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ABSTRACT
Lipopolysaccharide disturbs the secretion of gonadotropin, endometrial function 

and implantation efficiency. However, there is little information regarding the 
effects of lipopolysaccharide on cyclic ovary activity, especially oocyte maturation. 
Therefore, we aimed to investigate the effects of lipopolysaccharide on the maturation 
potential of bovine oocytes. We found that lipopolysaccharide exposure significantly 
decreased the first polar body extrusion rate and delayed the cell cycle progression. 
The abnormal spindle rate was significantly increased in lipopolysaccharide 
treatment group, accompanied by disrupted localization and level of phosphorylated 
mitogen-activated protein kinase (p-MAPK). Moreover, lipopolysaccharide treatment 
significantly increased intracellular reactive oxygen species (ROS) levels and the 
early apoptotic rate in oocytes. The pro-apoptotic caspase-3 and Bax mRNA levels 
and caspase-3 protein level were significantly increased, whereas the anti-apoptotic  
Bcl-2 and XIAP transcript abundance were significantly decreased in lipopolysaccharide 
exposure group. Furthermore, the dimethyl-histone H3 lysine 4 (H3K4me2) level 
was significantly increased, while the DNA methylation (5-mC) and dimethyl-histone 
H3 lysine 9 (H3K9me2) levels were markedly decreased in oocytes treated with 
lipopolysaccharide. In conclusion, lipopolysaccharide exposure inhibits the maturation 
potential of bovine oocytes by affecting cell cycle, cytoskeletal dynamics, oxidative 
stress, and epigenetic modifications.

INTRODUCTION

Lipopolysaccharide is a main toxin from Gram-
negative bacteria which cause mammary gland and/or upper 
genital tract infections such as mastitis and metritis, and impair 
the reproduction performance in females [1–3]. In bovine, 
nearly 80–90% of uteri were contaminated with bacteria after 
parturition, and the contamination may persist and manifest 
as subclinical or clinical metritis in 40% of animals [4–6]. 
This large scale postpartum metritis causes huge economic 
losses, contributing to female reproductive disorders which 
is estimated to cost €1.4 billion in the EU and $650 million 
in the United States annually [7, 8]. Lipopolysaccharide 
exposure also disturbs endometrial endothelial cell functions 
and causes sperm apoptosis in human [9, 10]. 

Recently, deleterious effects of lipopolysaccharide 
have been revealed, especially on reproductive performance. 
For instance, lipopolysaccharide could potentially suppress 
the secretion of gonadotropin-releasing hormone (GnRH) 
[11], reduce the concentration of circulating and intra-
follicular oestradiol [12], extend the luteal phases [13], 
and decrease the conception rate [14]. After uterine 
infections, lipopolysaccharide was found to accumulate in 
the follicular fluid of growing follicles [12]. A recent study 
showed that lipopolysaccharide accumulation could reduce 
the primordial follicle pool, accelelate follicle atresia [15], 
and affect the oocyte developmental competence [16–18]. 
However, the mechanistic link between lipopolysaccharide 
exposure and the perturbation of follicles development or 
oocyte maturation remains to be explored. 
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Oocyte maturation, which is essential for the 
subsequent fertilization and embryo development, can 
be easily perturbed by a series of regulatory events 
such as oxidative stress, apoptosis and epigenetic 
modifications [19]. Oxidative stress can negatively 
affect spindle integrity and biological function [20], 
lower meiotic resumption rates [21], and then decrease 
oocyte maturation potential. Numerous studies have 
shown that lipopolysaccharide could induce cytotoxicity 
by enhancing cellular oxidative stress in different cell 
lines, including macrophage cell [22], dendritic cell [23], 
and epithelial cell [24]. The intracellular glutathione-
dependent redox homeostasis could be altered by 
lipopolysaccharide exposure [22]. Moreover, Raza et al. 
reported that lipopolysaccharide could induces apoptosis 
by increasing the expression of oxidative stress-sensitive 
genes and proteins, and releasing the pro-apoptotic factor 
mitochondrial cytochrome c from the mitochondrial 
intermembrane space into the cytoplasm [25]. In addition, 
specific changes of histone H3 acetylation (H3-acetyl), 
dimethyl-histone H3 lysine 4 (H3K4me2), dimethyl-
histone H3 lysine 9 (H3K9me2) levels occurred during 
lipopolysaccharide stimulation in human intestinal 
epithelial cells [26]. In oocyte, abnormal epigenetic 
modifications would lead to deficient chromosome 
condensation and segregation, and further delay the 
progression of maturation and trigger oocyte aging [27]. 
Studies on the toxic effects of lipopolysaccharide revealed 
that lipopolysaccharide could impair oocyte nuclear and 
cytoplasmic maturation, and decrease the proportion of 
cleaved embryos and the blastocyst formation rate after 
fertilization [17, 18]. However, the underlying mechanism 
by which lipopolysaccharide disrupts the maturation 
potential of oocyte has not been well elucidated.

