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Abstract

In this study, we investigated the mitochondrial quality control system in porcine oocytes during meiotic maturation. Cumulus cell oocyte

complexes (COCs) collected from gilt ovaries were treated with 10 mM carbonyl cyanide-m-chlorophenylhydrazone (CCCP; a

mitochondrial uncoupler) for 2 h. The CCCP treatment was found to significantly reduce ATP content, increase the amount of

phosphorylated AMP-activated protein kinase and elevate reactive oxygen species levels in oocytes. When the CCCP-treated COCs were

cultured further for 44 h in maturation medium, the ATP levels were restored and the parthenogenetic developmental rate of oocytes to

the blastocyst stage was comparable with that of untreated COCs. To examine the effects of CCCP treatment of oocytes on the kinetics of

mitochondrial DNA copy number (Mt number), COCs treated with 0 or 10 mM CCCP were cultured for 44 h, after which the Mt number

was determined by RT-PCR. CCCP treatment was found to increase the Mt number in the modified maturation medium in which

mitochondrial degradation was inhibited by MG132, whereas CCCP treatment did not affect the Mt number in the maturation medium

lacking MG132. The relative gene expression of TFAM was furthermore shown to be significantly higher in CCCP-treated oocytes than in

untreated oocytes. Taken together, the finding presented here suggest that when the mitochondria are injured, mitochondrial biogenesis

and degradation are induced, and that these processes may contribute to the recuperation of oocytes.
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Introduction

Mitochondrial quality is important for cellular health.
In somatic cells, mitochondrial quality is maintained
through the removal of damaged mitochondrial com-
ponents by mitochondrial proteases as well as through
mitochondrial dynamics, including fusion, fission and
mitophagy (Tatsuta & Langer 2008, Chen et al. 2012). On
the other hand, mitochondrial quality-control systems
have not been extensively studied in oocytes. Mito-
chondrial quality and quantity are believed to be
important for oocyte maturation, fertilization and sub-
sequent development (Reynier et al. 2001, Thouas et al.
2004, Santos et al. 2006, Shourbagy et al. 2006). It has
been reported that the mitochondrial number increases
during oocyte development (Cotterill et al. 2013). Early
embryonic development may be supported by whole,
already existing mitochondria without de novo synthesis
(Wai et al. 2010), although a few studies suggest that de
novo mitochondrial synthesis occurs during early
embryonic development (Chiaratti et al. 2010). Further-
more, it has been suggested that once mitochondrial
number reaches a certain threshold during oocyte
maturation, this number is maintained (Mahrous et al.
2012, Cotterill et al. 2013), but Mao et al. (2012) reported
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that mitochondrial synthesis is induced by supple-
mentation of maturation medium with follicular fluid
(FF) and neuregulin 1. Despite the presence of both de
novo synthesis and degradation pathways in somatic
cells, mitochondrial turnover during oocyte maturation
has not been investigated. In this context, Sato et al.
(2014) reported that when oocytes were cultured in a
medium containing a proteasome inhibitor, mito-
chondrial DNA copy number (Mt number) increased
during oocyte maturation, suggesting that proteasomes
play a role in mitochondrial removal. Using the above-
mentioned culture conditions, the authors further showed
that resveratrol upregulates mitochondrial biosynthesis.
Resveratrol is an activator of SIRT1, which is a member of
the sirtuin family, and NADC dependently deacethylates
versatile transcription factors related to cellular metab-
olism. SIRT1 and AMP-activated protein kinase (AMPK)
activate PGC1a by deacethylation and phosphorylation,
resulting in mitochondrial biosynthesis through NRF1
and mitochondrial transcription factor A (TFAM) (Price
et al. 2012). In addition, SIRT1 and AMPK play a role in
autophagy (Wu et al. 2011) Treatment of cells with
carbonyl cyanide-m-chlorophenylhydrazone (CCCP),
an inhibitor of oxidative phosphorylation, induces
autophagy to remove damaged mitochondria
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(Ding et al. 2010, Lee et al. 2010, Cali et al. 2013). In our
study, we investigated whether a mitochondrial quality-
control system is present in oocytes by investigating
mitochondrial function, DNA copy number and
expression of genes related to mitochondrial generation
and oocyte parthenogenetic developmental abilities,
following CCCP-induced mitochondrial dysfunction, on
the premise that induced dysfunction would upregulate
mitochondrial turnover during oocyte maturation.

