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Abstract
Fipronil (FPN) is a widely used phenylpyrazole pesticide that can kill pests by blocking γ-aminobutyric acid (GABA)-gated 
chloride channels. In addition, there are lack of studies on the effects of FPN on the female mammalian gametes. In this study, 
porcine oocytes were used to investigate the effects of FPN on the oocyte maturation process. The results showed that the first 
polar body extrusion rate significantly decreased (100 μM FPN vs. control, 18.64 ± 2.95% vs. 74.90 ± 1.50%, respectively), 
and oocytes were arrested at the germinal vesicle stage in 100 μM FPN group. Meanwhile, the FPN caused a significant 
increase in reactive oxygen species (ROS) levels and severe DNA damage inside the oocytes. Furthermore, apoptosis was 
enhanced along with decreases in mitochondrial membrane potential, BCL-xL, and the release of cytochrome C in FPN-
treated group. Additionally, low CDK1 activity and delayed cyclin B1 degradation during germinal vesicle breakdown were 
found in the FPN-treated group, which resulted from the activation of ATM-P53-P21 pathway. In conclusion, FPN induces 
apoptosis and cell cycle arrest in porcine oocyte maturation because of increased ROS levels and DNA damage. This sug-
gests that the FPN in the environment may have potential detrimental effects on the female mammalian reproductive system.
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Introduction

Fipronil (FPN) is a broad-spectrum and highly effective phe-
nylpyrazole insecticide. It is used in the management of rice 
culture and control of residential veterinary pests, causing 
extensive aquatic environmental contamination [1] and drug 
residues in farm products. In insects, FPN interrupts the nor-
mal function of the central nervous system of insects by 

blocking γ-aminobutyric acid (GABA)-gated chloride chan-
nels. FPN has been demonstrated to be less toxic to mam-
mals owing to its higher affinity to insect transmitter recep-
tors compared to those in mammals [2]. Furthermore, it has 
been reported that exposure to micro molar concentrations of 
phenylpyrazole insecticides (FPN and its metabolites sulfone 
and sulfide) induced cytotoxicity in various human somatic 
cells [3–5]. In addition, FPN causes a disruption in thyroid 
and testis functions in rats [6, 7] as well as high toxicity in 
zebrafish and carp [8, 9].

Numerous pesticides are capable of increasing levels of 
reactive oxygen species (ROS) inside cells and inhibit ROS 
scavengers, which results in oxidative stress [10]. By induc-
ing oxidative imbalance, ROS damage lipids and proteins on 
the cell membrane while also disturbing membrane perme-
ability. There has been substantial evidence indicating that 
increased oxidative stress during pesticide treatment, such 
as increased lipid peroxidation, diminished mitochondrial 
function and decreased cytochrome oxidase activity [11–13]. 
Studies have also reported that FPN can cause oxidative 
stress in rat sperm and human neuroblastoma SH-SY5Y 
cells by increasing the cytoplasmic ROS [7, 14].
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In other studies, the previous study [15] demonstrated a 
genotoxic effect of FPN in the fish, which induced micro-
nucleus. In addition, FPN caused a significant increase in 
micronuclei, sister chromatid exchange frequency, and DNA 
damage in vitro as well as in vivo in humans and rats [7, 16, 
17]. These results suggested that FPN could cause chromo-
somal abnormalities or DNA damage in somatic or germ 
cells of fish and mammals.

ROS such as hydrogen peroxide (H2O2), superoxide ani-
ons (O2

−), and hydroxyl radicals (OH–) are known for their 
ability to damage the cellular membrane, DNA, and proteins 
[18]. Many studies have focused on the role of ROS and 
antioxidants in the female reproductive system [19, 20]. A 
high level of ROS and low anti-oxidant activity in follicular 
fluid has resulted in reduced pregnancy outcomes by IVF 
[21, 22]. The excessive ROS can impair the mitochondrial 
membrane permeability and then reduce the membrane 
potential and suppress the expression of pro-survival genes, 
such as Bcl-2 and Bcl-xL, which eventually leads to cellular 
apoptosis because of the release of cytochrome C and activa-
tion of the Caspase cascade [23, 24]. Furthermore, ROS can 
induce DNA damage, which can be detected by cell cycle 
checkpoint markers, and eventually cause cell cycle arrest 
during the transition from the G1 to S phase (G1–S), or G2 
to M phase (G2–M) [25].