The present study was conducted to assess the 
effects of lipopolysaccharide on the maturation potential 
of bovine oocytes and examine a preliminary exploration 
of the possible mechanisms involved through the aspects 
of cytoskeletal dynamics, oxidative stress, and epigenetic 
modifications. 

RESULTS

Lipopolysaccharide exposure reduces the polar 
body extrusion rate of bovine oocytes 

The majority of oocytes in the control group were 
observed to extrude the first polar bodies after 22h of 
culture (85.67 ± 2.73%, n = 478). However, the polar 
body extrusion rates were suppressed after exposure to 
lipopolysaccharide (Figure 1A). Treatment with 1 μg/mL 
lipopolysaccharide resulted in a decrease in the percentage 
of first body extrusion rate, but no significant difference 
was observed between the treatment and the control 
group (80.60 ± 1.81%; P > 0.05; n = 205; Figure 1B). 

After treatment with 10 μg/mL lipopolysaccharide, the 
percentage of polar body extrusion rate was significantly 
reduced to 68.07± 4.09% (P < 0.05; n = 218) compared 
with the control group. Based on these results, we 
selected 10 μg/mL as the treatment concentration of 
lipopolysaccharide for subsequent experiments.

Lipopolysaccharide exposure delays the cell 
cycle progression and affects spindle structure 
but not actin assembly in bovine oocytes

In order to explore the possible reasons for 
decreased maturation rate of bovine oocytes after 
lipopolysaccharide treatment, we first analyzed the effect 
of lipopolysaccharide on cell cycle progression. The results 
showed that there was no significant difference in the 
proportion of germinal vesicle breakdown (GVBD) stage 
oocytes between the treatment (7.69 ± 1.15%, n = 133) and 
the control group (6.93 ± 1.31%, n = 125) (P > 0.05), but 
the percentages of oocytes arrested at metaphase I (MI) and 
anaphase and telophase I (AT1) stages were significantly 
increased (17.90 ± 1.81% and 12.46 ± 0.95%) compared 
to the control group (3.72 ± 0.44% and 3.72 ± 0.44% ) (P 
< 0.05; Figure 2).

Following spindle morphology detection of MI 
oocytes exposed to lipopolysaccharide, we found that a 
substantial percentage of oocytes exhibited disrupted spindle 
morphologies and misaligned chromosomes. These oocytes 
had multiple poles, no poles, or disrupted poles (Figure 
3A). In contrast, the majority of oocytes possessed normal 
spindle morphologies and well-aligned chromosomes in 
the control group. The percentage of abnormal spindle was 
significantly higher in lipopolysaccharide treatment group 
(12.40 ± 0.95%, n = 138) than that in the control group 
(4.87 ± 0.29%, n = 129, P < 0.05) (Figure 3B). The actin 
assembly was not affected by lipopolysaccharide exposure, 
as the actin cap was present in both the treatment and the 
control groups (Figure 4). 

To further confirm the effects of lipopolysaccharide on 
meiotic spindle, the localization and level of phosphorylated 
mitogen-activated protein kinase (p-MAPK), a 
typical spindle regulator, were analyzed. As shown in 
Figure 5A, the localization of p-MAPK in oocyte exposed to 
lipopolysaccharide was disrupted (Control n = 47, Treatment 
n = 56), and the level of p-MAPK protein was significantly 
decreased compared with the control group (P < 0.05; 
Figure 5B). These results suggest that lipopolysaccharide 
exposure could delay cell cycle progression and disrupt the 
spindle structure of bovine oocytes.

