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1 | INTRODUCTION

| Koumei Shirasuna! | Hisataka Iwata!

Abstract

Purpose: The present study investigated the effects of docosahexaenoic acid (DHA)
on the growth of bovine oocytes.

Methods: Oocytes and granulosa cell complexes (OGCs) were collected from early
antral follicles (0.4-0.7 mm) on the surface of ovaries harvested from a slaughter-
house. The OGCs were cultured with 0, 1, and 10 pmol/L docosahexanoic acid (DHA)
for 16 days.

Results: Antrum formation of the OGCs and the number of granulosa cells (GCs) sur-
rounding the oocytes were comparable among groups, whereas supplementation of
0.1 umol/L of DHA significantly improved oocyte growth. Oocytes grown with DHA
had a higher fertilization rate, acetylation levels of H4K12, and ATP contents, as well
as a lower lipid content compared with those grown without DHA. In addition, GCs
surrounding OGCs grown with DHA had low lipid content compared with vehicle
counterparts. Furthermore, when GCs were cultured in vitro, DHA increased ATP
production, mitochondrial membrane potential, and reduced lipid content and levels
of reactive oxygen species. RNA-seq of GCs revealed that DHA increased CPT1A
expression levels and affect genes associated with focal adhesion, oxidative phos-
phorylation, and PI3K-AKT etc

Conclusion: The results suggest that DHA supplementation affects granulosa cell

characteristics and supports oocyte growth in vitro.
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n-3 PUFA, a-linolenic acid (ALA, C18:3 n-3), eicosapentaenoic acid
(EPA, C20:5 n-3), and docosahexaenoic acid (DHA, C22:6 n-3) are

Oocyte growth occurs in follicles, and follicular fluid (FF) is the sole
environment for developing oocytes and granulosa cells (GCs). FF
contains a myriad molecules that support oocyte growth, and fatty
acids are a major component. Polyunsaturated fatty acids (PUFAs)
consist of approximately half of the fatty acids in human FF,! and

crucial, because mammals cannot produce ALA, a precursor of the
other PUFA, and the only source of PUFA is food. Six-week omega
3 dietary intake improved embryo development markers in humans;
shorter time to complete four cell cycle and synchrony for the third
cell cycle, and high concentration of serum @3PUFA were associated
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with the high clinical outcomes after assisted reproductive technol-
ogy.z'3 In this context, the beneficial effects of DHA on cow repro-
duction have been reported. For example, DHA concentration is
higher for follicular fluid (FF) of dominant follicles compared with
those of subordinate follicles in both cows and heifers.* In addition,
supplementation of cattle with fish oil or algae containing DHA in-
creased DHA concentration in plasma and improved the number and
size of follicles as well as reproduction performance.®” Although the
causal relationship between good reproductive performance and
DHA is unclear, some pioneering studies have reported that supple-
mentation of the in vitro maturation medium of oocytes with DHA
improves the developmental competence of oocytes, cleavage of
embryos, and the quality of blastocysts in cows and pigs.s'9 In addi-
tion, Elis et al'® reported that supplementation of the maturation me-
dium of oocytes with DHA decreased lipid content in both oocytes
and cumulus cells, and supplementation with the fatty acid receptor
FFAR4 agonist TUG-891 also improved oocyte developmental com-
petence. However, in vitro maturation of bovine and porcine oocytes
takes only one and two days, respectively. In large mammals such as
pigs and cows, oocyte growth takes longer periods, but no study has
addressed the effect of DHA on oocyte growth. In the present study,
oocytes derived from early antral follicles were cultured for 16 days,

and the effect of DHA on in vitro oocyte growth was examined.

2 | MATERIALS AND METHODS
2.1 | Ethical approval

Collection of ovaries from a slaughterhouse for experimental
use was approved by the Committee for the Care and Welfare of
Experimental Animals at Tokyo University of Agriculture.