Meiosis consist of unique cell divisions that produce hap-
loid germ cells. Oogenesis mainly includes germinal vesi-
cles, germinal vesicle breakdown (GVBD), meiosis I, and 
meiosis II. The porcine oocytes cannot go through the G2–M 
transition of the first meiotic division (also called GVBD 
in oocytes) until the cyclin B1-CDK1 complex (also called 
MPF) activity increases. During the meiotic cell cycle, the 
cyclin B1-CDK1 complex in oocytes is first activated at 
meiosis I, then transiently inactivated after the extrusion of 
the first polar body, and finally reactivated at meiosis II [26]. 
During the oocyte maturation, the ROS-induced oxidative 
stress commonly disrupts the function of mitochondria and 
the formation of spindles in oocytes [27, 28], which results 
in poor oocyte quality and thereby affect the formation of the 
blastocyst [29]. Moreover, the high levels of ROS inside the 
oocytes can cause DNA damage, which can activate DNA 
damage checkpoint markers such as ATM, Chk2, and p53, 
which eventually inhibits the activity of the cyclin B1-CDK1 
complex [30, 31]. Finally, oocytes with DNA damage arrest 
at the GV stage and cause a delay of maturation. In conclu-
sion, the oxidative stress and DNA damage can induce apop-
tosis and cell cycle arrest in oocytes, which leads to poor 
quality oocytes. Furthermore, the poor quality of oocytes 
hampers early embryonic development, therefore affecting 
the health of the fetus and piglets.

Previously, chicken eggs containing FPN were sold to the 
European Union and Asian countries in 2017. Furthermore, 
the accumulation of FPN has genetic toxicity to the rat male 

reproductive system [16] and can induce apoptosis in mouse 
hepatic cells by inducing excessive ROS [32]. Until now, no 
studies of FPN in mammalian oocytes have been performed. 
Therefore, it is necessary to investigate whether FPN will 
affect oocyte maturation in pigs as well as the underlying 
mechanism.

Materials and methods

Unless otherwise indicated, all chemicals were purchased 
from Sigma (Sigma-Aldrich, St. Louis, MO, USA). The FPN 
was diluted by dimethyl sulfoxide and stored as 100 mM 
stock. All animal studies were approved and performed 
within the guidelines of the Institutional Animal Care and 
Use Committee (IACUC) of Chungbuk National University, 
Republic of Korea.

Oocyte collection and in vitro maturation

Porcine ovaries were obtained from a local slaughter-
house. Cumulus oocyte complexes (COCs) with a diam-
eter of 3–6 mm were aspirated from the antral follicles and 
were selected under a stereo-microscope. Oocytes were 
selected for further experiments if they had a homogene-
ous ooplasm and were surrounded by a minimum of three 
layers of cumulus cells. After three washes in Tyrode lac-
tate Hepes (TL-Hepes), the COCs were transferred into an 
in vitro maturation (IVM) medium containing TCM-199 
(Invitrogen, Carlsbad, CA, USA) supplemented with 10% 
(v/v) porcine follicular fluid, 1 μg/mL insulin, 75 μg/mL 
kanamycin, 0.91 mM Na pyruvate, 0.57 mM l-cysteine, 
10 ng/mL epidermal growth factor, 0.5 μg/mL follicle-stim-
ulating hormone, and 0.5 μg/mL luteinizing hormone, and 
were cultured at 38.5 °C in an atmosphere of 5% CO2 and 
100% humidity. Oocyte maturation was induced by cultur-
ing approximately 50 COCs in four-well dishes containing 
500 μL IVM medium supplemented with various concentra-
tions (0, 30, 50, and 100 μM) of FPN. COCs were cultured 
up to 44 h based on previous studies [33, 34], oocytes were 
denuded of their cumulus cells by gentle pipetting in 1 mg/
mL hyaluronidase at different maturation times.

Cell cycle analysis

Oocytes were collected after 28 h of IVM for cell cycle 
analysis. Denuded oocytes were stained with Hoechst 
33,342 (10 μg/mL in PBS) for 5 min at RT. After washing, 
the embryos were mounted onto glass slides and observed 
under a laser scanning confocal microscope. Oocytes with 
germinal vesicle were considered as GV stage, those with 
disappeared germinal vesicle and unaligned chromosomes 
were considered as GVBD stage, those with chromosomes in 
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alignment were considered as MI stage, those showing two 
separated groups of chromosomes near the membrane were 
considered as anaphase I or telophase I, and those with polar 
bodies were considered as MII stage [35].