Porcine oocytes were treated with CCCP, after which
ATP content, AMPK activity and subsequent partheno-
genetic developmental ability were examined. Real-time
PCR was furthermore used to assess the effects of CCCP
treatment on the kinetics of the Mt number and the
expression levels of genes associated with mitochondrial
synthesis during oocyte maturation.
Materials and methods

Chemicals and media

All chemicals used in this study were purchased from Nacalai
Tesque (Kyoto, Japan) unless otherwise indicated. The medium
used for in vitro maturation (IVM) was North Carolina State
University’s 23 (NCSU23) solution (Petters & Wells 1993)
containing follicle fluid (10% v/v). The medium used for in vitro
culture (IVC) was PZM-3 (Yoshioka et al. 2002). FFs were
collected from antral follicles (3–6 mm in diameter), centri-
fuged (10 000 g for 5 min) and stored at –30 8C. CCCP (Sigma–
Aldrich) and MG132 (Sigma–Aldrich) were dissolved in DMSO
at a concentration of 10 mM (!1000 of final concentration).
Collection of ovaries and cumulus cell oocyte
complexes

The ovaries were collected from prepubertal gilts at a local
slaughterhouse and transported to the laboratory within 1 h at
37 8C in PBS containing antibiotics. Cell oocyte complexes
(COCs) were retrieved from antral follicles, measuring 3–6 mm
in diameter, using a 21G needle connected to a 5 ml syringe.
Oocytes with multiple compact granulosa layers and even
cytoplasm were selected and pooled. Randomly selected COCs
were used for each experiment, except for experiment 3, in
which the mitochondrial DNA copy number was assessed.
CCCP treatment, IVM, activation and IVC

COCs were cultured in an IVM medium containing 0 mM
(vehicle, DMSO) or 10 mM CCCP for 2 h and were then washed
in an IVM medium before being subjected to experiments.

For IVM, COCs were cultured in an IVM medium containing
1 mM dibutyryl cAMP (dbcAMP), 10 IU/ml equine chorionic
gonadotropin (ASKA Pharma Co. Ltd, Tokyo, Japan) and
10 IU/ml human chorionic gonadotropin (Fuji Pharma Co.
Ltd, Tokyo, Japan) for 20 h, after which the oocytes were
transferred to an IVM medium that lacked dbcAMP and the
hormones, and were cultured for 24 h. After the IVM culture
period, the oocytes were denuded from the surrounding cells
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and activated in an IVC medium containing 10 mg/ml
ionomycin (Calbiochem, La Jolla, CA, USA) for 5 min, and
then cultured in an IVC medium containing 10 mg/ml
cytochalasin B and 10 mg/ml cycloheximide for 6 h. The
oocytes were cultured in an IVC medium for 7 days, after
which the rate of blastulation and the total blastocyst cell
number were assessed. To determine the cell number, embryos
were fixed in 4% paraformaldehyde, mounted on glass slides
using an antifade reagent containing DAPI (ProLong gold
antifade reagent with DAPI; Invitrogen) and observed under a
digital fluorescence microscope (BZ-8000; Keyence, Tokyo,
Japan). IVM was performed at 38.5 8C in an atmosphere of 5%
CO2 and 95% air, while IVC was performed at 38.5 8C in an
atmosphere of 5% O2, 5% CO2 and 90% N2.
Mitochondrial DNA copy number determination

