Journal of Reproduction and Development, Vol. 61, No 4, 2015
—Original Article—

Resveratrol-induced mitochondrial synthesis and autophagy in oocytes
derived from early antral follicles of aged cows
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Abstract. Mitochondrial numbers increase during oocyte growth. In this study, we collected oocytes and granulosa cell
complexes (OGCs) from early antral follicles (EAFs) of aged cows (> 120 months of age) and examined the effects of
resveratrol on mitochondrial generation, degradation, and quality in oocytes grown in vitro. We also examined the effects of
resveratrol on gene expression of the granulosa cells. Resveratrol (20 pM) enhanced the expression of SIRT1 and induced
autophagy in both granulosa cells and oocytes derived from aged cows. Culturing the OGCs with resveratrol increased
mitochondrial DNA copy numbers in oocytes grown in vitro. Furthermore, resveratrol increased the ATP content in oocytes
and improved the developmental ability of the oocytes to the blastocyst stage. Gene expression profiles in granulosa cells, as
evaluated by next-generation sequencing technology, revealed that resveratrol enhanced the expression of EIF2-related genes
but downregulated the expression of mammalian target of rapamycin (mTOR)-, inflammation-, and cholesterol homeostasis-
related genes in granulosa cells. In conclusion, resveratrol affected both oocytes and granulosa cells derived from aged cows
and improved the quality of oocytes grown in vitro through upregulation of mitochondrial biogenesis and degradation in

growing oocytes and conditioning of granulosa cells.
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Mitochondria are crucial organelles that play important roles
in energy metabolism, calcium homeostasis and apoptosis.
Mitochondrial number increased during oocyte growth in vivo and in
vitro [1, 2], and the mitochondrial number (Mt number) in oocytes is
important for oocyte quality, given the observed correlations between
Mt numbers, fertilization, and developmental outcomes [3—6].
Additionally, reports have shown that aging decreases mitochondrial
quality and quantity, which may be the primary causes of infertility in
aged animals [3, 7-9]. The quality and quantity of mitochondria are
regulated through the well-orchestrated processes of mitochondrial
biogenesis and degradation in cells; mitochondrial biogenesis is
regulated by mitochondrial transcription factor A (TFAM) and
proliferator-activated receptor y (PPARY) coactivator 1o (PGCla),
which are downstream of 5' AMP-activated protein kinase (AMPK)
and sirtuin 1 (SIRT1) [10-12]. However, few reports have studied
mitochondrial generation and degradation during oocyte growth.
The sirtuin family, which consists of seven family members in
mammals, is a versatile protein family involved in whole-body
metabolic homeostasis and has attracted attention as a potential
resource for therapeutic applications. SIRT1, a member of the sirtuin
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family, is predominantly localized in the nucleus and deacetylates a
spectrum of transcriptional regulators localized in the nucleus and
cytoplasm in an NAD"-dependent manner [13]. Resveratrol, a small
polyphenol compound found in mulberries, peanuts, and grapes,
functions through activation of SIRT1 [10, 14-16]. Supplementation
of maturation medium with resveratrol has been reported to have
beneficial effects in oocytes derived from young an aged cows,
improving ATP content and fertilization outcomes in bovine oocytes
[17, 18] and inducing de novo mitochondrial generation in porcine
oocytes [19]. However, whether adding resveratrol to in vitro growth
medium of oocytes derived from early antral follicles (EAFs) induces
mitochondrial generation and degradation or improves the quality
of oocytes grown in vitro has not yet been clarified.

Maternal aging-associated deterioration of oocytes is a common
feature in mammals; however, no effective measures to counteract
this process have been developed. Cows are commonly used as a
model of maternal aging because their follicle selection system is
similar to that in humans and because they have long reproductive
lives [20-25]. In addition, low mitochondrial quality and quantity
have been reported in bovine oocytes derived from antral follicles
of'aged cows [9]. Furthermore, the developmental ability of oocytes
derived from EAFs of aged cows is low compared with those derived
from younger cows, and the gene expression profiles of granulosa
cells have been shown to differ between young and old cows [26].

In the present study, we examined the effects of resveratrol on
Mt number and quality in aged oocytes. To this end, we collected
oocytes and granulosa cell complexes (OGCs) derived from EAFs
of aged cows and treated the OGCs with or without resveratrol for
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16 days. The effects of resveratrol on mitochondrial generation and
degeneration during oocyte growth were examined. In addition,
we examined the effects of resveratrol on gene expression profiles
of granulosa cells. Our data provide important insights into the
mechanisms of aging and mitochondrial regulation in oocytes.

Materials and Methods

Media and chemicals

Unless otherwise stated, all drugs were purchased from Nacalai
(Kyoto, Japan). The TCM 199 medium (Gibco BRL, Paisley, UK)
used for in vitro culture (IVC) of OGCs was supplemented with 5.56
mM glucose (final concentration, 11.2 mM), 0.1 mM pyruvic acid,
0.1 pg/ml estradiol-17p (E2), 0.02 milliarbitrary units (mAU)/ml
follicle-stimulating hormone (FSH; Kawasaki Mitaka Pharmaceutical,
Kawasaki, Japan), 4% polyvinylpyrrolidone (PVP; 360K), 4 mM
hypoxanthine and 10% fetal calf serum (FCS; 5703H, ICN, Costa
Mesa, CA, USA). Resveratrol (Wako, Tokyo, Japan) was dissolved in
ethanol at a concentration of 20 mM (x1000 of final concentration).
The TCM 199 medium used for in vitro maturation (IVM) of oocytes
contained 5% FCS. The medium used for IVF and culture of embryos
was synthetic oviduct fluid (SOF) [27]. The SOF medium used for
IVF was supplemented with 4 mg/ml BSA and 10 U/ml heparin
(Sigma-Aldrich, St. Louis MO, USA), and the medium used for
IVC was supplemented with 5% FCS and amino acids (essential
and nonessential amino acids; Sigma).

Collection of ovaries and oocytes from EAFs

Japanese black cows over 120 months of age were used as aged
donors, as reported previously [9, 17, 28]. Ovaries were collected
from a slaughterhouse and transported to the laboratory in phosphate-
buffered saline (PBS) containing antibiotics at 30 C within 4 h. The
ovaries were wiped with 70% ethanol, the ovarian surface was sliced,
and EAFs measuring 400-700 pm in diameter were collected. OGCs
were retrieved from the EAFs using an 18-G needle connected to a
1-ml syringe. Representative images of OGCs collected from EAFs
are shown in Fig. 1A. In total, 135 aged cows (average age: 160 +
2.2 months) were used.

Culture of OGCs and IVM

OGCs were individually transferred to wells containing 200 pl of
medium (96-well plates, Becton, Dickinson and Company, Franklin
Lakes, NJ, USA) and cultured for 16 days. Half of the medium was
replaced with fresh medium, and antrum formation was examined
at intervals of 4 days. After the culture period, OGCs having antra
(Fig. 1B) were subjected to IVM for 23 h, and almost all oocytes in
OGCs without antra degenerated (Fig. 1C). For IVF, frozen-thawed
semen from a Japanese Black Cow was used, and presumptive zygotes
were cultured in IVC medium for 7 days as described previously
[29]. At that time, embryos reached the blastocyst stage, and the
total number of blastocysts was determined.

Measurement of mitochondrial DNA copy numbers in oocytes
Oocytes collected from EAFs of each donor and oocytes grown in

vitro were individually lysed in 6 ul lysis buffer (20 mM Tris, 0.4 mg/

ml proteinase K, 0.9% Nonidet P40, and 0.9% Tween 20) at 55 C for

Fig. 1.

Representative images of OGCs. A, OGCs collected from EAFs.
B, OGCs cultured for 16 days and having formed an antrum. C,
OGCs cultured for 16 days and not having formed an antrum.
Oocytes seem degenerated. A: Oocytes. —: Antrum. Scale bar
represents 100 pm.

30 min followed by incubation at 95 C for 5 min. Mt numbers were
then determined by real-time PCR as described previously [9, 30].

Detection of SIRT1 and LC3 by fluorescence immunostaining
Oocytes were collected from OGCs cultured for 4 days in medium
with 0 (vehicle) or 20 pM resveratrol. The time point of 4 days
was selected because antrum formation occurs between days 4
and 8 and almost all oocytes in OGCs without antrum formation
degenerated (Fig. 1C); thus day 4 is the optimal time point to obtain
enough viable oocytes for immunostaining. Immunostaining was
conducted as described previously [17]. The primary antibodies were
rabbit polyclonal anti-LC3 (1:500; Novus International, St. Charles,
MO, USA) and rabbit polyclonal anti-SIRT1 (1:500; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), and fluorescein-conjugated
goat anti-rabbit IgG (1:1000; Cell Signaling Technology, Beverly,
MA, USA) was used as a secondary antibody. Oocytes were mounted
on glass slides using an antifade reagent containing DAPI (ProLong
Gold antifade reagent with DAPI; Invitrogen, Life Technologies,
Carlsbad, CA, USA). The expression of SIRT1 was observed using a
digital fluorescence microscope (BZ-8000; Keyence, Tokyo, Japan).
Fluorescence images of the oocytes were captured, and the fluorescence
intensity was measured using the NIH ImageJ software. The number
of LC3 dots was observed using a fluorescence microscope (LAS
AF; Leica Microsystems, Wetzlar, Germany). The numbers of LC3
dots in an equatorial region of the oocytes were counted under a
fluorescent microscope (Leica LAS AF, Wetzlar, Germany).

Western blot analysis
OGCs were cultured in medium with 0 (vehicle) or 20 pM



RESVERATROL AFFECTS OOCYTE GROWTH 253

resveratrol for 4 days. Oocytes and granulosa cells were then separated
and lysed in 20 pl of Laemmli sample buffer (Bio-Rad Laboratories,
Hercules, CA, USA), and the proteins were extracted for 10 min
at 95 C. Proteins were then separated by electrophoresis on 10%
sodium dodecyl sulfate (SDS) polyacrylamide gels and were trans-
blotted on polyvinylidene difluoride membranes (Bio-Rad transfer
pack). Anti-LC3 (1:500; Novus International) or anti-SIRT1 (rabbit
anti-SIRT1 IgG; Santa Cruz Biotechnology) and anti-actin (mouse
anti-b-actin; Sigma) antibodies were used as primary antibodies.
Anti-rabbit and anti-mouse horseradish peroxidase (HRP)-conjugated
IgG (GE Healthcare, Buckinghamshire, UK) were used as secondary
antibodies. Signal detection and densitometry analysis were performed
using imageQuant LAS 4000 (GE Healthcare). The signal intensity
of SIRT1 was normalized by that of actin, and the ratio of LC3-II to
total LC3 (LC3-11/ [LC3-I + LC3-II]) was calculated.

ATP measurement

OGCs cultured in vitro were subjected to IVM, after which the
oocytes were removed from granulosa cells, and the ATP content
in individual oocytes was measured. The ATP assay was conducted
as previously described [19].

Gene expression analysis

Effects of resveratrol on the granulosa condition of OGCs were
examined at the end of the culture period. OGCs from 34 donor cows
(160 + 3.5 months of age) were cultured with 0 (vehicle) or 20 uM
resveratrol for 16 days, after which granulosa cells were collected
(n = 3 replicates each). RNA extraction was performed using an
RNAqueous kit (Life Technologies, Carlsbad, CA, USA). After an
RNA quality check using a 2100 Bioanalyzer (Agilent Technologies,
Palo Alto, CA, USA), libraries were prepared using a TruSeq RNA
Sample Preparation Kit (Illumina, San Diego, CA, USA). Using these
libraries, clusters were generated on an [llumina cBot, and two lanes
for the six groups were sequenced as 50-bp reads (single end) on an
[llumina HiSeq Sequencing System. Image analysis, base calling, and
quality filtering were performed with CASAVA ver. 1.8.3. (Illumina)
following the manufacturer’s instructions. Derived sequence data
were aligned to the bovine genome sequence (UMD3) to count the
sequence reads. The read counts per transcript and RPKM values [31]
were generated for all annotated genes. Genes that were significantly
(P < 0.05) differentially expressed were interpreted in the context
of their biological processes or functions and by their networks and
pathways by using IPA (Qiagen, Redwood City, CA, USA, www.
qiagen.com/ingenuity). Fisher’s exact test was used in the analysis
of gene set enrichment in the functional categories.