2.2 | Medium and chemicals

All chemicals were purchased from Nacalai, unless otherwise stated.
Docosahexaenoic acid 298% (DHA) (D2534, Sigma-Aldrich) was di-
luted in ethanol (1000 times the final concentration), and the control
group was added with the same volume of vehicle. The concentra-
tion of DHA is determined basis on the concentration of DHA in bo-
vine FFs (0.43-1.0 pg/mL:1.3-3 pmoI/L)4 and a report studying the
effect of DHA on bovine oocyte maturation (1-100 pmoI/L).5

The medium used for oocyte GCs complexes (OGCs) (IVG medium)
was a-minimum essential medium («dMEM, Sigma-Aldrich) supplemented
with 1 pg/mL 17b-estradiol, 0.02 mAU/mL follicle-stimulating hor-
mone (Kawasaki Mitaka), 11 mmol/L glucose, 0.9 mmol/L pyruvic acid,
0.05 pmol/L dexamethasone, 50 ug/mL ascorbic acid, 55 pg/uL L-cysteine,
2% polyvinylpyrrolidone-90K (Sigma-Aldrich), 4 mmol/L hypoxanthine
(Sigma-Aldrich), 5% fetal calf serum (FCS), and antibiotics (100 1U/mL
penicillin, 0.1 pg/mL streptomycin, and 50 pg/mL gentamicin). TCM-199
medium (Gibco BRL) supplemented with 10% FCS, 0.06 mmol/L pyruvic

acid, 10 mmol/L taurine, and antibiotics was used for in vitro maturation

(IVM) of oocytes. The medium used for in vitro fertilization (IVF) and
culture (IVC) was synthetic oviductal fluid (SOF),** with minor modifi-
cations.'? IVF-SOF contained 5 mg/mL of fatty acid-free bovine serum
albumin (BSA) and 10 IU/mL heparin (Sigma-Aldrich). IVC-SOF contained
essential and nonessential amino acids (Sigma-Aldrich), 1.5 mmol/L glu-
cose, and 1% FCS. The medium used for in vitro culture for GCs was
TCM-199 (Gibco) supplemented with 5% FCS. Incubation was performed
at 38.5°C in an atmosphere of 5% CO, and saturated humidity.

2.3 | OGCs collection and in vitro
culture of the OGCs

Ovaries were collected at a local slaughterhouse and transported to
the laboratory (at approximately 25°C in PBS containing antibiotics)
within 4 hours. The ovarian cortical tissues were excised from the
ovarian surface under a stereomicroscope, and OGCs were collected
from early antral follicles (EAFs, 0.4-0.7 mm in diameter). OGCs were
observed under a digital microscope (Keyence) to measure their di-
ameter, and OGCs surrounded by thick compact GCs and oocytes
(90-100 pm in diameter) were selected for experiments. As described
in a previous report,’®> OGCs were individually cultured for 16 days
in 200 pL of IVG medium in 96-well plates with polyacrylamide gels
at the bottom. The number of OGCs forming an antrum was counted
every 2 days. Half of the medium was replaced with fresh medium
ondays 4, 8,and 12. At the end of the culture period (16 days), OGCs
with an antrum cavity were further analyzed. Almost all OGCs with-

out antrum contained degenerated oocytes.

2.4 | Measurement of diameter of oocytes grown
in vitro

Oocytes were denuded from surrounding cells. The diameter of the
ooplasm (horizontal and vertical diameters) was measured using a
digital microscope (Keyence). The average of the two values was cal-
culated and reported as the diameter.

2.5 | Measurement of the number of GCs consisting
a OGCs grown in vitro

GCs were detached from oocytes and dispersed by vigorous pi-
petting in a cell-dispersion cocktail (Accumax; Innovative Cell
Technologies, Inc). The total cell number was calculated using a

hemocytometer to obtain the average GC number per OGC.
2.6 | Measurement of lipid content in oocytes and
surrounding GCs

Granulosa cells and oocytes were separated from each OGC. Lipid

content was determined by Nile red staining (Wako), as described
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previously.* Briefly, oocytes were incubated for 10 minutes in PBS
containing 10 pg/mL Nile Red. Fluorescence images of the oocytes
were captured using a fluorescence microscope (Keyence), and the
fluorescence intensity of whole oocytes was measured using ImageJ
software (National Institutes of Health, Bethesda, MD, USA). In ad-
dition, GCs were enzymatically dispersed as described above and
stained with Nile red and Hoechst 33342. GCs were observed under
a fluorescence microscope (Leica), and the images were captured
to obtain the ratio of the fluorescence intensity of Nile red to that
of Hoechst. In addition, the GCs were subjected to flow cytometry
using a NovoCyte Flow Cytometer (2000R, ACEA Biosciences, Inc)
in FL2 channel (excitation laser 488 nm, emission filter 572/28 nm),
followed with data analysis with NovoExpress Software.