The Mt number in mature oocytes was determined by examining
a group of ten oocytes collected from each donor. The oocyte
numberused forMt number assayswasbasedon previous reports
that demonstrated that the Mt number determined from ten
oocytes collected from a donor closely resembles the Mt number
obtained by another group of ten cohort oocytes collected from
the same donor (Sato et al. 2014). Oocytes were denuded from
granulosa cells and the DNA extraction and PCR protocols
procedures were performed according to previously described
methods (Iwata et al. 2011). The Mt number was determined by
performing real-time PCR using a Rotor-Gene 6500 real-time
rotary analyser (Corbett Research, Mortlake, NSW, Australia)
with the primers 50-CGAGAAAGCACTTTCCAAGG-30 (forward)
and 5 0-CTAATTCGGGTGTTGGTGCT-30 (reverse) and Bio-Rad
Ssofast-TM EvaGreen Supermix (Bio Rad). The primers were
designed using Primer3Plus (http://sourceforge.net/projects/
primer3/) and sequence data for porcine mitochondria
(accession number AF304202) to amplify a 151-bp region,
from 8744-8314. The melting curve was analysed to verify the
specificity of the PCR products, followed by electrophoresis to
determineproduct size. As an external standard, thePCR product
of the corresponding gene was cloned into a vector using the
Zero Blunt TOPO PCR cloning kit (Invitrogen), the product of
which was sequenced for confirmation before use. The
amplification efficiencies of all PCR runs were O1.9.
Quantitative RT real-time PCR

RNA was extracted from oocytes using an RNA isolation kit
(RNAqueous-Micro, Ambion, Applied Biosystems) according
to the manufacturer’s instructions. At 20 h after CCCP
treatment, 50 oocytes were randomly selected. The time
point used was based on preliminary experiments.
The extracted RNA was reverse-transcribed to cDNA using
the Thermo script RT-PCR system (Invitrogen) according to the
manufacturer’s instructions. Primers used for RT were oligo
(dT)20 included in the kit. Quantification of cDNA was then
performed by real-time PCR using the Rotor-Gene 6500
system. The primer sets used for the quantification of B-Actin,
GAPDH, PGC1a and TFAM were designed using DDBJ (http://
arsa.ddbj.nig.ac.jp/top-j.html) and Primer3 (http://frodo.wi.
mit.edu/primer3/) and are listed in Table 1. Each PCR was
www.reproduction-online.org
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Table 1 RT-PCR used this primer sequences.

Gene Primer Accession no. Amplicon size (bp)

PGC1a F: TTCCGTATCACCACCCAAAT NW_213963 137
R: ATCTACTGCCTGGGGACCTT

TFAM F: GGCAGACTGGCAGGTGTA NW_001130211 164
R: CGAGGTCTTTTTGGTTTTCCA

GAPDH F: GAGTCCACTGGTGTCTTCACG NM_001206359 236
R: ATGAGTCCCTCCACGATGC

B-Actin F: ATCGTGCGGGACATCAAGGA XM_003124280 179
R: AGGAAGGAGGGCTGGAAGAG

PGC1a, Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PPARGC1a); TFAM,
Mitochondrial transcription factor A; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; B-Actin, b-actin.
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performed with an initial denaturation step of 95 8C for 1 min
followed by 40 cycles of 95 8C for 5 s and 56 8C for 11 s. SYBR
green fluorescence was measured at the end of each extension
step (56 8C). A melting curve was analysed to check the
specificity of the PCR products, and agarose gel electrophoresis
was carried out to check the resulting product sizes. Relative
gene expression levels of each gene of interest were calculated
by normalising to the expression levels of the endogenous
controls B-Actin and GAPDH. Reactions were run in duplicate
and experiments were repeated six times with different oocyte
series. For each PCR run, a standard curve was generated using
a tenfold dilution series of the corresponding standard plasmid
of a known concentration.
ATP measurement

Oocytes were denuded from the granulosa cells and the ATP
content of individual oocytes was determined by measuring the
luminescence generated in an ATP-dependent luciferin-lucifer-
ase bioluminescence assay (ATP assay kit; Toyo-Inc., Tokyo,
Japan) as described previously (Iwata et al. 2011). Each sample
was prepared by adding individual oocytes to 50 ml distilled
water.
Immunostaining detection

Oocytes were denuded from the granulosa cells 8 or 20 h after
CCCP treatment and immunostained as described previously
(Takeo et al. 2013). Rabbit polyclonal anti-phospho-AMPKa

(Thr172) (1:1000; Cell Signaling Technology, Inc., Beverly, MA,
USA) was used as a primary antibody and goat anti-rabbit IgG
FITC-conjugate was used as a secondary antibody (1:1000;
Millipore, Tokyo, Japan). The oocytes were mounted onto glass
slides with antifade reagent containing DAPI. The fluorescence
intensity of p-AMPK in oocytes was observed using a digital
fluorescence microscope (BZ-8000; Keyence) and quantified
using ImageJ Software (NIH, Bethesda, MD, USA).
Reactive oxygen species content determination
in oocytes

Oocytes were denuded from surrounding cells and incubated
in an IVM medium containing CM-H2DCFDA (a general oxi-
dative stress indicator; Life Technologies) for 30 min according
to the manufacturer‘s instruction. Oocytes were then mounted
on glass-bottomed slides and observed under a digital
www.reproduction-online.org
fluorescence microscope (Keyence). Fluorescence intensity of
the oocytes was quantified using ImageJ Software (NIH).
Experimental design

Experiment 1

Effects of CCCP treatment on mitochondrial functions in
oocytes were investigated. Oocytes were treated with 0
(vehicle control) or 10 mM CCCP for 2 h, immediately after
which ATP and reactive oxygen species (ROS) content in the
oocytes were measured. Experiments were each repeated at
least twice (four times for ATP and twice times for ROS
measurement) and the ATP and ROS contents were compared
between the control and treated (10 mM CCCP) oocytes.

Experiment 2

Effects of CCCP treatment on subsequent oocyte viability were
investigated. After 2 h of 0 (vehicle control) or 10 mM CCCP
treatment, 20 oocytes were cultured for 44 h in an IVM
medium. Then ATP and ROS contents in the oocytes were
measured, or oocytes were activated to allow for the
developmental rate of oocytes to the blastocyst stage to be
assessed 7 days after activation. The measurements of ATP and
ROS content and the parthenogenetic developmental rate were
repeated four, three and nine times respectively with different
ovary series.

Experiment 3

Effects of CCCP treatment on the Mt number of oocytes were
examined. Mitochondrial DNA copy numbers differ a great deal
among donors, but the Mt number predicted by ten oocytes
closely reflects the Mt number of other cohort oocytes collected
from the same donors in cows and pigs (Iwata et al. 2011, Sato
et al. 2014). Thus, in the present experiments, 20 oocytes were
collected from a donor and divided into two groups: ten oocytes
were treated with 10 mM CCCP and the other ten were treated
with 0 mM CCCP (vehicle control). The oocytes were then
washed and subjected to IVM, after which the Mt numbers
in the oocytes were compared between the two groups. To
highlight mitochondrial biogenesis during IVM, two cultures
were used: standard IVM medium and IVM medium containing
the proteasome inhibitor MG132. The addition of MG132 to
the IVM medium inhibits protein degradation, as previously
confirmed by the accumulation of ubiquitinated proteins in
oocytes analysed by western blotting (Sato et al. 2014) as well as
Reproduction (2015) 150 97–104
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Figure 2 Effects of CCCP treatment of porcine oocytes on ATP contents
after in vitro maturation (IVM). Oocytes were treated with CCCP for 2 h
and ATP content was measured after 44 h of IVM. Data are represent
meansGS.E.M. *P!0.05.
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by immunostaining against ubiquitinated proteins in the present
study (Supplementary Figure 1, see section on supplementary
data given at the end of this article). In the medium containing
MG132, mitochondrial degradation is also inhibited and
culturing oocytes in the medium for 44 h thus significantly
increased the Mt number (Sato et al. 2014). In the first
experiment, control and CCCP-treated oocytes were cultured
in an IVM medium and 16 donor gilts were used. In the
subsequent experiment, control and CCCP-treated oocytes
were cultured in an IVM medium containing MG132, and 15
donor gilts were used. Mt numbers were compared between the
untreated (vehicle) and the 10 mM CCCP-treated oocytes.

Experiment 4

This experiment was carried out to examine effects of CCCP
treatment on mitochondrial synthesis by examining the
expression levels of genes related to mitochondrial biogenesis.
COCs were treated with 0 (vehicle control) or 10 mM CCCP for
2 h, before being cultured for a further 20 h. Twenty hours was
selected according to our preliminary experiments. Oocytes
were denuded and used for RT-PCR analysis, in which the
relative gene expression levels of PGC1a and TFAM (to those of
B-Actin and GAPDH) were examined. This experiment was
repeated six times, each with 50 oocytes collected from
different ovary series.

Experiment 5

In this experiment, we examined the effect of CCCP treatment
on the amount of phospho-AMPK. COCs were treated with 0
(vehicle control) or 10 mM CCCP for 2 h, after which oocytes
were incubated in an IVM medium for 8 or 20 h. The oocytes
were then denuded and subjected to immunostaining. This
experiment was repeated three times.
Statistical analysis

All data obtained in the present study were assessed using a
Student’s t-test, and developmental rates were arcsine-
transformed prior to the statistical analysis. Differences with
P values !0.05 were considered statistically significant.
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Figure 1 Effects of CCCP treatment of porcine oocytes on
mitochondrial function. ATP (A) and ROS (B) content in oocytes after
2 h of CCCP treatment. The average fluorescence intensity of the
control group in (B) was defined as 1.0. Data represent meansGS.E.M.
of three replicates. *P!0.05.
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Results

CCCP treatment increases ROS generation and
decreases ATP content in oocytes

The effects of CCCP treatment on mitochondrial function
were examined. As seen in Fig. 1 and 2-h CCCP
treatment significantly reduced ATP content (A) to one-
third of the level measured in untreated oocytes
(1.81 pmol/oocyte vs 0.69 pmol/oocyte) and increased
the ROS content in oocytes (B) by 1.49G0.17-fold
(P!0.05) compared with untreated oocyte ROS levels.
Effect of CCCP treatment on mitochondrial function
was still observed after maturation but did not affect
parthenogenetic development of oocytes

CCCP-treated oocytes were further cultured for 44 h after
which the ATP and ROS contents in mature oocytes and
the parthenogenetic developmental rate of oocytes to
blastocysts were examined. The difference between the
ATP contents of the 10 mM CCCP-treated and untreated
oocytes decreased after IVM; however, the difference
remained significant (Fig. 2A, 2.53G0.12 pmol, vs
2.88G0.09 pmol). On the other hand, no difference in
the levels of ROS was observed between CCCP-treated
and vehicle-treated oocytes (Fig. 2B, 1.04-fold). The rates
of oocyte parthenogenetic development to blastocysts
were comparable between the two groups (Table 2,
13.7% vs 13.0% and 46.4 cells vs 50.8 cells; PZ0.86
and PZ0.50, respectively).
CCCP treatment induces increases in mitochondrial
DNA copy number in oocytes

Mt number in untreated oocytes varied to a great extent
among donors, with numbers ranging from 100 080 to
529 200 (Fig. 3A). The average Mt number in oocytes of
all donors was 263 191 for untreated oocytes and
treatment with CCCP was found to decrease the Mt
numbers to 197 509, a slight and insignificant (PZ0.12)
decrease. Mt numbers are maintained by de novo
www.reproduction-online.org

Downloaded from Bioscientifica.com at 03/03/2022 01:34:27AM
via free access

http://www.reproduction-online.org/cgi/content/full/REP-15-0037/DC1


Table 2 Effect of CCCP on oocytes developmental competence.

CCCP concentration
(mM)

No. of
replicates

No. of
oocytes

No. of
blastocysts

Rate of blastulation
(meanGS.E.M.%)

Total cell number
(meanGS.E.M.%)

0 9 176 24 13.7G3.2 46.4G4.6
20 9 176 23 13.0G1.4 50.8G4.4
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synthesis and degradation, and thus CCCP-treated
oocytes were cultured in the presence of MG132. In
this experiment, the average Mt number in CCCP-treated
oocytes was significantly greater than that in untreated
oocytes: 249 071 vs 183 733 (P!0.02, Fig. 3B).
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500000
CCCP treatment induces increases in the expression
of TFAM