Lipopolysaccharide exposure induces oxidative 
stress and apoptosis in bovine oocytes

Lipopolysaccharide treatment significantly 
increased intracellular dihydroethidium (DHE) and 
reactive oxygen species (ROS) levels in oocytes compared 
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Figure 1: Lipopolysaccharide exposure reduced the polar body extrusion rate of bovine oocytes. (A). Representative 
photomicrographs. The first polar bodies were indicated with arrows. Bar = 50 μm. (B). The polar body extrusion rate after lipopolysaccharide 
treatment. Asterisk indicates significant difference (P < 0.05).

Figure 2: Lipopolysaccharide exposure delayed the cell cycle progression during oocyte maturation. Rates of different 
stages of cell cycle after the oocytes were cultured for 22 h. Blue, chromatin; Green, α-tubulin. Bar = 1 μm. Asterisk indicates significant 
difference (P < 0.05).
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to the control group (P < 0.05; Figure 6B and 6D). These 
results indicated that lipopolysaccharide treatment induces 
oxidative stress in bovine oocytes. Annexin-V assay 
showed that the early apoptotic rate in oocytes exposed 
to lipopolysaccharide (25.00 ± 3.21%, n = 46) was 
significantly higher than that in the control group (12.33 ± 
1.45%, n = 37; P < 0.05) (Figure 7A and 7B). 

Moreover, the relative mRNA abundance of the 
pro-apoptotic genes caspase-3 and Bax, and the anti-
apoptotic genes Bcl-2 and XIAP were determined 
by real-time quantitative PCR analysis. Caspase-3 
and Bax mRNA levels were markedly increased 
following lipopolysaccharide treatment, while Bcl-
2 and XIAP transcript abundances were significantly 

Figure 3: Lipopolysaccharide exposure impaired spindle structure. (A). Representative photomicrographs. Blue, chromatin; 
Green, α-tubulin. Bar = 1 μm. (B). The abnormal spindle rate. Asterisk indicates significant difference (P < 0.05).

Figure 4: Actin assembly was not disrupted following lipopolysaccharide treatment. The actin cap was present in both the 
treatment and the control groups. Blue, chromatin; Green, α-tubulin; Red, actin. Bar = 20 μm.
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decreased compared to the control group (P < 0.05;  
Figure 7C). Western blot analysis further confirmed that 
caspase-3 protein level was significantly upregulated by 
lipopolysaccharide treatment compared to the control 
oocytes (P < 0.05; Figure 7D). Collectively, these results 
indicate that lipopolysaccharide could induce oxidative 
stress and apoptosis in bovine oocytes.

Lipopolysaccharide exposure alters epigenetic 
modifications in bovine oocytes   

The levels of global DNA methylation (5mC), 
global H3K4me2 and H3K9me2 were measured in 
oocytes treated with lipopolysaccharide. Oocytes exposed 
to lipopolysaccharide presented lower 5mC levels than 
the control group (P < 0.05; Figure 8B). H3K9me2 levels 
in lipopolysaccharide treatment group were significantly 
decreased compared to control oocytes (P < 0.05;  
Figure 9D). In contrast, the global H3K4me2 levels in 
oocytes treated with lipopolysaccharide were higher than 
those in the control group (P < 0.05; Figure 9B). These data 
imply that lipopolysaccharide exposure may affect oocyte 
epigenetic status.

DISCUSSION

In this study, we systematically analyzed the 
effects of lipopolysaccharide on cell cycle progression, 
meiotic spindle structure, oxidative stress, apoptosis, and 
epigenetic modifications in bovine oocytes matured in 
vitro. We found that lipopolysaccharide exposure delayed 
cell cycle progression, disrupted meiotic spindle structure, 
induced oxidative stress and apoptosis, and altered 
epigenetic status in bovine oocytes, which may provide 
possible reasons why lipopolysaccharide inhibited oocyte 
maturation potential.