ROS staining

Oocytes (n = 22; 3 replicates) were stained for 15 min in 
phosphate buffered saline (PBS)/polyvinyl alcohol (PVA) 
containing 10 μM 2′,7′-dichlorodihydrofluorescein diacetate 
at 37 °C. After incubation, oocytes were washed three times 
and then transferred to droplets of PBS covered with paraf-
fin oil in a polystyrene culture dish. The fluorescence signal 
was captured using an epifluorescence microscope (Nikon 
Corp., Tokyo, Japan). Quantification of ROS levels was per-
formed by analyzing the fluorescence intensity in oocytes 
using Image J version 1.44 g software (National Institutes 
of Health, Bethesda, MD, USA).

Assay of mitochondrial membrane potential (ΔΨm)

IVM oocytes in the different treatments at 44 h were incu-
bated in PBS/PVA containing 2.5 μM 5,5′,6,6′-tetrachloro-
1,1′,3,3′-tetraethyl-imidacarbocyanine iodide (JC-1) (Cat 
#M34152, Invitrogen, Carlsbad, CA, USA) at 38.5 °C in 
5% CO2 for 30 min. Membrane potential was calculated as 
the ratio of red florescence, which corresponded to activated 
mitochondria (J-aggregates), to green fluorescence, which 
corresponded to less-activated mitochondria (J-monomers). 
Fluorescence was visualized using an epifluorescence micro-
scope (Nikon Corp., Tokyo, Japan).

Quantitative reverse‑transcription polymerase 
chain reaction (qRT‑PCR)

Next, qRT-PCR was used to evaluate the gene expression 
in cumulus cells. First, mRNA from cumulus cells was 
extracted and cDNA was synthesized with a Dynabeads 
mRNA Direct Kit (61012, ThermoFisher, Waltham, MA, 
USA) and a First-Strand Synthesis Kit (6210, LeGene, 
San Diego, CA, USA) according to the manufacturer’s 

instructions. Next, qRT-PCR was conducted using a KAPA 
SYBR Green FAST qPCR Kit (KK4602, KAPA Biosys-
tems, Wilmington, MA, USA) according to the manufac-
turer’s instructions on a QuantStudio™ 6 Flex Real-Time 
PCR System (Applied biosystem, USA). The PCR protocol 
was as follows: initial denaturation at 95 °C for 3 min; fol-
lowed by 40 cycles of amplification at 95 °C for 20 s, 60 °C 
for 20 s, and 72 °C for 30 s; and a final extension 95 °C for 
10 s. Primer sets for cumulus cell expansion-related genes 
are listed in Table 1, and the specificity for the target genes 
were confirmed using primer BLAST.

Immunofluorescence staining

Oocytes were fixed in 3.7% methanol for 30 min at room 
temperature (RT) and then transferred to phosphate buffer 
saline/polyvinyl alcohol (PBS/PVA) medium. Next, oocytes 
were permeabilized in 0.5% Triton-X100 for 30 min at RT. 
After 3 washes in PBS/PVA (pH 7.5) for 5 min each, the 
samples were blocked in 1% BSA for 1 h. The oocytes were 
incubated with primary antibody at 4 °C overnight. The pri-
mary antibodies used were rabbit anti-α tubulin (1:400; Cat: 
#117K4786, Sigma-Aldrich), rabbit anti-γH2A.X (1:100; 
Cat: #2577; Cell Signaling Technology), rabbit anti-Bcl-xL 
(1:100; Cat: 2762; Cell Signaling Technology), rabbit anti-p-
ATM (1:100; Cat: 5883S; Cell Signaling Technology), rabbit 
anti-Caspase 3 (CASP3) (1:100; Cat: 047M4794 V; Sigma-
Aldrich), and anti-cytochrome C (1:100; Cat: ab110325; 
Abcam, Cambridge, UK). After 3 washes in washing buffer, 
oocytes were incubated with Alexa Fluor 546-conjugated or 
Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:200), 
Alexa Fluor 488-conjugated donkey anti-mouse IgG (1:200), 
and Alexa Fluor 568-conjugated rabbit anti-goat IgG (1:200) 
for 1 h at RT. After 3 washes, oocytes were incubated for 
5 min with Hoechst 33,342 dye (5 μg/mL) prepared in 
D-PBS. Finally, oocytes were mounted onto glass slides 
and examined using a laser scanning confocal microscope 
(Zeiss LSM 710 META, Oberkochen, Germany). Images 
were analyzed using the ImageJ software (National Institutes 
of Health, Bethesda, MD).