Effects of CCCP treatment on the expression levels of
PGC1a and TFAM were assessed by RT-PCR and the
resulting expression levels were normalised to those of
B-Actin and GAPDH. As shown in Fig. 4, the relative
expression level of PGC1a in oocytes was found to be
slightly increased in CCCP-treated oocytes; however, the
observed difference was not found to be statistically
significant. TFAM expression, on the other hand, was
significantly higher (w1.5-fold) in CCCP-treated oocytes
than in untreated oocytes (A, B-Actin-normalised data;
B, GAPDH-normalised data).
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phospho-AMPK in oocytes

CCCP treatment was found to significantly increase the
amount of phospho-AMPK at both the time points
assessed (8 and 20 h of IVM; Fig. 5A, B and C).
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Figure 3 Effects of CCCP treatment on mitochondrial DNA copy
number (Mt number) in oocytes. Oocytes were treated with 0 (control)
or 10 mM CCCP for 2 h and the Mt numbers of oocytes were measured
after IVM (44 h). Oocytes were either incubated in standard IVM
medium (A) or in IVM medium containing MG132 (B). Data represent
meansGS.E.M. *P!0.01.
Discussion

The findings of the present study show that when
mitochondria in porcine oocytes are damaged, mito-
chondrial biogenesis and degradation are induced
during oocyte maturation.

CCCP is a chemical inhibitor of oxidative phosphoryl-
ation, and according to a previous study, treatment of
porcine oocytes with CCCP for 2 h results in a reduction
in the ATP content in the oocytes by two-thirds,
concomitant with a twofold increase in the ROS content
of the oocytes (Cui et al. 2011). In agreement with the
report by Cui et al. (2011), it was shown in the present
study that treatment of oocytes with CCCP for 2 h
significantly reduced ATP levels to 38% of the level
observed in untreated oocytes and increased ROS levels
by 1.5-fold, indicating that CCCP treatment of oocytes
induced mitochondrial dysfunction. After a further 44 h
of culture, the ATP content in CCCP-treated oocytes was
found to be restored to 88% of the levels measured in
untreated oocytes, and no difference was observed in
the level of ROS in oocytes between the CCCP- and
www.reproduction-online.org
vehicle-treated groups. No differences were observed in
the parthenogenetic developmental rates of oocytes to
the blastocyst stage and cell numbers in the blastocysts
between the CCCP-treated and untreated oocytes
groups. The results indicate that some aspects of
mitochondrial damage are restored during oocyte
maturation or that either partial or moderate disruption
of mitochondrial function does not severely affect oocyte
parthenogenetic development. Lee et al. (2014) reported
that when porcine oocytes were treated with FCCP, a
mitochondrial uncoupler, throughout the maturation
period, the FCCP treatment resulted in a reduction of
the mitochondrial number and in the developmental
ability of oocytes. These contrasting results are likely due
to overly long periods of FCCP treatment.
Reproduction (2015) 150 97–104
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The kinetics of the Mt number in oocytes are not yet
fully understood. Mahrous et al. (2012) suggested that
the Mt number in mouse oocytes remains constant once
the oocytes reach full size. By contrast, the Mt number in
porcine oocytes was found to increase during maturation
period (Mao et al. 2012, Pawlak et al. 2012). From the
above-mentioned reports it seems that the Mt number
in oocytes may change under certain conditions and that
the presence of both mitochondrial biogenesis and
degradation pathways may mask the intrinsic mito-
chondrial kinetics. Spikings et al. (2007) and Pawlak
et al. (2014) showed that when porcine oocytes were
collected from antral follicles measuring 3–6 mm in
diameter and divided into full-grown and immature
oocytes, according to the results of brilliant cresyl blue
staining, mitochondrial number only increased in
oocytes categorised as developing oocytes. This result
indicates that mitochondrial kinetics depend on the
oocyte developmental stage, which may reflect the
progression of the follicle phase in individual donors.
In our previous reports, mitochondrial number
determined using ten oocytes was almost identical to
that determined using other cohorts of ten oocytes
derived from the same donor gilts, at both the GV and
M2 stages (Sato et al. 2014), indicating that comparison
within cohort oocytes may avoid the bias by mixing
oocytes from differential follicular phase. Sato et al.
(2014) collected 20 oocytes from individual donor gilts,
divided them into two groups and cultured the oocytes in
a medium containing a proteasome inhibitor (MG132) or
vehicle. They found that culturing oocytes with MG132
results in both the accumulation of ubiquitinated
proteins and an increase in the Mt numbers of oocytes,
through inhibition of mitochondrial degradation. In line
with this, we demonstrated that culturing oocytes in
MG132-containing medium and treatment of oocytes
with CCCP both significantly increased the amount of
ubiquitinated protein in oocytes (Supplementary
Figure 1), indicating that MG132 does inhibit protea-
some function and that CCCP treatment does induce
protein degradation. Interestingly, the treatment of
oocytes with CCCP in this study was found to increase
Mt numbers in the MG132-containing IVM medium,
whereas the Mt number in oocytes was slightly
Reproduction (2015) 150 97–104
decreased by CCCP treatment in the medium lacking
MG132. These observations suggest that mitochondrial
damage caused by CCCP treatment is eliminated by the
proteasome and that these mitochondria are replaced by
de novo-synthesised mitochondria during oocyte matu-
ration. Ge et al. (2012) reported that FCCP treatment of
oocytes decreases maturation ability and spindle stab-
ility but does not alter the Mt number. We speculate that
the reported result may be due to the presence of both
pathways of mitochondrial biogenesis and degradation.
The notion that CCCP treatment results in the upregula-
tion of mitochondrial biogenesis is supported by the
reported significant increases in the expression of TFAM,
a key regulator of mitochondrial biogenesis (Smith et al.
2005, Wai et al. 2010, Wenz 2013). The Mt number is
increased subsequently to TFAM expression (Spikings
et al. 2007). PGC1a is a key regulator of Mt biosynthesis,
however, in the present study, gene expression level of
PGC1a is not affected by CCCP treatment. This may be
due to the fact that activation of PGC1a needs
posttranslational modifications including phosphoryl-
ation by AMPK and deacetylation by SIRT1 (Brenmoehl
& Hoeflich 2013). One question, however, remains: how
are damaged mitochondria removed from oocytes?
CCCP treatment has been used to induce mitophagy in
cells (Ding et al. 2010, Chan et al. 2011, Ding et al.
2012), and autophagic clearance of selective damaged
mitochondria will thus be investigated in future
experiments.

AMPK is an energy sensor that interacts with SIRT1 to
activate PGC1a and TFAM (Kwon et al. 2011). We
previously reported that the treatment of porcine oocytes
www.reproduction-online.org
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with resveratrol upregulates the expression of SIRT1 and
induces mitochondrial biogenesis and degradation
during porcine oocyte maturation (Sato et al. 2014).
In line with this, Wu et al. (2011) reported that the
treatment of SH-SY-5Y cells with resveratrol activates
AMPK/SIRT1 and autophagy. CCCP treatment of mouse
embryonic fibroblasts has furthermore been shown to
induce AMPK activation and increase the number of
LC3 dots in cells (Kwon et al. 2011). In the present study,
CCCP treatment of porcine oocytes was shown to
upregulate phospho-AMPK by 8 and 20 h after treat-
ment. In addition, we further examined the expression of
SIRT1 in oocytes following CCCP treatment and found
that CCCP treatment induced an increase in the
expression of SIRT1 (Supplementary Figure 2, see section
on supplementary data given at the end of this article).
From these results, we deduce that CCCP treatment
depletes ATP in oocytes, thereby increasing the AMP/
ATP ratio, which in turn activates AMPK and SIRT1,
which are key factors affecting mitochondrial kinetics,
including biogenesis and degradation.

In conclusion, we report that the inhibition of
mitochondrial function enhances mitochondrial bio-
genesis and degradation in porcine oocytes. This process
may play a key role in restoring and maintaining oocyte
quality.
Supplementary data

This is linked to the online version of the paper at http://dx.doi.
org/10.1530/REP-15-0037.
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