2.7 | Detection of acetylated H4K12 by
fluorescence immunostaining

Oocytes were fixed in 4% paraformaldehyde for 1 day and subjected
to immunostaining. Immunostaining was performed as previously re-
ported.’® The primary and secondary antibodies used for this proce-
dure were rabbit polyclonal anti-H4K12 (1:200; Novus International
Saint Charles) and fluorescein-conjugated goat anti-rabbit IgG
(1:500; Cell Signaling Technology Inc), respectively. Oocytes were
mounted onto glass slides with an antifade reagent containing DAPI
(ProLong™Gold antifade reagent with DAPI; Invitrogen). Oocytes
were observed under a Leica DMI 6000 B microscope using LAS AF
software (Leica), and fluorescent intensities of oocytes were quanti-

fied using ImageJ software (NIH).

2.8 | Measurement of ATP in oocytes

At the end of IVG, oocytes were denuded from GCs, and ATP con-
tent was determined by measuring the luminescence generated in
an ATP-dependent luciferin-luciferase reaction (ATP assay kit; Toyo-
Inc), as described previously.!® Each sample was prepared by adding
individual oocytes to 50 pl of distilled water.

2.9 | Invitro maturation and fertilization

All OGCs with an antrum cavity were selected, and oocytes with
2-3 GC layers were removed. The oocytes were cultured in IVM for
24 hours, and the frequency of oocytes at metaphase 2 stage, or fer-
tilization rate, followed by IVF, was determined. For IVF, the oocytes
were co-incubated with thawed semen from a Japanese black bull
for 5 hours, and then the oocytes were subsequently cultured for
13 hours to examine the fertilization rate. The semen was washed
with a 45%-60% Percoll solution (Amersham Biosciences) to cre-
ate a discontinuous gradient for centrifugation (800 g for 10 min-
utes). The final sperm concentration in IVF medium was 1 x 10°

cells/mL. To evaluate the fertilization rate, oocytes were denuded
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from the surrounding GCs, and the oocytes were transferred into
aceto-alcohol (ethanol:acetic acid = 3:1) for 3 minutes, and the
number of pronuclei was examined under a stereomicroscope
(Olympus). Oocytes with two clear pronuclei were determined to
be normally fertilized oocytes. Oocytes with over three pronuclei
or one pronucleus were determined to be abnormal fertilized oo-
cytes. Maturation and fertilization rates were examined four and
five times, respectively.

2.10 | GC collection and in vitro culture of the GCs

Granulosa cells were aspirated from antral follicles (3-5 mm in diam-
eter) on at least 20 cows using a syringe connected to an 18-gauge
needle and washed in culture medium. Cellular debris was removed
from the cellular pellets using a filter (pore size 60 um) and cultured
on plastic dishes (60 mm NUNC) for 24 hours. As the GCs contained
dead cells, the surviving GCs attached to the plastic plate were col-
lected by Accumax (Innovative Cell Technologies) treatment. GCs
were seeded in 96-well plates (Cat. No 353072; BD Biosciences) at
a final concentration of 200 000 cells/mL (100 pL/well). The next
day (2 days after collection), the morphology and density (70%-80%
confluent) of the GCs were examined under a microscope (Olympus),
and the culture medium was changed with the medium containing
DHA or vehicle.

2.11 | Lipid content and ATP content in GCs
cultured in vitro

Granulosa cells cultured on glass bottom plates (Thermo Fisher) at a
final concentration of 200 000 cells/mL (100 pL/well) for 48 hours
were stained with Nile Red as described above and their nuclei were
counterstained with Hoechst 33342. Fluorescent images of GCs
were captured using a fluorescence microplate reader (Spark 10 M,
Tecan), and the ratio of Nile Red/Hoechst 33342 was determined.
To determine the ATP content, GCs in each well were frozen and
thawed three times with 100 pL water, and water was collected from
each well following vigorous pipetting. This water (50 pL) was used
to determine the ATP content by measuring the luminescence gener-
ated during an ATP-dependent luciferin-luciferase reaction using an
ATP assay kit (Toyo-Inc). In addition, the remaining half of the water
was used for DNA extraction, and the copy number of nucleic DNA
was determined by real-time PCR as described below. Thereafter,
the ATP content of 10 000 GCs was calculated.