Previous study showed that the proportions of 
oocytes that became blastocysts at day 8 after in vitro 
fertilization were significantly decreased after adding 
lipopolysaccharide to oocyte maturation medium [28]. 
Lipopolysaccharide exposure impaired oocyte nuclear 
and cytoplasmic maturation, and altered maternal gene 
expression in bovine [18]. In the present study, the first 
polar body extrusion rate was significantly reduced 
after treatment with 10 μg/mL lipopolysaccharide. 
This result is consistent with the report of Bromfield 
and Sheldon [16], who found that oocytes exposed to 

Figure 5: Lipopolysaccharide exposure changed the localization and protein level of p-MAPK in bovine oocytes. (A). 
Localization of p-MAPK. Blue, chromatin; Green, α-tubulin; Red, p-MAPK. Bar = 20 μm. (B). Western blot analysis of p-MAPK level. 
Asterisk indicates significant difference (P < 0.05).
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lipopolysaccharide had decreased polar body release 
rate. Moreover, we demonstrated for the first time 
that lipopolysaccharide exposure delayed cell cycle 
progression during the maturation process, as the 
proportion of oocytes arrested at MI and AT1 stages 
were significantly increased in lipopolysaccharide 
exposure group. Previous reports have shown that 
lipopolysaccharide could block cell cycle progression in 
human bone marrow-derived macrophages, microglia and 
B cells [29–31]. 

Dynamic changes in cytoskeleton are crucial for 
meiotic maturation and fertilization of mammalian 
oocyte. Lipopolysaccharide could induce meiotic failure, 
and perturb meiotic structures such as aberrant spindles, 
chromosomal ejection, or GVBD failure in in vitro 
matured cumulus-oocyte complexes (COCs). Our results 
showed that oocytes treated with lipopolysaccharide 
exhibited disrupted spindle bipolarity and structure, 
while the actin cap was not affected. Furthermore, 
lipopolysaccharide exposure decreased the protein level 
of p-MAPK. Microtubules form the bipolar spindle, 
which aligns the chromosomes on the metaphase 
plate and segregates them into the two daughter cells 
[32, 33], and actin filaments are responsible for the 
spindle movement [34]. As a regulator, MAPK plays 
a key role in microtubule organization and meiotic 

spindle assembly [35]. Thus we speculated that 
lipopolysaccharide perturbed spindle formation by 
suppressing p-MAPK level, resulting in the reduction 
of polar body extrusion rate of bovine oocytes.   

Excessive generation of ROS originated from 
external surroundings and/or normal cell metabolism 
may lead to oxidative stress and further induce 
meiotic cell cycle arrest and apoptosis in mammalian 
oocytes or pre-implantation embryos [36, 37]. A 
number of studies showed that lipopolysaccharide 
could induce excessive ROS generation and apoptosis 
events in different cell lines [22, 23, 38, 39]. As 
expected, we found that lipopolysaccharide treatment 
significantly increased intracellular ROS levels and 
the early apoptotic rate in bovine oocytes. Moreover, 
the transcript abundance of pro-apoptotic Bax and 
caspase-3, as well as the protein level of caspase-3, 
were significantly reinforced, while the anti-apoptotic 
Bcl-2 and XIAP mRNA levels were markedly 
attenuated in oocytes exposed to lipopolysaccharide. 
These results are consistent with a previous report that 
lipopolysaccharide significantly upregulated mRNA 
and protein levels of Bax and caspase-3, and decreased 
Bcl-2 expression in MC3T3-E1 cells [40]. Jeon et al. 
suggested that lipopolysaccharide treatment induced 
cell death by increasing the level of ROS, which then 

Figure 6: Lipopolysaccharide treatment increased DHE and ROS generation in bovine oocytes. (A). Representative 
photomicrographs. Red, DHE. a, b: Bar = 100 μm; c, d: Bar = 20 μm. (B). The fluorescence intensity of DHE in lipopolysaccharide treated 
oocytes. (C). Representative photomicrographs. Green, ROS. Bar = 100 μm. (D) ROS generation after lipopolysaccharide treatment. 
Asterisk indicates significant difference (P < 0.05).
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promoted MAPKs activation and Bax translocation in 
cultured pneumocytes [41]. Our results indicated that 
lipopolysaccharide may disrupt oocyte maturation 
potential by inducing oxidative stress and enhancing 
the incidence of apoptosis. 

Specific epigenetic marks, such as DNA 
methylation and histone modifications, are critical 
to confer the female gamete with meiotic as well as 
developmental competence during gametogenesis 
[42–44]. DNA methylation is of particular significance 
in oocyte, as it not only participates in the regulation 
of gene expression, but also marks specific genes, e.g. 
imprinted genes in embryo [45]. Incomplete methylation 
imprints in immature oocytes may be one of the causative 
factors in inducing developmental abnormalities in 
mouse [46]. Cheng et al. found that aberrant DNA 
methylation at specific CpG sites of the suppressors 

of cytokine signaling 1 promoter correlated with loss 
of gene expression in lipopolysaccharide-activated 
macrophages [47]. Several recent studies reported that 
lipopolysaccharide altered histone lysine methylations, 
including H3K4me2, H3K9me2 and H3K27me3 
in infected cells [48–50]. H3K9me2 is involved in 
transcriptional repression and the maintenance of a 
defined expression profile during the final phase of 
oocyte growth and maturation [51, 52], while H3K4me2 
is important for transcriptional activation [53]. SMYD3, 
a H3K4 methyltransferase, was expressed throughout 
bovine oocyte in vitro maturation and early embryonic 
development, which suggests that SMYD3 may play an 
essential role in transcription regulation in bovine [54]. 
In the current study, lipopolysaccharide significantly 
decreased the levels of global DNA methylation (5mC) 
and H3K9me2, whereas the global H3K4me2 levels in 

Figure 7: Lipopolysaccharide exposure induced apoptosis in bovine oocytes. (A). Representative photomicrographs. Green, 
Annexin-V. a, b: Bar = 100 μm; c, d: Bar = 20 μm. (B). Rates of early apoptosis after lipopolysaccharide treatment. (C). Transcripts 
of apoptosis-related genes caspase-3, Bax, Bcl-2, and XIAP. (D). Western blot analysis of caspase-3 protein level. Asterisk indicates 
significant difference (P < 0.05).
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oocytes were increased. These results demonstrated that 
lipopolysaccharide could alter the epigenetic status in 
bovine oocytes during maturation. 

In conclusion, the results of this study suggest 
that lipopolysaccharide can suppress the first polar body 

extrusion rate. The negative effects of lipopolysaccharide 
on maturation potential of bovine oocytes may be 
partly due to its cytotoxicity on cell cycle progression, 
meiotic spindle structure, oxidative stress, apoptosis, and 
epigenetic modifications. 

Figure 8: Lipopolysaccharide exposure decreased the levels of global DNA methylation (5mC) in bovine oocytes. (A). 
Immunofluorescence staining for 5 mC in bovine oocytes. Red, 5mC. Bar = 20 μm. (B). The levels of global 5 mC in bovine oocytes. 
Asterisk indicates significant difference (P < 0.05).

Figure 9: Lipopolysaccharide exposure changed the levels of global H3K4 methylation (H3K4me2) and H3K9 
methylation (H3K9me2) in bovine oocytes. (A). Immunofluorescence staining for H3K4me2 in bovine oocytes. Blue, chromatin; 
Red, H3K4me2. Bar = 20 μm. (B). H3K4me2 fluorescence intensity in bovine oocytes. (C). Immunofluorescence staining for H3K9me2 
in bovine oocytes. Blue, chromatin; Red, H3K9me2. Bar = 20 μm. (D). Fluorescence intensity of H3K9me2 in bovine oocytes. Asterisk 
indicates significant difference (P < 0.05).
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MATERIALS AND METHODS

Antibodies and chemicals

Unless otherwise specified, all chemicals were 
obtained from Sigma-Aldrich Co. (St. Louis, MO, USA). 
Rabbit polyclonal antibodies for H3K4me2 and H3K9me2 
were from Active Motif (Active Motif, CA, USA). Rabbit 
polyclonal antibody for caspase-3, rabbit monoclonal 
antibody for p-MAPK and rabbit monoclonal antibody 
for 5-mC were obtained from Cell Signaling Technology 
(Beverly, MA, USA). Alexa Fluor 594 goat anti-rabbit 
secondary antibodies were purchased from Invitrogen 
(Carlsbad, CA, USA). Annexin V-FITC kits were purchased 
from Vazyme Biotech Co., Ltd. (Nanjing, China).

Oocyte in vitro maturation (IVM) 

The ovaries were harvested from a local abattoir and 
transported to our laboratory at 28–30ºC within 2 h. After 
washing three times with sterile phosphate-buffered saline 
(PBS), COCs were manually aspirated from antral follicles 
that were 2–6 mm in diameter using an 18-gauge needle. 
Oocytes that were surrounded by at least three compact 
cumulus layers and had uniform ooplasm were selected. 
Generally, prior to IVM, COCs were washed three times 
in IVM medium and 50 COCs were then incubated in 750 
µL maturation medium in each well of a four-well plate 
(Nunc, Denmark) in air with 5% CO2 at 38.5 ºC and the 
maximum humidity. IVM was carried out in TCM-199 
(Gibco BRL, Grand Island, NY, USA) containing 0.01 
IU/mL follicle-stimulating hormone (FSH), 10 IU/mL 
luteinizing hormone (LH), 1 μg/mL estradiol (E2), and 10 
% (v/v) fetal bovine serum (FBS; Gibco BRL).

Lipopolysaccharide treatment

Lipopolysaccharide was dissolved in water 
and diluted with maturation medium to obtain a final 
concentrations of 1 µg/mL and 10 µg/mL. The proportion 
of water in the final culture meidum should not exceed 1% 
after dilution with in vitro maturation medium.

Cytochemical staining

After culture for 12 h or 22 h, cumulus cells were 
removed by repeated pipetting. Denuded oocytes were fixed 
in 3.7% (w/v) PFA in phosphate-buffered saline (PBS) for 
1 h, and then permeabilized with PBS supplemented with 
1% Triton X-100 for 1h. After washing three times in PBS 
containing 0.1% polyvinyl alcohol (PVA), the oocytes were 
blocked in 1% bovine serum albumin (BSA)/PBS for 8 
h. The oocytes were incubated with H3K4me2 antibody 
(1:1000), H3K9me2 antibody (1:1000), p-MAPK antibody 
(1:200), phalloidin-TRITC (1:500), and anti-α-tubulin-

FITC (1:200) antibody overnight at 4°C. After washing 
three times (5 min each time) in 0.1% PVA/PBS medium, 
oocytes were labeled with secondary antibodies for 40 
min at room temperature and then incubated with 2 µg/mL 
4’-6-diamidino-2-phenylindole (DAPI, Roche). Samples 
from each groups were transferred onto identical slides and 
analyzed under a confocal microscope (Olympus FV1000, 
Tokyo, Japan).

For staining of cellular ROS and DHE 
levels, the samples were incubated with 10 mM 
2′,7′-dichlorofluorescin diacetate (DCHFDA) and 
superoxide-sensitive fluorescent dyes in the dark for 
30 min, and then washed three times in washing buffer. 
Annexin V/PI-FITC kits were used to detect early 
apoptosis according to the manufacturer’s instructions. 
Samples from each group were transferred onto identical 
slides and analyzed under a confocal microscope 
(Olympus FV1000).

For 5 mC staining, the zona pellucid of oocytes was 
removed by using 0.05% pronase in PBS. All samples 
were then denatured in 2 N HCl meidum for 30 min and 
neutralized in 100 mM Tris-HCl medium (pH 8.5) for 10 
min. The samples were washed three times in 1% (w/v) 
BSA/PBS, and then incubated with 1:500 mouse anti-5-
mC antibody overnight at 4°C followed by incubation with 
secondary antibodies for 40 min. Then the samples were 
washed three times and incubated with 2 µg/mL DAPI. 
Samples from each group were transferred onto identical 
slides and analyzed under a laser scanning confocal 
microscope (Olympus FV1000).

The experiments were repeated three times and at 
least 10-15 oocytes per group in each replication. Image 
J software (NIH) was used to analyze the fluorescence 
intensity, and ROI was used to examine the fluorescence 
intensity per pixel within the images. