMN increased nicotinamide adenine dinucleotide phosphate (NADP(H): NADPH and 
NADP+) levels and decreased ROS levels in oocytes
The amount of NADP(H) produced from NAD+ by NAD+ kinase (NADK) was examined. Adding 100 μM 
NMN significantly increased the NADP(H) level in cultured oocytes compared to that in the control (P < 0.01, 
Fig. 3A).

Intracellular NADPH plays an important role in balancing the intracellular redox state via glutathione 
(GSH)20. Therefore, we examined whether elevated intracellular NADPH decreased intracellular ROS. A 
tendency for intracellular ROS levels to decrease was observed upon adding increasing NMN concentrations to 
the culture medium, especially above 10 μM (P < 0.01, Fig. 3B).

NMN reduced the occurrence of chromosome lagging in anaphase I
Administering NAD+precursors to aged mice has been shown to improve mitochondrial function in oocytes and 
ameliorate abnormal spindle structures in meiosis II oocytes16. In this study, we investigated whether a similar 
effect could be achieved by focusing on the frequency of appearance of lagging chromosomes in anaphase I. 
When immature bovine oocytes were cultured in vitro, a large number of anaphase I oocytes appeared around 
18.5 h after the start of culture21,22, so the cumulus cells were removed from the oocytes at 18 h. The oocytes were 
fixed at 18.5 h, and the spindle structure was observed. The percentages of oocytes in anaphase I and telophase I 
were 52% in the control group and 58% in the NMN-treated group (Fig. 4A-D).

The percentage of anaphase I spindles with lagging chromosomes in anaphase I oocytes was 43.9% in the 
control and 21.4% in the NMN-treated oocytes (Fig. 4E). NMN significantly reduced the frequency of anaphase 
I spindles with lagging chromosomes (P < 0.05).

Discussion
The results of the present study showed that adding NMN, a precursor of NAD+, to the culture medium increased 
the amount of NAD(H) and NADP(H) in oocytes (Fig. 5). Oocytes with increased intracellular NAD(H) and 
NADP(H) levels had a significantly improved ability to develop into blastocysts after IVF. In oocytes with 
improved developmental potential, the expression pattern of mitochondria-related genes was significantly 
altered, along with increased mitochondrial membrane potential and ATP levels and decreased ROS amounts. 
NMN also reduced chromosome segregation errors in meiosis I oocytes.

NAD+ is continually consumed by three types of enzymes: NAD+glycohydrolases, the protein deacylase 
family of sirtuins and PARPs14,15,23. These enzymes utilize NAD+ as a substrate or cofactor and produce 
nicotinamide (NAM) as a by-product. As such, NAD+mediates several key biological processes and is constantly 
in high demand14,15,23. To maintain NAD+levels, NAM can regenerate it via the NAM salvage pathway14,15,23; 
NAD+ is continuously synthesized, catabolized, and recycled within the cell, ensuring stable intracellular NAD+ 
levels. However, isolating cells from tissue and culturing them risks disrupting the balance of mechanisms that 
maintain stable intracellular NAD+ levels. We have shown that the addition of NMN, a precursor of NAD+, to 
the culture medium increases NAD(H) levels in oocytes. The NAM salvage pathway generates NAD+ from the 
NAD+precursors NAM, NR, and NMN24,25. Regarding the uptake of NAD+ and NMN by cells, some reports argue 
that NAD+ and NMN cannot permeate the cell membrane. Instead, nicotinic acid, NAM, NR, tryptophan, and 
other precursors are thought to be taken up directly into the cell and used for NAD+biosynthesis15. Extracellular 
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Fig. 2.  NMN enhanced mitochondrial function in oocytes. (A) Changes in gene expression in oocytes and 
cumulus cells following NMN treatment (100 μM). The number of differentially expressed genes obtained for 
each test plot is shown. The expression levels of 112 genes increased by more than twofold and those of 280 
genes decreased by less than half, indicating that the gene expression pattern in the oocytes changed drastically. 
(B) The expression of 85 genes among 1,136 mitochondria-related genes varied (7.5%). Genes related to 
lipid metabolism, amino acid metabolism, nucleotide metabolism, vitamin metabolism, apoptosis, oxidative 
phosphorylation, and the mitochondrial central dogma were upregulated, and fluctuations in gene expression 
were observed. (C) Mitochondrial activity was evaluated using 0.5 μM MitoTracker Orange (MTO) and 10 
μM nonyl acridine orange (NAO). Representative images of MTO and NAO-stained oocytes cultured with or 
without NMN are shown. The scale bar is 25 μm. (D) Mitochondrial function was evaluated by dividing the 
value obtained by staining identical oocytes with MTO by the value obtained by staining them with NAO. The 
values were also standardized by dividing each value by a control value measured within the same experiment. 
In total, 168 oocytes were used to analyze mitochondrial activity in four independent runs. P < 0.05 by t-test. 
(E) The ATP level of oocytes was determined as luminescence emitted in an ATP-dependent luciferin–
luciferase bioluminescence assay. Ten oocytes per trial were sampled individually from three independent 
experiments. In total, 150 oocytes were used for the analysis in three independent runs. P < 0.05 by ANOVA 
followed by the Tukey–Kramer test. Numbers in parentheses indicate the number of oocytes used in the 
measurements.
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Fig. 4.  NMN reduced the occurrence of chromosome lagging in anaphase I. (A, B) Maximum intensity 
projections of confocal sections captured every 0.5 μm along the z-axis of anaphase I oocytes cultured without 
NMN. (C) Enlarged view of the area enclosed by the white dashed line in (B). Staining: DNA (blue), α-tubulin 
(white), and kinetochore (red). (A, C) DNA, α-tubulin, and kinetochore. (B) DNA and kinetochore. (B, C) 
The white arrow shows a lagging chromosome. The scale bar is 2 μm. (D) Cell cycle of oocytes after 18.5–19 h 
of culture. (E) NMN reduced the occurrence of anaphase I spindle with lagging chromosomes. Numbers in 
parentheses indicate the number of oocytes used in the measurements. P < 0.05 by the chi-square test.