2.12 | Measurement of mitochondrial and nucleic
DNA copy number in GCs

Granulosa cells cultured on 96-well plates were lysed in 50
uL of lysis buffer (20 mmol/L Tris, 0.4% proteinase K, 0.9%
Nonidet-P40, and 0.9% Tween 20) followed by incubation at
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55°C for 30 minutes and then at 95°C for 5 minutes. The nuclear
DNA (nDNA) and mitochondrial (mtDNA) copy number in GCs
were determined using real-time PCR targeting the bovine mito-
chondrial genome and a single-copy nuclear gene. PCR was per-
formed using a CFX Connect™ real-time PCR detection system
(Bio-Rad). The PCR primer set was designed using Primer3Plus
(https://www.bioinformatics.nl/cgi-bin/primer3plus/prime
r3plus.cgi). Primers for nDNA were 5'-ttccactctgcacagtagcg-3’
and 5'-cccttactggttgtggcact-3', targeting a one-copy se-
quence of 83 bp (NC_037334.1). The primers for Mt-DNA were
5'-acccttgtacctttgcat-3’ and 5'-tctggtttcgggctcgttag-3' targeting
a mitochondrial genome sequence of 81 bp (NC_006853.1). The
PCR conditions were as follows: initial denaturation at 95°C for
1 minute, followed by 40 cycles at 98°C for 5 seconds and 60°C for
10 seconds. A standard curve was generated for each run using
10-fold serial dilutions representing the copy number of the ex-
ternal standard. The external standard was the PCR product of
the corresponding gene cloned into a vector using the Zero Blunt
TOPO PCR cloning kit (Invitrogen), which was sequenced be-
fore use. DNA copy number in the standard was calculated using
the concentration of DNA, molecular weight of the vector, and
Avogadro's number. The amplification efficiency in all trials was
>1.98. Thereafter, mtDNA per nDNA was calculated to obtain the
mitochondrial copy number per granulosa cell.

2.13 | Measurement of mitochondrial membrane
potential (MMP) and ROS content in GCs

Granulosa cells cultured in a glass bottom plate (Thermo Fisher)
were stained with a combination of MitoTracker Orange and Green
or a combination of Cell ROX and Hoechst 33342. Fluorescence
intensity was measured using a fluorescence microplate reader
(Tecan), and the fluorescence intensity of MitoTracker Red and Cell
ROX was divided by that of Mito-tracker Green and Hoechst 33342,
respectively.

2.14 | RNA-seq of GCs cultured with or
without DHA

Granulosa cells were collected and cultured with or without DHA
for 2 days, as described in Section 2.9 and GCs’ RNA was extracted.
RNA extraction was conducted using the RNAqueous® Kit (Life
Technologies), and three batches of RNA were produced using dif-
ferential ovary series. RNA quality was confirmed using an Agilent
2100 Bioanalyzer (Agilent Technologies), and cDNA libraries were
prepared using the NEBNext Ultra Il RNA Library Prep Kit (New
England BiolLabs). Library quality and quantity were determined
using the Agilent 2100 Bioanalyzer and KAPA Library Quantification
Kit (KAPA Biosystems), respectively. A multiplexed library was se-
quenced as 75 bp fragments (single-end reads) on a NextSeq 500

platform (lllumina). Sequence data were submitted to the DDBJ

Sequence Read Archive under accession number DRA011619
(https://www.ddbj.nig.ac.jp/index-e.html).