Table 1   Primers used in the 
RT-PCR

Gene Gene ID Direction Sequence (5′–3′) Size (bp)

AREG NM_214376.1 F CAC​CAT​GGT​CCA​CAG​CGA​TT 142
R AGC​TGC​ACC​TTC​ATA​TTC​CC

COX2 NM_214321.1 F CGA​GGA​CCA​GCT​TTC​ACC​AA 162
R AGT​GTC​TTT​GGC​TGT​CGG​AG

PTX3 NM_001244783.1 F AAC​GGT​GAC​CTG​ATA​GCC​AC 107
R CCA​CCC​ACA​CAG​CAT​CCA​TT

HAS2 NM_214053.1 F TGA​GTC​TGG​GCT​ATG​CAA​CA 101
R GCA​TTG​TAC​AGC​CAC​TCT​CG
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Colocalization assay of mitochondria 
and cytochrome C

To investigate the colocalization of mitochondria and 
cytochrome C, oocytes were incubated with 500  nM 
MitoTracker Red CMXRos (Cat #M7512, Invitrogen, 
Eugene, OR, USA) at 38.5 °C for 30 min. After three washes 
with PBS-PVA, staining of cytochrome C was carried out as 
described in “Immunofluorescence staining” section.

Western blotting

For Western blotting, 200 oocytes and cumulus cells were 
collected in SDS sample buffer and heated for 5 min at 
95 °C. Proteins were separated by SDS-PAGE and elec-
trically transferred to polyvinylidene fluoride membranes. 
Membranes were blocked in Tris-buffered saline contain-
ing Tween 20 (TBST) containing 5% BSA for 1 h and then 
incubated overnight at 4  °C with the primary antibody 
(1:1000). The primary antibodies used were rabbit anti-P53 
(Cat: #sc6243, Santa Cruz), rabbit anti-P21 (Cat: #ab18209, 
Abcam) and mouse anti-β-actin (Cat: #ab6276, Abcam) 
antibodies. After washing three times in TBST (each for 
10 min), membranes were incubated for 1 h at 37 °C with 
a peroxidase-conjugated secondary antibody (1: 2000; 
Cat: #GTX213110-01 and GTX213111-01, Gene Tex). 
Finally, membranes were processed using SuperSignal West 
Femto Maximum Sensitivity Substrate (Thermo Scientific, 
Waltham, MA, USA).

Time‑lapse microscopy for chromatin tracking 
and cyclin B1 activity monitoring

To visualize chromosomes and cyclin B1 activity, the 
oocytes were microinjected with H2B-mCherry and cyclin 
B1-GFP cRNA (1000 ng/μL). Images were captured auto-
matically every 15 min for 24 h by using an inverted micro-
scope (Lumascope 620; Etaluma Inc., Carlsbad, CA, USA) 
installed in an incubator with an atmosphere of 5% CO2 and 
maintained at 38.5 °C.

CDK1 kinase assay

Oocytes were collected at 20 h, 24 h, and 28 h of IVM for 
CDK1 activity detection around GVBD (24 h of IVM). 
In vitro Cyclin-dependent kinase 1 (CDK1) activity was 
quantified with the MESACUP® CDC2/CDK1 Kinase Assay 
Kit (Cat: #5234; MBL, Nagoya, Japan) according to previ-
ously reported methods [33]. Briefly, 5 μL of oocyte extract 
(containing 20 oocytes) was mixed with 45 μL of kinase 
assay buffer, 10% MV peptide solution (w/v; SLYSSPG-
GAYC, MBL), 0.1 mM adenosine triphosphate (ATP). The 
mixture was incubated for 30 min at 30 °C. The reaction was 
terminated with 200 μL PBS (pH 7.5) containing 50 mM 
ethylene glycol tetra-acetic acid (EGTA). Phosphorylation 
of MV peptides was detected by an enzyme linked immu-
nosorbent assay (ELISA). Values were expressed as optical 
densities (OD) from experiments performed in triplicate.

Fig. 1   Effects of fipronil (FPN) on first polar body extrusion rate, cell 
cycle in porcine oocytes, and cumulus cell expansion gene expres-
sion. a Porcine COCs were cultured with 0, 50, and 100 μM FPN for 
44 h. Only the 0 and 100 μM FPN-treated groups were shown. Cumu-
lus cell expansion decreased (red rectangles) and the morphology 
of oocytes changed (red arrows) after FPN exposure. Bar = 100 μm. 
b The first polar body extrusion rate significantly decreased after 

FPN treatment for 44 h. control, n = 361; 50 μM FPN-treated group, 
n = 325; 100 μM FPN-treated group, n = 301. c Cell cycle analysis of 
oocytes cultured with 0 or 100 μM FPN for 28 h. d Quantitative anal-
ysis of the effect of FPN on the expansion of cumulus cells. Statisti-
cally significant differences are indicated by asterisks (*p < 0.05 and 
**p < 0.01) (Color figure online)
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Statistical analysis

All data were analyzed by one-way analysis of variance 
and t test with SPSS software (SPSS, Inc., Chicago, IL, 
USA). Differences among the treatments were examined by 
the Duncan multiple range test. Data are expressed as the 
mean ± standard error of the mean. Each experiment was 
performed in triplicate, and differences were considered sig-
nificant when p < 0.05.

Results

FPN impede oocyte maturation and cumulus cell 
expansion

The COCs were cultured in different concentrations of FPN 
for 44 h. First, the extent of cumulus cells expansion was 
weaker in the 100 μM FPN treatment group compared with 
the control group (Fig. 1a). Amphiregulin (AREG) is an 
epidermal growth factor (EGF)-like peptide promoting the 

Fig. 2   Effect of fipronil (FPN) on apoptosis and autophagy in por-
cine oocytes. a FPN induced early stage apoptosis among meiosis 
II oocytes. In the control group, normal oocytes exhibited fluores-
cence on the zona, whereas oocytes in early apoptosis exhibited fluo-
rescence on the zona and cell membrane. Bar = 50 μm. b The early 
apoptosis rate in the FPN-treated group was significantly increased. 
Control, n = 62; 100 μM FPN-treated group, n = 65. c Representative 

images of caspase 3 (red) expression in the control and FPN-treated 
groups. Bar = 50 μm. d The expression levels of caspase 3 was sig-
nificantly higher in the 100 μM FPN-treated group compared to the 
control. Control: n = 48; 100 μM FPN-treated group, n = 40. Statisti-
cally significant differences are indicated by asterisks (*p < 0.05 and 
**p < 0.01) (Color figure online)
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oocyte maturation and expansion of cumulus cells. Cycloox-
ygenase 2 (COX2), hyaluronic acid synthase 2 (HAS2) and 
pentraxin 3 (PTX3) are downstream of GDF9, and expres-
sion of these genes is closely related to cumulus cell expan-
sion [36, 37]. In contrast to the inhibited expansion of 
cumulus cells, the COX2 and PTX3 expression significantly 
increased in the 100 μM FPN treated group (Fig. 1d). In 
addition, the first polar body extrusion rates in the 50 μM 
(60.55 ± 1.48%; Fig.  1b) and 100  μM (18.64 ± 2.95%, 
Fig. 1b) FPN groups were significantly lower than those in 
the control group (74.90 ± 1.50%; Fig. 1b). Therefore, the 
100 μM concentration was chosen for subsequent experi-
ments. Next, cell cycle analysis was performed after 28 h 
of IVM. The percentage of GV stage oocytes were signifi-
cantly higher in the 100 μM FPN group (20.38 ± 2.19% vs. 

0.83 ± 0.68%, p < 0.01, Fig. 1c). However, the percentages 
of GVBD stage (68.22 ± 0.79% vs. 73.97 ± 0.62%, p < 0.05, 
Fig. 1c) and AT1&M2 stage (0% vs. 20.38 ± 0.73%, p < 0.01, 
Fig. 1c) oocytes from the 100 μM FPN group were signifi-
cantly lower than those from the control group.

FPN caused enhanced apoptosis in porcine oocytes

The Annexin-V positive rate in the 100 μM FPN group 
was significantly higher than the control group (Fig. 2a, b; 
p < 0.05). Next, the expression of CASP3 was detected and 
increased significantly in the 100 μM FPN group (Fig. 2c, 
d; p < 0.01).

Fig. 3   Intracellular changes occur among porcine oocytes treated 
with fipronil (FPN). a FPN effect on ROS generation determined by 
H2DCFDA fluorescence (green) in porcine oocytes. Bar = 100  μm. 
b The fluorescence intensity was significantly increased after the 
100 μM FPN treatment. Control, n = 62; 100 μM FPN-treated group, 
n = 65. c Representative images of chromosomes stained with γH2AX 
(red) in control and FPN-treated groups. Bar = 10  μm. The linear 

intensities of γH2AX levels on the chromosomes from control and 
FPN-treated groups were analyzed and shown in d. e The expres-
sion of γH2AX on the chromosomes significantly increased after the 
100 μM FPN treatment. Control, n = 42; 100 μM FPN-treated group, 
n = 38. Statistically significant differences are indicated by asterisks 
(*p < 0.05 and **p < 0.01) (Color figure online)
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Fig. 4   Fipronil (FPN) impaired mitochondrial function. a Representa-
tive images of mono JC-1 (green) and aggregated JC-1 (red) fluores-
cence in control and fipronil (FPN)-treated groups. Bar = 100 μm. b 
The ratio of aggregated JC-1 per mono JC-1 significantly decreased 
in the 100  μM FPN-treated group compared to the control group. 
Control, n = 68; 100  μM FPN-treated group, n = 71. c Representa-
tive images of BCL-xL (green) expression in the control and FPN-
treated groups. Bar = 50  μm. d The intensity of BCL-xL signifi-
cantly decreased after the 100 μM FPN treatment (p < 0.05). Control, 

n = 42; 100  μM FPN-treated group, n = 45. e Representative images 
of cytochrome C (CYCS, green) and MitoTracker (red) expression in 
the control and FPN-treated groups. The colocalization of CYCS and 
MitoTracker is shown. Bar = 50 μm. f The Pearson correlation coef-
ficient between CYCS and mitochondria significantly decreased after 
the 100 μM FPN treatment (p < 0.05). Control, n = 14; 100 μM FPN-
treated group, n = 15. Statistically significant differences are indicated 
by asterisks (*p < 0.05 and **p < 0.01) (Color figure online)
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Increased ROS levels and DNA damage were found 
after FPN treatment

To explore the mechanism for the apoptosis and cell cycle 
arrest, ROS levels and DNA damage were examined. The 
ROS levels in the 100 μM FPN group were significantly 
higher than those in the control group (Fig. 3a, b; p < 0.05). 
Furthermore, the γH2AX signal on the chromosomes of the 
100 μM FPN group was significantly higher than that in the 
control group (Fig. 3c, d and e; p < 0.01).

High concentrations of FPN has an adverse effect 
on mitochondria function

First, the mitochondrial membrane potential was detected. 
The aggregated JC-1/mono JC-1 ratio in the 100 μM FPN 
group was significantly lower than the control group, which 
indicated an increase in membrane permeability (Fig. 4a, b; 
p < 0.05). Next, the expression of the anti-apoptosis protein 
Bcl-xL was detected. The intensity of Bcl-xL in the 100 μM 
FPN group dropped significantly (Fig. 4c, d; p < 0.05). 
Lastly, a mitochondria-cytochrome C colocalization analysis 
was carried out. Compared to the control group, the 100 μM 
FPN group showed reduced colocalized signal and the Pear-
son correlation coefficient was lower (Fig. 4e, f; p < 0.05).

FPN induced cell cycle arrest in porcine oocytes

To investigate the pathway activated by the DNA damage by 
assessing the expression of the ataxia telangiectasia-mutated 
(ATM) protein. Phosphorylated ATM in the 100 μM FPN 
group significantly increased in the chromosome and cyto-
plasm compared to the control group (Fig. 5a, b; p < 0.05). 
Subsequently, the expression of the cell cycle protein CDK1 
was assessed, and the result showed that inactivated CDK1 
(tyrosine 15 phosphorylated) significantly increased in 
the 100 μM FPN group compared with the control group 
(Fig. 5c, d; p < 0.05). The P53 and P21 protein expression 
were detected by western blotting, and the expression level 
of P53 and P21 both significantly increased in the 100 μM 
FPN group oocytes, and the expression level of P53 signifi-
cantly increased in the 100 μM FPN group cumulus cells 
(Fig. 5e–h; p < 0.05).

FPN impeded porcine oocyte GVBD by inhibiting 
CDK1 activity

At the beginning, time-lapse was employed to observe the 
cyclin B1 degradation. We observed that cyclin B1 degrada-
tion in the 100 μM FPN group was delayed (Fig. 6a, b). The 
CDK1 activity is related to G2/M transition, which rapidly 
increases during GVBD (approximately 24 h of IVM), and 

GV arrest appears when CDK1 activity is inhibited [38]. 
Hence, the CDK1 activity during GVBD was examined from 
20 to 28 h, which showed significant lower MPF activity 
after 20 h of IVM and a delayed increase in the 100 μM FPN 
group compared with the control (Fig. 6c; p < 0.05).

Discussion

The chiral insecticide, FPN, had been extensively used 
on cotton, rice, and corn crops as well as in commercial 
grass management and residential pest control for the past 
20 years. Although people have benefited from the use of 
FPN, it is still risky to use in the farm. Previous studies have 
demonstrated adverse effects of FPN on mammalian somatic 
cells and the male reproductive system [5, 7, 16]. Although a 
recent study showed that FPN impeded mouse preimplanta-
tion embryo development [39], no studies about the effect of 
FPN on mammalian oocyte maturation have been reported. 
Furthermore, a maternal transfer of FPN to the next gen-
eration has been reported in zebrafish [40]. Therefore, it is 
important to find out whether the application of FPN in pig 
farm will cause adverse effect on sow’s reproductive system 
and the mechanism underneath. In the present study, it was 
observed that 100 μM of FPN harms the porcine oocytes by 
inducing excessive ROS and DNA damage during in vitro 
maturation. Therefore, FPN could have a potential toxicity 
on porcine oogenesis and may be harmful to reproduction 
of sows.

FPN can induce excessive ROS in rat sperms and human 
SH-SY5Y neuronal cells [5, 7, 14]. As we know, ROS are 
usually derived from mitochondria respiratory activity, 
which includes hydrogen peroxide (H2O2) and superoxide 
(O2

−) [18]. The excessive ROS perturb oogenesis because 
oocytes are susceptible to these molecules [41]. The oocytes 
of pigs have large amounts of lipids, which are sensitive 
to ROS [42]. In this study, H2DCFDA, an ROS indicator, 
showed higher ROS levels in the 100 μM FPN-treated group. 

Fig. 5   Cell cycle arrest caused by DNA damage through the 
ATM pathway. a Representative images of phosphorylated-ATM 
(red) expression in the control and fipronil (FPN)-treated groups. 
Bar = 100  μm. b The intensity of ATM significantly increased after 
the 100 μM FPN treatment (p < 0.01). Control, n = 35; 100 μM FPN-
treatment group, n = 38. c Representative images of phosphorylated-
CDK1 (Tyr15, red) expression in the control and FPN-treated groups. 
Bar = 50  μm. d The intensity of phosphorylated-CDK1 significantly 
increased after the 100 μM FPN treatment (p < 0.01). Control, n = 61; 
100 μM FPN-treated group, n = 58. e Western blotting result of P53 
or P21 from control and 100  μM FPN-treated group were shown. 
Oocyte (OO): Control, n = 200; 100 μM FPN-treated group, n = 200. 
All experiments were carried out in triplicate. Quantitation and sta-
tistical analyses of e are shown in f, g and h. CCs: cumulus cells. 
ACTB: β-actin. TUBB: β-tubulin. Statistically significant differences 
are indicated by asterisks (*p < 0.05 and **p < 0.01) (Color figure 
online)
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ROS can increase the expression of pro-apoptotic genes 
(Bax, Caspase3) and inhibit the expression of pro-survival 
genes (Bcl-2, Bcl-xL). Moreover, ROS disrupt the mitochon-
drial membrane potential and reduce ATP levels, and then 
the decreased mitochondrial membrane potential might lead 
to the release of cytochrome C from the mitochondria into 

the cytoplasm [43, 44]. Subsequently, the increased cyto-
plasmic cytochrome C levels would activate Caspase-9 and 
Caspase-3, which eventually leads to apoptosis. The results 
showed that FPN led to a decrease in Bcl-xL levels, release 
of cytochrome C, and an enhancement of Caspase3 activity, 
suggesting that excessive ROS caused by FPN might be the 
cause of impaired mitochondrial function, which needs to 
be further investigated.

DNA damage can induce apoptosis and cell cycle arrest 
[25, 45]. Cell cycle arrest because of DNA damage has 
been hypothesized to be a self-saving mechanism to pro-
vide enough time for repairing the DNA lesions. It has 
been reported that FPN intake resulted in micronuclei in 
the peripheral blood of mice as well as DNA damage in 
human blood lymphocytes [17, 46]. In the present study, 
100 μM FPN treatment induced a significantly higher level 
of DNA damage as indicated by γH2AX, a marker for 
DNA strand break [47]. A previous study has shown that 
oocytes arrested at the G2–M stage (GV stage arrest) when 
DNA lesions occur [48]. Additionally, cyclin B1 is the 
principal molecule for regulation in pig oocyte maturation 
[49], and the amount of cyclin B indicates MPF activity in 
oocytes, which significantly decreases between the meiosis 
I and II stages [26]. In the present study, the DNA dam-
age caused the activation of ATM pathway, and a delayed 

Fig. 6   Effect of fipronil (FPN) on cyclin B1 degradation and CDK1 
activity. a Time-lapse images of oocytes injected with H2B-mcherry 
(red) and cyclin B1-GFP (green) cultured in 0 and 100  μM FPN. 
Bar = 50 μm. b The cyclin B1-GFP level of control (red) and 100 μM 
FPN-treated group (blue) were detected by time-lapse imaging dur-

ing in  vitro maturation (IVM), c CDK1 activity was detected dur-
ing GVBD. The activity of CDK1 in the FPN-treated group (blue) 
was significantly lower than that of the control group (red, p < 0.05) 
at 20 h of IVM. Control, n = 60; 100 μM FPN-treated group, n = 60 
(Color figure online)

Fig. 7   Summary of the effect of fipronil (FPN) on porcine oocyte 
maturation. The FPN caused excessive generation of reactive oxy-
gen species (ROS), decrease of mitochondrial membrane potential 
and DNA damage. Further, mitochondrial dysfunction and DNA 
damage led to apoptosis and cell cycle arrest
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degradation of cyclin b1 as well as the low CDK1 activ-
ity. The pathway regulating CDK1 activity includes Chk1/
Chk2-Cdc25c and P53-P21 [30, 31, 50]. In the present 
study, FPN treatment activated the ATM-P53-P21 path-
way, which is consistent with previous results. This sug-
gested that FPN could possibly cause GV stage arrest in 
porcine oocytes because of DNA damage, which blocked 
porcine oocytes from further development.

Intriguingly, the increase in COX2 and PTX3 mRNA 
levels was in contradiction to the inhibited cumulus 
expansion. Overexpression of COX2 and tumor necrosis 
factor-α (TNF-α) has been reported in SH-SY5Y cells after 
100 μM FPN treatment [51], which indicated FPN could 
induce inflammatory response in neuronal cells. PTX3 was 
expressed rapidly when primary inflammatory signals (for 
example, TNFα) occurred [52]. FPN could also cause the 
activation of MAPK pathway and induce accumulation of 
nuclear P53, which finally causes apoptosis [51]. There-
fore, 100 μM FPN might induce inflammatory response in 
the cumulus cells and cause apoptosis before the expan-
sion of cumulus cells.

In conclusion, FPN can accelerate ROS production 
inside the porcine oocytes and increase the extent of DNA 
damage. FPN also induced apoptosis because of mitochon-
drial dysfunction. Furthermore, the DNA damage led to a 
GV stage arrest and a delayed cell cycle by inhibition of 
MPF activity (Fig. 7). Overall, these results demonstrated 
that FPN has a detrimental effect on the porcine oocyte 
maturation and could impair the reproduction performance 
of sows when pesticides including FPN was used around 
the pig farm. It needs to be further investigated if the FPN 
will accumulate inside the sows and if its toxicity will be 
transferred to next generation.
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