 

Fig. 3.  NMN increased NADP(H) levels and decreased ROS levels in oocytes. (A) NADP(H) levels increased 
in oocytes cultured with 100 μM NMN. A total of 2,449 oocytes was used to analyze NADP(H) values in 
three independent runs. P < 0.01 by t-test. (B) Oocytes cultured with 0–100 μM NMN were stained with 1 
μM H2DCFDA and the amount of hydrogen peroxide (H2O2) in the oocytes was compared. A tendency for 
ROS levels in oocytes to decrease with increasing NMN concentrations in the culture medium, especially at 10 
μM NMN or higher, was visible. The experiment was repeated four times, sampling 9–10 oocytes per trial. In 
total,198 oocytes were used for the analysis in four independent runs. a-cP < 0.05 by ANOVA followed by the 
Tukey–Kramer test. Numbers in parentheses indicate the number of oocytes used in the measurements. The 
scale bar is 25 μm.
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NMN must be converted to NR by the 5′-nucleotidase CD73 before being taken up intracellularly and then 
converted back to NMN by nicotinamide riboside kinase 126. However, other reports confirm the presence of 
a specific NMN transporter, solute carrier family 12 member 8, which is highly expressed in the small intestine 
and lateral hypothalamus, suggesting that NMN can directly enter the NAD+biosynthetic pathway27,28 Our study 
did not clarify whether oocytes take up NMN directly or take up NMN metabolites, but adding NMN to the 
culture medium evidently increased their NAD(H) levels. It is also possible that the cumulus cells attached to 
the oocytes metabolize or absorb NAD+ precursors; their role in the elevation of NAD(H) levels in oocytes is 
not yet fully understood, and further studies are needed to clarify the mechanism underlying the NMN-induced 
elevation of NAD(H) levels in oocytes.

The addition of NMN to the culture medium increased not only NAD(H) but also NADP(H) levels in oocytes, 
where NAD+ is directly phosphorylated by NADK, the only enzyme responsible for de novo NADP+synthesis, 
to generate NADPH29. NADP+is synthesized by transferring a phosphate group from ATP to the 2′-hydroxyl 
group of the adenosine ribose portion of NAD+29,30. NADK accounts for 10% of NAD+consumption31, and 
under conditions where NAD+ levels decline, such as aging or in vitro cell culture, NADP+ levels also decline. 
Thus, NADP+ levels are directly related to NAD+ levels, and the two are believed to fluctuate in tandem. In the 
present study, the amount of ATP, which donates phosphate groups to NAD+ when NADP+ is synthesized, also 
increased. Therefore, it is likely that NADP+ levels increased with the increase in NAD+ levels.

The present study showed that adding NMN to the culture medium increased oocyte mitochondrial function 
and ATP levels. An increase in oocyte ATP levels in is believed to improve their developmental potential after 
IVF32. On the other hand, ROS are byproducts of energy production in the mitochondrial electron transfer system 
to generate ATP and are produced in excess when the balance between oxidation and anti-oxidation is disturbed, 
causing irreversible damage to the ovaries, especially the oocytes33. An increase in ROS hinders oxidative 
phosphorylation and induces telomere shortening and cell apoptosis, thus advancing ovarian senescence343536. 
In our study, adding NMN to the culture medium increased NADP(H) levels in the oocytes, resulting in a rather 
low ROS level, and no negative effects of increased mitochondrial function were observed. NADP(H) maintains 
reduced GSH and thioredoxin, thereby preventing excessive oxidative stress and maintaining favorable redox 
homeostasis29,373839. Adding NMN to the culture medium increased NAD(H) and NADP(H) levels in the oocytes, 
accompanied by improved mitochondrial function and reduced ROS levels. These may have contributed to the 
increased ability of the oocytes to develop into blastocysts after IVF. Administering NR to aged mice enhanced 
mitochondrial function and improved mouse oocytes quality40, and it is very significant that simply adding the 
NAD+ precursor to the culture medium had the same effect.

With age, aneuploidy occurs in mouse and human oocytes due to meiotic segregation errors414243. 
Insufficient mitochondrial oxidative phosphorylation in mouse oocytes has been shown to cause meiotic spindle 
abnormalities44. Additionally, inadequate ATP production has been shown to lead to the dysfunction of motor 
proteins migrating on microtubules, with detrimental consequences for spindle shaping and chromosome 
segregation, resulting in the generation of aneuploid gametes45,46. Administering NR, an NAD+precursor, may 
reduce the accumulation of ROS in oocytes from aged individuals, improve spindle assembly, and minimize 
aneuploidy47. The bovine oocytes used in this study were obtained from non-aged individuals and showed no 
significant abnormalities in spindle structure during the meiotic second division (data not shown). However, the 
frequency of chromosome lagging in anaphase I and telophase I was relatively high (50%). On the other hand, 
adding NMN to the culture medium reduced the occurrence of chromosome lagging. Although the appearance 
of lagging chromosomes does not necessarily result in chromosomal aberrations in oocytes, it does increase the 
risk thereof48. Therefore, adding NMN may have reduced the risk of chromosomal aberration in oocytes and 
increased the number of fertilized oocytes that develop normally.

These results indicate that the addition of NAD+ precursors to the oocyte culture medium increases NAD(H) 
and NADP(H) levels in the oocytes, improves mitochondrial function, increases ATP levels, reduces ROS levels, 

Fig. 5.  Scenario of the development capacity of the oocyte cultured with NMN. NMN enhance oocyte quality 
by improving mitochondrial function, reducing intracellular ROS, and decreasing the risk of chromosomal 
aberrations.
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reduces chromosome lagging in late meiosis, and ultimately improves post-IVF developmental performance. 
Our data provide a rationale for applying NMN to improve the efficiency of reproductive medicine and IVF 
zygote production in domestic animals.

Methods
Experimental design
This study examined whether adding NMN to the culture medium could increase the amount of NAD(H) in the 
oocyte. Under conditions in which the amount of NAD(H) in the oocytes increased, the developmental potential 
of the oocytes into blastocysts after IVF was examined for improvements.

To understand the mechanism by which the developmental competence of the oocyte increased, alterations 
in oocyte gene expression following the addition of NMN were analyzed, with particular attention to the 
mitochondria. The improvement of oocyte mitochondrial function was assessed by MTO and NAO double 
staining and ATP values. The amount of NADP(H) in the oocytes was also measured, as NADP(H), which is 
synthesized from NAD(H), is involved in reducing intracellular ROS. In addition, the effect of NMN on the 
occurrence of chromosome aberrations in meiosis was investigated. This study was conducted from January 
2020 to July 2024.

Oocyte collection and maturation
Bovine ovaries were obtained from Japanese Black cows and heifers, aged around 30 months (between 25 and 
36 months), at a local slaughterhouse in Osaka city and transported to the laboratory in saline for 3–5 h at 18–
21 °C. Bovine oocytes were collected from follicles (diameter, 2–5 mm) by aspiration using a 21-gauge needle, 
and oocytes with intact cumulus granulosa cells and evenly granulated cytoplasm (COCs) were selected and 
randomly assigned to each treatment.

COCs were washed in IVM medium, which consisted of TCM 199 (12,340–030, Gibco, Grand Island, 
NY, USA), 0.02 mg/ml FSH (Antrin; Kyoritsu, Tokyo, Japan), 1 μg/ml estradiol-17β (E-8875; Sigma-Aldrich, 
Burlington, MA, USA), 0.1% poly(vinyl alcohol) (PVA-199; Sigma-Aldrich), and 1% (w/v) gentamycin solution 
(G1397; Sigma-Aldrich)49. Each group of 10 COCs was introduced into a 50-μl droplet of IVM medium in a 
plastic dish covered with mineral oil (M-8416; Sigma-Aldrich) immediately after oocyte collection. The COCs 
were cultured in IVM culture medium supplemented with 0–100 μM NMN (N3501-25MG; Sigma-Aldrich) for 
21 h at 39 °C under 5% CO2 in air at high humidity. Following the culture, 20 oocytes per treatment were fixed in 
ethanol: acetic acid (3:1), stained with aceto-orcein (1%w/v), and observed under a phase contrast microscope.

Transcriptome analyses
A total of 486 COCs were used after culture in 100 μM NMN. Total RNA was extracted using the RNAqueous-
Micro Total RNA Isolation Kit (Thermo Fisher Scientific, Foster City, CA, USA) from oocytes or cumulus cells 
separately after their isolation. Cumulus cells were removed from COCs by processing for 8 min using a vortex 
mixer at approximately 2,800 rpm/min 21 h after the start of the culture and recovered after centrifuging the 
cell suspension. The RNA of oocytes and cumulus cells without exposure to NMN was also extracted from 506 
COCs as a reference. RNA from approximately 160 COCs was collectively used as a single template for three 
replicates.

RNA was extracted using the RNAqueous™ Total RNA Isolation Kit (AM1912; Thermo Fisher Scientific), and 
RNA quality and concentration were measured using Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA, 
USA). The mean and SEM of RNA integrity numbers were 7.133 ± 0.067 for control oocytes, 7.067 ± 0.033 for 
NMN oocytes, 7.8 ± 0.854 for control cumulus cells, and 8.1 ± 0.208 for NMN cumulus cells.

Libraries were prepared using the NEBNext Single Cell/Low Input RNA Library Prep kit (New England 
Biolabs, Ipswich, MA, USA). Three samples from each group were sequenced as 100 bp reads (single reads) on a 
NextSeq1000 (Illumina, San Diego, CA, USA). Image analysis, base calling, quality filtering, and Fastq file creation 
were performed using RTA version 2.4.11 and bcl2fastq2 v2.20.0.422 (Illumina), following the manufacturer’s 
instructions. Sequence data were filtered using CLC workbench (v.23.0; Qiagen, Hilden, Germany) to discard 
adapter sequences, ambiguous nucleotides, and low-quality sequences. A quality check was repeated to confirm 
the above deletions. The mean and SEM of reads were as follows: control oocytes: 29,597,294 ± 1,584,188; 
NMN oocytes: 29,224,101 ± 1,158,399; control cumulus cells: 26,210,283 ± 909,769; and NMN cumulus cells: 
28,299,207 ± 101,908. The remaining sequence data were aligned to Bos taurus reference data (ARS204 URD 
1.2.108) and sequence reads were counted. Gene expression values were evaluated using transcripts per kilobase 
million (TPM), and genes with an absolute fold change of at least 2 were defined as significant DEGs.

Annotation/principal component analysis (PCA)
Mapped samples were annotated for each experimental category of oocytes and cumulus cells using a two-group 
comparison method. The volcano plots of oocytes and cumulus cells are shown in Suppl. Figure 2A, B. The data 
were deposited in the DDBJ BioProject database under the BioProject accession number: PRJDB18511.

In addition, Mitocarata 3.0 ​(​​​h​t​t​p​​s​:​/​/​w​w​​w​.​b​r​o​a​​d​i​n​s​t​i​​t​​u​t​e​.​​o​r​g​/​m​​i​t​o​c​a​r​​t​a​/​m​​i​t​​​o​c​a​r​t​a​3​0​-​i​n​v​e​n​t​o​r​y​-​m​a​m​m​a​l​i​
a​n​-​m​i​t​o​c​h​o​n​d​r​i​a​l​-​p​r​o​t​e​i​n​s​-​a​n​d​-​p​a​t​h​w​a​y​s​​​​​) was used to extract mitochondria-related genes among the DEGs. 
Mitocarata is an encyclopedic catalog of human/mouse mitochondria-related genes and their functions. 
Because the taxonomy of Bos taurus was not available in Mitocarata, the gene list of Homo sapiens was used as 
background and converted with Bos taurus orthologs. Ingenuity® Pathway Analysis was used to determine the 
number of known targets of each transcription regulator in the list of DEGs, and a statistical test was performed 
to consider their significance. Fisher’s exact test was used to statistically analyze gene set enrichment in each 
functional category.
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Mitochondrial function and ROS level in oocytes
COCs were denuded with a vortex mixer 21 h after the start of the culture. Denuded oocytes were incubated 
with 0.5 μM MTO CM-H2TMRos (M-7511; Life Technology, Carlsbad, CA, USA) and 10 μM NAO (A1372; 
Thermo Fisher Scientific) for 30 min in PVA-199 at 39 °C under 5% CO2, 5% O2, and 90% N2 and then washed 
three times in bicarbonate-buffered synthetic oviduct fluid with amino acids (SOFaa). Stained oocytes were 
transferred to a 3-μL droplet of SOFaa on a glass-bottomed culture dish (P35G-0–14-C; MatTek Corporation, 
Ashland, MA, USA). Microscopic images were obtained using a confocal microscope (CLM, CV1000; Yokogawa 
Electronic, Tokyo, Japan) at 40 × and 39 °C under 5% CO2, 5% O2, and 90% N2, and fluorescence intensity in the 
equatorial plane of the oocytes was measured using ImageJ (http://imagej.nih.gov/ij/). Mitochondrial function 
was evaluated by dividing the value obtained by staining identical oocytes with MTO by the value obtained by 
staining them with NAO. The values were also standardized by dividing each value by a control value measured 
within the same experiment. In this study, a total of 168 oocytes were used to analyze mitochondrial activity in 
four independent runs.

Denuded oocytes were washed in Ca2+- and Mg2+-free PBS (PBS ( −)) supplemented with 0.1% PVA 
(PVA − PBS) and stained with 1 μM H2DCFDA (D399; Thermo Fisher Scientific) PVA-PBS for 10 min at room 
temperature (RT) under light shielding as previously described50. Just before the start of each experiment, fresh 
H2DCFDA was prepared at 1 μM in PVA − PBS from a stock solution (1 mM in dimethyl sulfoxide). Stained 
oocytes were washed in PVA − PBS to remove traces of the dye and transferred to a 3-μL droplet of PVA − PBS 
on a glass-bottomed culture dish. Microscopic images were obtained using the CLM at 40 × at RT in air, and 
fluorescence intensity in the equatorial plane of the oocytes was measured using ImageJ ​(​​​h​t​t​p​:​/​/​i​m​a​g​e​j​.​n​i​h​.​g​
o​v​/​i​j​/​​​​​)​. In this study, a total of 198 oocytes were used to analyze ROS content in four independent runs. The 
fluorescence intensity of each sample was divided by the mean intensity of the control in each run and compared.

Oocyte ATP levels
The ATP level of oocytes was determined as luminescence emitted in an ATP-dependent luciferin–luciferase 
bioluminescence assay (ATP assay kit; Toyo-Inc., Tokyo, Japan). Serial dilutions of the ATP standard ranging 
from 100 nM to 0.01 pM were prepared, and a standard curve was prepared based on the relative light intensity 
of the serial dilution standard (log luminescence vs. log[ATP]). The standard curve was used to calculate 
the ATP level of the samples. Samples were measured in duplicate and the mean was calculated. To prepare 
each sample, one oocyte was added to 50 μL of distilled water. The oocyte was lysed and the luminescence 
was measured immediately using a luminometer (Gene Light 55; Microtec, Funabashi, Japan). Ten oocytes per 
trial were sampled individually from three independent experiments. A total of 150 oocytes were used in three 
independent runs.

Spindle structure analysis in anaphase I
Cumulus cells were removed from oocytes 18 h after the start of the maturation culture. The oocytes were then 
washed in PVA-PBS and fixed in 2% (v/v) paraformaldehyde (167–25,981; FUJIFILM Wako Pure Chemical 
Corporation, Osaka, Japan) at 37 °C for 30 min. Before incubation with the primary antibody, lipid droplets 
in bovine oocytes were cleared with 4,000 U/ml lipase from Candida rugose (Thermo Fisher Scientific) 
in 400  mM NaCl, 50  mM Tris (pH 7.2), 5  mM CaCl2, and 0.2% sodium taurocholate supplemented with 
ethylenediaminetetraacetic acid-free Protease Inhibitor Cocktail (11,836,170,001; Merck KGaA, Darmstadt, 
Germany) at 37 °C for 30 min as previously described51 with some modifications. Fixed oocytes were washed 
in PVA-PBS containing 3% (w/v) BSA (A7638; Sigma-Aldrich) and 0.2% (v/v) Triton-X 100 (BSA–PBS; 
Sigma-Aldrich). The oocytes were then triple-stained to visualize chromosomal behavior. The samples were 
incubated in a solution of primary human anti-centromere antibodies (1:100, 15–234; Antibodies Inc., Davis, 
CA, USA) overnight at 4 °C to identify the kinetochore. After being washed in BSA–PBS, they were incubated 
in alpaca anti-rabbit/human IgG (1:250, Nano-Secondary® alpaca anti-rabbit/human IgG, recombinant VHH, 
Alexa Fluor® 568; Proteintech Japan, Inc., Tokyo, Japan), Alexa488®-conjugated mouse anti-α-tubulin (1:250, 
322,588; Thermo Fisher Scientific), and 10 μg/ml of bisbenzimide H 33,342 trihydrochloride (Hoechst 33,342, 
591–01,721; FUJIFILM Wako Pure Chemical Corporation) overnight at 4 °C. After being washed in BSA–PBS, 
they were mounted on slides under a coverslip. The samples were examined with the CLM equipped with a 
100 × oil immersion lens. Confocal image analysis was typically accomplished by capturing a z-series stack of 
0.5-µm-thick optical sections encompassing the entire spindle (Fig. 4A-C). In this study, 177 oocytes were used 
for spindle morphology analysis in four independent runs.

IVF and culture
IVF and culture were performed as described previously49. Briefly, freeze-thawed spermatozoa from a Holstein 
bull were centrifugally washed for 20 min. at 500G in discontinuous 45% and 90% Percoll solutions (P1644; 
Sigma-Aldrich). Matured oocytes were inseminated with the washed spermatozoa (1 × 106 cells/ml) in a glucose-
free defined medium supplemented with 10 μg/ml of heparin (H-3393; Sigma-Aldrich). IVF was performed at 
39 °C under 5% CO2in air at high humidity. The oocytes were completely released from the attached sperm using 
vortex agitation at 2,800 rpm/min for 7 min, 6 h after IVF. Denuded presumptive zygotes were cultured in SOFaa 
supplemented with 3 mg/ml of BSA (017–15,146; FUJIFILM Wako Pure Chemical Corporation) and 1% (w/v) 
antibiotic-mycotic solution49. Then, 20 of these presumptive zygotes were placed in 50 μl of SOFaa and cultured 
at 39  °C under 5% CO2, 5% O2, and 90% N2 with high humidity. Development to the blastocyst stage was 
examined under a stereomicroscope (60 ×) 168 h (Day 7) after IVF. The blastocyst formation rate was calculated 
by dividing the number of blastocysts by the number of presumptive zygotes cultured.
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Statistical analysis
Differences between the two groups were analyzed using the unpaired Student’s t-test for embryo development 
or chi-square test for the occurrence of chromosome lagging. When more than two groups were compared, 
analysis of variance (ANOVA) followed by the Tukey–Kramer test was used. Normality and homogeneity of 
variances were confirmed by the Shapiro–Wilk and Levene tests, respectively, before parametric analyses (t-test 
and ANOVA) were run. The data are shown as the mean ± SD. A p-value less than 0.05 was considered significant.

Data Availability
 The data that support the findings of this study have been deposited in the DDBJ BioProject database under the 
BioProject accession number: PRJDB18511.
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