Quality control, data cleaning, gene expression analysis, and
identification of differentially expressed genes (DEGs) were per-
formed using the CLC Genomics Workbench 20.0.4 (Qiagen). Raw
read data were trimmed for adapter sequences and then filtered
under default settings: (a) the quality fraction was limited to 0.05,
(b) reads with more than 2 ambiguous bases were discarded, (c) 3
bases of 5' terminal nucleotides were removed, and (d) adapters
were removed automatically by CLC. The clean read data were
aligned randomly to a reference Bos taurus genome sequence (ARS-
UCD1.2/GCA_002263795.2,
s/Info/Index) to calculate gene expression levels with the following

https://asia.ensembl.org/Bos_tauru

parameters: (a) maximum number of allowed mismatches was 2, (b)
maximum number of allowed insertions and deletions was 3, (c) min-
imum length and similarity fraction was 0.8, and (d) the maximum
number of hits for reads was 10 (default). The expression value for
each gene was calculated as reads per kilobase of exon model per
million mapped reads (RPKM).

Differentially expressed genes were determined using the fol-
lowing criteria: P < .05. These processes were performed according
to the manual of the CLC Genomics Workbench. Significant Kyoto
encyclopedia of genes and genomes (KEGG) pathways enriched by
DEGs were determined using DAVID v.6.8 (https://david.ncifcrf.gov/
summary.jsp).

2.15 | Experimental design

First, the effects of various concentrations of DHA on oocyte growth
were examined. Ten OGCs were incubated with O, 1, or 10 pmol/L
DHA for 16 days, at the end of culture period oocytes, and GCs were
obtained from OGCs forming antrum. The diameter of the oocytes,
the number of GCs surrounding the oocytes, and the maturation rate
of the oocytes following IVM were examined. The experiment was
repeated 9 times. Next, 15 OGCs were cultured with O and 1 pmol/L
DHA for 16 days and the experiments were repeated 5 times. And
the fertilization ability of all oocytes grown in vitro was examined. In
the third experiment, 10 OGCs were cultured with O and 1 pmol/L
DHA for 16 days and randomly selected oocytes were examined for
their lipid and ATP content as well as the acetylation levels of H4K12.
Furthermore, lipid levels in the GCs were examined. The experiment
repeated 7 times. In the fourth experiment, GCs collected from an-
tral follicles were cultured in vitro and the effect of DHA (1 pmol/L)
on ATP, MMP lipid, reactive oxygen species (ROS), and mitochondrial
copy number were examined. Finally, the effect of DHA on the gene

expression of GCs was examined using RNA-seq.

2.16 | Statistical analysis

All measurement data are presented as the mean + standard

error of the mean (SEM), and all data were analyzed using the
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Kolmogorov-Smirnov test followed by Student's t test, and nonpara-
metric data were analyzed using the Mann-Whitney U test. The data
among the three groups (DHA, 0, 1, and 10 pumol/L) were analyzed
using analysis of variance (ANOVA), followed by Tukey's post hoc
test. Maturation and fertilization rate of oocytes were analyzed
using Chi square test. Statistical significance was set at P < .05.
Statistical analysis and calculation of correlation coefficients were
conducted using Bellcurve for Excel.

3 | RESULTS

When OGCs were cultured for 16 days, they formed an antrum-like
cavity surrounding the oocytes, and the rate of antrum formation did
not differ among groups (vehicle, 1, and 10 pmol/L DHA) (Figure 1).
The number of GCs consisting of OGCs did not differ among the
groups, whereas 1 pmol/L DHA significantly increased the diameter
of oocytes compared with the vehicle control (Table 1). Half of the
oocytes grown with 1 pmol/L DHA reached metaphase 2 stage,
but the value did not significantly differ between groups. Oocytes
grown with 1 pmol/L DHA had higher fertilization ability with sig-
nificantly higher total fertilization rate (73.6%) compared with those
cultured with vehicle (Table 2). Oocytes grown with 1 pmol/L DHA
had higher acetylation levels of histone H4K12 and tended to have
higher ATP content (P = .08) (Table 3), whereas lipid content in the
oocytes was significantly lower than that in oocytes grown with the
vehicle. Supplementation of medium with 1 pmol/L DHA decreased
the lipid content in the GCs surrounding oocytes (Figure 2A), and the
reduction in lipid content was confirmed by FACS (Figure 2B).

When GCs were cultured with or without DHA (1 pmol/L or ve-
hicle) for 3 days, DHA increased the ATP content in GCs on both
days 2 and 3 (Figure 3A). Furthermore, DHA increased MMP on day
2 (Figure 3B) and decreased the lipid content and ROS levels on day
3 (Figure 3C,D).

To determine the mechanism underlying the effect of DHA on
GCs, we cultured GCs with or without DHA for 2 days and conducted
RNA-seq. A total of 17 457 genes were detected and 595 genes were
found to be differentially expressed. The KEGG pathways enriched
by the DEGs (P < .05) were oxidative phosphorylation, focal adhe-
sion, and Ras signaling (Table 4). Regarding oxidative phosphorylation

70.0
= 60.0
)
E 50.0
=
£ 400
St
FIGURE 1 Antrum formation of OGCs < 300
cultured with or without DHA. OGCs E
were cultured for 16 d, and the ratio of *E 200
OGCs forming antrum was examined. A, < 10.0
Rate (%) of antrum formation during the
culture period. B, A representative picture 0.0
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genes, CPT1A was significantly (P = .019) increased, whereas fatty
acyl-CoA synthase, CPT2, and carnitine translocase did not differ
between the groups. In addition, ten of the 13 mitochondrial genes,
except for COX2,ND4L, and ND5, were significantly downregulated,
and of the 1139 nuclear genes encoding mitochondrial proteins, 21
genes were significantly downregulated, except for CPT1A. Genes
related to mitochondrial biogenesis (PPARGC1a, NRF1, NRF2, and
TFAM) did not differ between the DHA and control groups. Using
the DNA extracted from the same GCs batch, we examined the mi-
tochondrial DNA copy number in GCs but did not found a difference
between the two groups (DHA, 119.6 + 1.9 vs Vehicle, 120.2 + 1.4,
N.12).

4 | DISCUSSION

The present study demonstrated that DHA improved oocyte growth
and increased their diameters and fertilization ability. Furthermore,
DHA improved oocyte quality markers, including the acetylation lev-
els of H4K12. In addition, DHA treatment reduced the lipid content
in both oocytes and GCs. When GCs were cultured with DHA, lipid,
and ROS levels decreased, concomitant with an increase in ATP con-
tent and MMP. RNA-seq showed that DHA affects mitochondrial-
related genes.

The oocyte diameter increases as the follicle develops.'*¢ In
cows, oocytes with a small diameter (<120 um) have low meiotic
maturation competence,'® whereas oocytes with a diameter greater
than 120 pm had a high ability to complete nuclear maturation, fer-
tilization, and development to term.}>?° The quality of oocytes has
been evaluated using various indexes. For example, high competent
bovine oocytes have higher levels of ATP compared with those in
poor quality oocytes,?! and competent oocytes have high acetylated
histones in pigs, cows, horses, and mice.???® ATP and acetyl-CoA
are produced by mitochondria and are important substrates for his-
tone acetylation.?” When porcine and bovine oocytes derived from
EAFs were cultured in vitro, in vitro grown oocytes with high de-
velopmental competence had high levels of ATP, acetylated lysine,
and acetylated H4K12.331528 GCs are crucial for oocyte growth by

providing energy substrates and important substrates through gap
|14

junctions. Munakata et a

have reported that the number of GCs in

of OGCs forming antrum. Arrow indicates
antrum cavity

day2 day4
—Control =- 1 uM - 10 uM

day8 day12 dayl6
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TABLE 1 Effect of DHA on growth and nuclear maturation of oocytes and number of granulosa cells

Diameter of oocytes and number of GCs

Oocytes at M |l stage

No. Diameter of
DHA (umol/L) OGCs Trialno. OGCs with AF  oocytes
0 50 5 20 118.8 + 0.9a
1 50 5 27 122.0 + 1.0b
10 50 5 17 120.0 + 1.2ab

Note: Ten oocyte granulosa cells complexes (OGCs) were cultured in mediu

Number of Trials

GCs no. No.of OGCs  No.of oocytes M Il (%)

52435+ 6918 4 39 26 12
(46.2)

66 323 + 5923 4 40 28 14
(50.0)

63714+7192 4 40 26 9 (34.6)

m containing vehicle (ethanol), 1 and 10 pmol/L DHA for 16 d. In the first

5 trials, OGCs forming antrum were selected, and diameter (um) of in vitro grown oocytes and number of GCs surrounding the oocyte was examined.
In the next 4 trials, maturation rate of the oocytes following in vitro maturation was examined. a,b: P < .05.

TABLE 2 Effect of DHA treatment on fertilization ability of oocytes grown in vitro

DHA (umol/L) No. of OGCs Trials no. No
0 75 5 40
1 75 5 44

Number of fertilized oocytes (%)

of oocytes Total Normal Abnormal
19 (47.5)° 16 (40.0) 3(7.5)
33(75.0)° 25(56.8) 8(18.2)

Note: Fifteen oocyte granulosa cell complexes (OGCs) were cultured in medium containing vehicle (ethanol) and 1 pmol/L DHA for 16 d, and the rate
of fertilization (total rate of oocytes fertilized, normally fertilized, and abnormal fertilized) was examined. a,b: P < .05.

TABLE 3 Effect of DHA in culture medium on acetylation levels of H4K12, amount of lipid, and ATP content in oocytes grown in vitro

No. of No. of Levels of H4K12
DHA con. (umol/L) OGCs oocytes acetylation
0 70 11 1.00 + 0.05a
1 70 11 1.17 + 0.04b

No. of Lipid content per  No. of ATP content
oocytes oocyte oocytes per oocyte
18 1.00 + 0.03a 8 2.27 +0.12
20 0.87 + 0.04b 11 2.64 +0.14

Note: Oocyte granulosa cells complexes (OGCs) were cultured in medium containing vehicle (ethanol) and 1 pmol/L DHA for 16 d. A total of 70 OGCs
were used, and levels of H4K12 acetylation and amount of lipid and ATP content (pmol) per oocyte grown in vitro were examined. a,b: P < .05.

(A) (B) Control /E1 FIGURE 2 A, Lipid contentin
S | o granulosa cells (GCs) derived from OGCs
1.2 i 1 DHA treated with or without DHA. Fluorescent
I - intensity of Nile red per Hoechst staining
1 l or ] of GCs. Average of control (vehicle, trial
% 038 = number 7) was defined as 1.0. B, GCs
E: ’ ; 8 1 stained with Nile red were examined using
Q 0.6 g a flow cytometer [Colour figure can be
% S viewed at wileyonlinelibrary.com]
=04
0.2 o
y 01049. 106 1088
Control 1 uM e

follicles is positively related to the levels of ATP and acetylation of
H4K12 in the corresponding oocytes in pigs. In addition, artificially
addition of granulosa cells to bovine OGCs increased the growth
of oocytes, ATP content, and the acetylation of H4K12 in oocytes
grown in vitro.** In the present study, we found that treatment of
GCs of OGCs with DHA significantly increased the levels of ATP in
the GCs. Therefore, the high ATP levels in GCs could improve the

in vitro growth of oocytes by supporting high H4K12 acetylation
levels.

The present study showed that DHA reduced the lipid content
in both oocytes and GCs. Lipids are an important energy source
for ATP production through B-oxidation in the mitochondria
during oocyte maturation.?? Inhibition of B-oxidation by a carni-
tine palmitoyl transferase | (CPT-1) inhibitor reduced the capacity
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FIGURE 3 ATP, MMP, lipid content, (A) (B)
and reactive oxygen species (ROS) content = 6
in the granulosa cells (GCs) which were g 400 12—
cultured with or without DHA in 96-well b= 35.0 1
plate for 2 and 3 days. A, ATP content = 300 0.8
(pM) per 10,000 cells and (B) MMP of % 22'2 E 0.6
granulosa cells (GCs). Values of control E 150 = 04
GCs are defined as 1.0 for each day 2 and TE’ 10.0 °_>’ 02
3. C, Lipid content of GCs (GCs). Values 55’ Z‘g % o
of control GCs are defined as 1.0 for each 3 ' Cont DHA Cont DHA & Cont DHA Cont DHA
day 2 and 3. D, ROS content, values of ﬁ N.12 N.12 N.12 N.12 N2 N.12 N.12 N.I2
control are defined as 1.0. The experiment < Day2 Day3 Day2 Day3
was repeated 12 times. Bar represents ©) 12 (D)
standard error mean. *P < .05 ’ i3
1 -

N 3 1

§ 0.8 g

= S 08

8 0.6 7]

= S o6

-§‘ 0.4 f 0.4

() -Z

,E 0.2 E 0.2

% 0 &) 0

& Cont DHA Cont DHA Cont | DHA | cCont | DHA

N.12 N.12 N.12 N.12 N.12 N.12 N.12 N.12
Day2 Day3 Day2 Day3

TABLE 4 KEGG Pathway enriched by differential expressed
genes

Kegg pathways P value
Oxidative phosphorylation 1.358E-05
Parkinson's disease 0.000144
Focal adhesion 0.002378
Ras signaling pathway 0.006352
Choline metabolism in cancer 0.006588
Alzheimer's disease 0.0182385
Glycerophospholipid metabolism 0.0213112
Platelet activation 0.0235876
Insulin resistance 0.0379412
Proteoglycans in cancer 0.0382745
mTOR signaling pathway 0.0425702
ECM-receptor interaction 0.0450487
PI3K-Akt signaling pathway 0.0470851

of oocytes to develop to the blastocyst stage,’® whereas activa-
tion of p-oxidation by supplementation of maturation medium with
L-carnitine improved the developmental competence of mouse
oocytes.®! In addition, acceleration of B-oxidation via carnitine
treatment reduced ROS content and improved oocyte maturation
and developmental ability.?2 The present study showed that DHA
upregulated the expression levels of CPT1A in GCs without affect-
ing mtDNA copy number. Thus, it is suggested that DHA enhances
lipid utilization in mitochondria to generate ATP, which results in a
decline in lipid content.

Besides DHA-induced high ATP and MMP and low ROS con-
tent in GCs, RNA-seq revealed that DHA downregulated the over-

all expression levels of genes encoding mitochondrial proteins in

both the nuclear and mitochondrial genomes. In addition, mito-
chondrial genome copy numbers did not differ between the two
groups. Oxidative phosphorylation was the top pathway enriched
by the DEGs. Supplementation of male with fish oil drastically
increased DHA contents in mitochondrial membrane of skele-
tal muscles.®® DHA supplementation of the medium affects the
cellular membrane 34 and is incorporated into the mitochondrial
membrane, as determined by an increase in cardiolipin.®® In addi-
tion, DHA increased MMP and susceptibility of the mitochondria
to oxidative stress.®® Therefore, it is hypothesized that DHA may
change mitochondrial characteristics in GCs. The effects of DHA
on mitochondria are contradictory. Although all of these studies
used high concentration of DHA (50-100 umol/L), DHA increased
mtDNA copy number and upregulated mRNA expression of genes
associated with mitochondrial synthesis (PGC-1a, NRF1, and
TFAM) in mouse C2C12 myoblasts and human liver cancer cell line
HepG2°728 and reduced ROS content and increased mitochon-
drial membrane potential.38 However, DHA decreased mitochon-
drial number in C2C12 myoblasts %% and increased ROS content
by stimulating PI3K/Akt signaling.*® These reports indicate that
DHA has various effects on mitochondria depending on the cell
type and condition. Elis et al® reported that 1 pmol/L of DHA in
IVM medium improved developmental ability and reduced lipid
content in bovine oocytes. They addressed possible mechanism
underlying the effect of DHA using microarray could not define
signaling pathways.'® The present RNA-seq showed enrichment
in focal adhesion, Ras, mTOR, and PI3K-Akt signaling pathways.
It has been reported that treatment of colon cells with DHA re-
duced Ras translocalization to the plasma membrane and inhib-
ited GTP-bound Ras at the membrane.®® In addition, DHA has
been shown to protect cells from palmitic acid-induced lipotoxic-
ity through PI3K/AKT and mTOR signaling.** Furthermore, DHA
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induced apoptosis in cancer cells by stimulating AMPK, PI3K-Akt,
and mTOR signaling.*? These reports suggest that mitochondrial
function, focal adhesion, Ras, PI3K/Akt, and mTOR are possible
mechanisms underlying the effect of DHA on GCs. However, the
evidence is not enough to determine possible mechanism of DHA
on oocyte growth, and the signaling pathway needs to be eluci-
dated in future studies.

In conclusion, consistent with previous reports on the beneficial
effects of DHA on in vivo follicle development, our results indicate
that DHA supports the in vitro development of oocytes derived

from bovine EAFs.
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