Experimental design

Experiment 1: The effects of resveratrol on the expression of SIRT1
in oocytes and granulosa cells were examined by immunostaining and
western blot analysis. OGCs were cultured with 0 (vehicle, ethanol)
or 20 uM resveratrol for 4 days. For immunostaining of oocytes, eight
aged donor cows were used. For western blot analysis, granulosa
cells collected from 35 OGCs were used, and sampling was repeated
four times with different donors; in total, 19 aged cows were used.

Experiment 2: The effects of resveratrol on the number of au-
tophagosomes in oocytes were examined. OGCs were cultured with

0 (vehicle) or 20 uM resveratrol for 4 days, and the occurrence of
autophagy was evaluated by examining the number of LC3 dots
and the LC3-I/LC3-II band patterns in cells [32, 33]. The number
of LC3 dots was determined by immunostaining, and the LC3 band
pattern was determined by western blot analysis using granulosa
cells collected from 35 OGCs. Sampling was repeated three times
using a total of 18 different donors.

Experiment 3: The effects of resveratrol on Mt numbers were
determined in oocytes grown in vitro. Twenty OGCs were collected
from EAFs of each donor cow and divided into two groups. These
OGCs were cultured in medium with 0 (vehicle) or 20 uM resveratrol
for 16 days. At the end of the culture period, oocytes were denuded
from OGCs forming antra, and Mt numbers of oocytes were examined
individually. In total, 13 cows were used.

Experiment 4: The effects of resveratrol on ATP content were
determined in oocytes grown in vitro. Twenty OGCs were collected
from EAFs of each donor cow and divided into two groups. These
OGCs were cultured in medium with 0 (vehicle) or 20 uM resveratrol
for 16 days, after which OGCs having antra were cultured in [IVM
medium for 23 h. ATP content in individual oocytes was then
measured. In total, 17 cows were used.

Experiment 5: Here, we examined the effects of resveratrol on the
in vitro development of oocytes derived from EAFs. Fifty-five OGCs
were cultured in medium with 0 (vehicle) or 20 uM resveratrol, and
the rate of antrum formation was examined during 16 days of IVC.
OGCs having antra were subjected to IVM, IVF, and IVC, and the
rates of cleavage and blastulation were examined. The experiment
was repeated 11 times using a total of 57 aged cows.

Experiment 6: In this experiment, the effects of resveratrol on the
gene expression patterns of granulosa cells were examined. OGCs
collected from EAFs of 34 aged cows were treated with 0 (vehicle)
or 20 puM resveratrol. At the end of the culture period (16 days),
granulosa cells were collected from OGCs forming antra and were
used for gene expression analysis.

Statistical analysis and gene expression analysis

Data were compared using Student’s two-tailed #-tests. Development
rates were arcsine transformed before analysis, and values less than
0.05 were considered significant. In gene expression analysis, statistical
significance was determined by Fisher’s exact test using edgeR [34].
Differences with P values of less than 0.05 were considered significant.

Results

Resveratrol increased SIRT1 levels in oocytes and granulosa
cells.

First, we examined the expression of SIRT1 in oocytes and
granulosa cells following treatment with resveratrol. Figure 2 shows the
expression of SIRT1 in oocytes and granulosa cells. Supplementation
of culture medium with resveratrol increased SIRT1 expression by
1.7- and 2.0-fold in oocytes and granulosa cells, respectively (P <0.05).

Resveratrol upregulated autophagy in oocytes and granulosa
cells.

Next, we examined the occurrence of autophagy in oocytes and
granulosa cells treated with resveratrol by analyzing the expression
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Fig. 2.  Expression level of SIRT1 in oocytes (A vehicle, B resveratrol) and granulosa cells (C, D). A, SIRT1 was localized throughout the oocyte, but was
more strongly present in the nucleus in both groups. B, Comparison of average SIRT1 expression levels, with the values are presented in proportion
to the control (set as 1.0). C, SIRT1 and Actin expression measured by western blot analysis. D, Effects of resveratrol on the relative expression
level of SIRT1 with respect to that of Actin. OGCs were cultured in medium containing 20 uM resveratrol or vehicle (ethanol) for 4 days. Values
were normalized to those of the control. * P < 0.05.

A

of the marker of autophagosomes. LC3 protein is generally found to
be localized in autophagosome membranes and can be visualized as
punctate structures using a fluorescence microscope. Alternatively,
autophagosomes can be monitored by biochemical assay; such
assay detects the conversion from LC3-I to LC3-II, which is clearly
correlated with the number of autophagosomes, using antibodies
against LC3 [33]. Supplementation of culture medium with resveratrol
significantly increased the number of LC3 dots (Fig. 3). In addition,
western blot analysis revealed that resveratrol increased the relative
intensity of the LC3-II band with respect to total LC3 in both oocytes
and granulosa cells (Fig. 4A—C).

B 400 1 *

Resveratrol increased Mt numbers in oocytes grown in vitro. 350 A
As shown in Fig. SA, mitochondrial DNA copy numbers varied greatly 300 A
among donor cows, and the average Mt numbers in oocytes increased 3250 -
from 440,424 £ 48,319 to 590,129 + 72,345 following treatment with B
20 uM resveratrol (Fig. 5B). The difference between these two groups — I
was not significant. However, when the mitochondrial DNA copy Z 150 1 .
number in control oocytes of each donor was defined as 1.0, the Mt 100 1
number increased in almost all donors following resveratrol treatment 50 -
(Fig. 5C), and the difference between untreated and resveratrol-treated 0 i
oocytes was significant (Fig. 5D; 1.0 vs. 1.41 +0.18, P <0.05). Control. (N.23) Resv. (N.20)
Resveratrol increased ATP content in oocytes grown in vitro. Fig. 3.  Effects of resveratrol on the number of LC3 dots in oocytes

observed by immunostaining. OGCs were cultured in medium

The ATP content in mature oocytes reflects developmental compe- containing 20 uM resveratrol or vehicle (cthanol) for 4 days,

tence in cows and humans [35, 36]. Therefore, we next examined the and the oocytes were stained against LC3. A, LC3 in the
ATP content of oocytes following in vitro maturation. The average autophagosome membrane was visualized as dots (left vehicle;
ATP content of in vitro mature oocytes varied substantially among right, resveratrol). B, Comparison of number of LC3 dots

between the vehicle and resveratrol groups. * P < 0.05.



Fig. 4.

Fig. 5.

RESVERATROL AFFECTS OOCYTE GROWTH 255

A 03 1 * B 0.5 7 N

z ) 0.4

en & 04 4
S Q S
== 02 . 53
st S+ 03 -
n 1n
- e o o I
o< 014 o=
> >
- m - 4
Z0 g5 0l
W
&3 . g8 .

Cont (N.3) Resv. (N.3) Cont. Resv.
(N.3x 35 oocytes) (N.3 x 35 oocytes)
C kD Cont. Resv. Cont. Resv.
' mwww —— O
10kDa = R € o1
— e i
40kDa = : €— Actin

Granulosa cells Oocytes

Effects of resveratrol on LC3-II expression levels with respect to LC3 in oocytes (A) and granulosa cells (B). Conversion of LC3-I to LC3-II was
detected by western blotting using antibodies against LC3. * P < 0.05.

1200000 - 700000 1 B
OControl
B Res 20uM 600,000
1000000 | es 20n
500,000
800000 A i
400,000 |
600000
300,000
400000 1
200,000 1
200000 1 100,000 1
U 0 .
A 123456 7 8 910111213 Control(N.42) Resv.(N.52)
OControl
354 C 18+ D *
HRes 20pM
5 1.6
14
25
12 -
2 1 1 -
1.5 4 058 -
0.6 -
] .
04 -
05 | 02 -
0 0 .
1 2 3 4 5 6 7 8 9 1011 12 13 Control (N.13) Resv. (N.13)
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donors (Fig. 6A). Treatment with resveratrol induced a significant
increase in ATP content compared with the control (1.95 vs. 3.1 pM,
respectively, P < 0.05; Fig. 6B).

Resveratrol improved the in vitro development of oocytes.

Antrum-like cavities emerged beginning from day 4, and the
rate of the antrum formation increased during the culture period. At
the end of the culture period (16 days), the final antrum formation
rate was 61.5 = 4.9% for the control group and 73.2 + 4.0% for the
resveratrol group (Table 1); this difference was not significant (P =
0.10). Cleavage rates for oocytes grown with 20 uM resveratrol in
vitro after maturation and fertilization increased from 22.5 + 3.0%
in the untreated control to 32.9 + 5.0% (P = 0.07). Furthermore,
6.3 +2.2% of the OGCs treated with resveratrol developed to the
blastocyst stage; this rate was significantly greater than that of the
control group (0.6 + 0.6%, P = 0.03, Table 1).

Gene expression in the granulosa cell was profoundly affected
by resveratrol.

Next, we analyzed gene expression profiles using next-generation
sequencing (NGS). We generated total of 122 and 142 million reads
for granulosa cells cultured without or with 20 uM resveratrol,
respectively. The sequence data were deposited in the DDBJ Sequence
Read Archive (DRA). The sequencing reads were aligned to the bovine
genome sequence and uniquely mapped to known exons and splice
junctions. Among the genes with mapped reads, Fisher’s exact test
revealed differentially expressed transcripts (P < 0.05) between the
two groups. We analyzed gene expression by using IPA to find top
canonical pathway of genes with significant differential expression
between untreated and resveratrol-treated oocytes. Long-term treat-
ment of OGCs with resveratrol for 16 days altered the expression
of genes involved in EIF2 signaling (Table 2) and upregulated
genes related to protein synthesis (Supplementary Figs. 1 and 2:
online only). In addition, mammalian target of rapamycin (mTOR)
and tumor necrosis factor alpha (TNFa) signaling were included
in the top canonical pathways (Table 2). Genes associated with
high developmental competence were expressed at higher levels in
granulosa cells of OGCs cultured with resveratrol relative to those
cultured without resveratrol (Table 3).

Discussion

The present study demonstrated that treatment of OGCs collected
from the EAFs of aged cows with resveratrol increased de novo
mitochondrial synthesis and autophagy during oocyte development.
Moreover, resveratrol treatment increased ATP content in oocytes
grown in vitro and improved the developmental ability of oocytes.
In addition, we found that resveratrol had dramatic effects on gene
expression in granulosa cells. Thus, our data provided important
insights into the effects of resveratrol on oocyte development and
mitochondrial quality.

The balance between mitochondrial biogenesis and degradation
ultimately determines the quantity and quality of mitochondria in cells.
In this study, we found that culturing OGCs with resveratrol for as
little as 4 days enhanced the expression level of SIRT1 in oocytes and
granulosa cells, thereby affecting mitochondrial biogenesis. Consistent

O Control

5 ERes 20pM
4
3
2
1
0 o

123 45 6 7 8 910111213 141516 17

35-B

*
3 -
25
5 | T
15 1 !
1 -
0.5 A
0 '

Control (N.17) Resv. (N.17)

Fig. 6.  Effects of 20 uM resveratrol on the ATP contents (pM) in mature

oocytes grown in vitro (average + SEM). Oocytes collected from
individual donor cows were divided into two groups and grown
with or without resveratrol for 16 days, after which the oocytes
were further cultured for nuclear maturation. A, Average ATP
content of matured oocytes for individual cows. X-axis: serial
number. Y-axis: ATP content (pM). B, Average of 17 donor cows.
Y-axis: ATP (pM). * P <0.05.

with this, resveratrol is known to enhance mitochondrial biogenesis in
somatic cells through upregulation of SIRT1 and AMPK [10, 37-39].
Moreover, resveratrol has been shown to be a potent activator of
mitochondrial degeneration through autophagy [15, 40], a process that
mediates cellular homeostasis by removing damaged mitochondria and
other organelles [11]. Our data showed that autophagy was induced
in response to resveratrol treatment in both oocytes and granulosa
cells. These results suggested that mitophagy may occur in growing
oocytes and that resveratrol may induce mitophagy in oocytes. In
this context, Sato et al. [19] reported that resveratrol significantly
enhanced both mitochondrial degeneration and de novo synthesis,
resulting in mitochondrial replenishment and, therefore, improved
oocyte competence. However, to the best of our knowledge, our study
is the first report of autophagy in growing oocytes.

Mitochondrial DNA copy numbers increase during oocyte growth
in vivo and in vitro [2, 30] and, the Mt number in mature oocytes is
crucial for determining the developmental capacity of the oocytes
[6]. On the other hand, decreased Mt numbers have been observed in
in vitro matured oocytes and embryos collected from aged cows [9,
17]. Mt numbers differ greatly among cows, as has been reported for
oocytes derived from both AFs and EAFs in cows [9, 30]. Consistent
with these reports, we found that Mt numbers in oocytes grown in
vitro varied dramatically among donor cows, thereby masking the
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Table 1. Effect of resveratrol on developmental ability of oocytes grown in vitro

Resv (uM) No. of oocytes No. of replicates ~ AF (%) formation ~ Cleavage (%) Blastulation (%) No. of cells
0 158 11 61.5+4.9 22.5+3.0 0.6 £ 0.6° 79.5+6.7
20 158 11 732+4.0 329+5.0 6.3+2.20 67.7+5.6

AF; antrum formation. Data are represented as mean + SEM. > P <0.05.

Table 2. Top canonical pathway of genes with significantly differential
expression between in the presence and absence of resveratrol

Table 3. Marker gene of granulosa cells associated with developmental
competence oocytes and embryos and genes discussed in the text

P-value Ratio
4.89E-06 16/201 (0.08)
1.45E-03 12/213 (0.056)
4.14E-03 5/54 (0.093)
6.39E-03 5/54 (0.093)
7.27E-03 2/17(0.118)

Name

EIF2 Signaling

mTOR Signaling

TNFRI Signaling

Semaphorin Signaling in Neurons
UDP-N-acetyl-D-glucosamine Bosynthesis 11

intrinsic changes induced by drugs. However, by comparing Mt
numbers in untreated oocytes and resveratrol-treated oocytes collected
from the same donor, we noted a significant 1.4-fold increase in Mt
numbers in oocytes grown in vitro in the presence of resveratrol,
indicating that resveratrol increased mitochondrial synthesis. The
results suggested that resveratrol treatment of oocytes induced
mitochondrial replenishment through upregulation of mitochondrial
synthesis during oocytes growth.

Generation of ATP is one of the major functions of mitochondria,
and the amount of ATP in mature oocytes reflects the quality of the
oocytes [37, 41]. In the present study, when oocytes in vitro grown
were matured, resveratrol-treated oocytes exhibited a significantly
increased ATP content compared with that in untreated oocytes,
suggesting that resveratrol enhanced mitochondrial function. We
further addressed the effects of resveratrol on oocyte developmental
competence and found that resveratrol improved the rate of antrum
formation of OGCs, the rate of cleavage of oocytes, and the rate of
development to the blastocyst stage (note that the developmental rate
was relatively low compared with the blastulation rate of oocytes
derived from antral follicles [preliminary data showing 20-30%]).
In cows, the rate of development to the blastocyst stage of in vitro
grown oocytes derived from EAFs is still very low compared with
oocytes collected from antral follicles. Indeed, in previous studies
using sophisticated culture conditions and semen in which over 40%
of oocytes derived from AFs reached the blastocyst stage, the highest
blastulation ratio per in vitro grown oocyte was only 11-15% in
cows [42, 43]. Thus, our data supported the notion that resveratrol
improved the quality of oocytes derived from EAFs of aged cows.

Oocyte development depends on the interaction with surrounding
granulosa cells [44]. We have shown that the gene expression profiles
of granulosa cells in EAFs of aged cows differed from those of their
younger counterparts, indicating that the low quality of granulosa cells
of aged cows may be an attractive target for possible counteracting
of the age-associated deterioration of oocytes [26]. In addition, the
high developmental ability of oocytes is associated with the high
expression levels of certain genes in granulosa cells [45-55]. In this
context, we examined the effects of resveratrol on gene expression

Name RPEM Category Ref No.
Control  Resv. R/C P Value No.

ANKRD1 6.90 14.58 2.11 0.03 1 [54]
ANXAI 13.83 21.06 1.52 0.01 1 [54]
ATG12 16.87  22.11 1.31 0.02 2 [48]
BMPRIB 24.18 30.61 1.27 0.04 1 [54]
DDIT4 29.80  41.27 1.38 0.02 2 [52]
FASN 86.39 63.58 0.74 0.00 2 [49]
GFPT2 2.70 4.30 1.59 0.03 1 [54]
IGF2 3.65 10.09 2.77 0.01 1 [46, 54]
IGFBP3 15.81 22.53 1.43 0.03 1 [46]
INSIG1 17.92 13.84 0.77 0.01 2 [49]
PTX3 16.63 23.93 1.44 0.00 1 [45]
SATI 7538 110.69 1.47 0.00 2 [49]
SREBF1 33.45 23.23 0.69 0.00 2 [48, 49]
STAR 1.30 3.03 2.33 0.02 1 [47]
TNFAIP6 1.62 4.16 2.57 0.01 1 [55]
TWIST1 3.11 6.30 2.02 0.00 2 [50]

Category 1; Genes whose expression level in granulosa cells associate to
developmental competence of oocytes and embryos. 2, Genes of interest
discussed in text.

profiles of granulosa cells. Similar to the results of the abovementioned
studies, gene expression analyses in our study also showed that the
expression levels of various genes were upregulated in granulosa
cells cultured with resveratrol compared with untreated cells (Table
3). These results provide further evidence that resveratrol supports
the acquisition of enhanced developmental ability in oocytes by
improving the condition of granulosa cells. Moreover, IPA showed that
resveratrol affected the expression of genes involved in EIF2, mTOR,
and inflammation signaling pathways. As shown in Supplementary
Figs. 1 and 2 (online only), resveratrol-treated granulosa cells exhibited
higher expression of ribosome-related genes, indicating that these
cells also had relatively high translation rates. Phosphorylation of
EIF2A is the first step in the cellular stress response, and SIRT1
maintains low EIF2 phosphorylation levels through direct interaction
with EIF2A [56]. Genes associated with inflammation are closely
affiliated with the cellular stress response, while SIRT1 is known to
repress inflammatory pathways [57-59]. Petterson et al. [50] reported
that low expression of TWIST1 is associated with high secretion of
TNFa, and Uyar et al. [55] also reported that high TWIST expression
is a marker of cumulus and granulosa cells and indicated oocyte and
embryo quality. In our study, we found that treatment of granulosa
cells with resveratrol resulted in high TWIST1 expression (Table 3).
In addition, genes associated with the nuclear factor-kappaB (NF-kB)
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pathway are altered under resveratrol treatment (Supplementary Fig. 1).

SIRT1 inhibits mTOR activity [58, 60—62]. In the present study,
the mTOR pathway was identified as being regulated by resveratrol;
the expression level of DDIT4, a known repressor of mTOR signaling
[63], was observed at high levels in resveratrol-treated granulosa cells
(Table 3). Furthermore, mTOR increases FASN through activation
of SREBF and inhibits autophagy [58, 61]. Consistent with this, we
found that expression levels of SREBF and FASN were significantly
reduced in response to resveratrol, and the expression of ATG12 (Table
3), an important factor involved in autophagy [15], was significantly
increased in granulosa cells treated with resveratrol. In line with
this, Prigione et al. [48] reported that osteosarcoma cells having a
mitochondrial DNA mutation exhibited high levels of SREBF1 and
low levels of ATG12. These data support the notion that resveratrol
treatment improves the condition of granulosa cells, resulting in
the growth of high-quality oocytes in vitro. It is noteworthy that
although these results are promising, there are some limitations in
the study exists such as the effect of resveratrol on oocytes derived
from EAFs of young cows. Our previous study [26] shows that the
developmental stage and ability of oocytes, optimal culture condition
for in vitro growth of oocytes and molecular background of the
granulosa cells in EAFs differ to a great extent between young
cows and aged cows. Furthermore, autophagic states in oocytes of
EAFs differ between the two age groups (Supplementary Fig. 3:
online only). Thus, the present study focuses on only aged cows
and how resveratrol affect oocytes of young cows remains elusive.

In conclusion, supplementation of in vitro growth medium with
resveratrol induced mitochondrial generation and autophagy in
oocytes, which may replenish the quality of oocytes derived from
EAFs of aged cows (Fig. 7). These data have important implications
in the fields of reproduction and oocyte biology, and further studies
are required to determine whether resveratrol may have therapeutic
applications in the treatment of infertility or other reproduction-related
disorders the clinical setting.
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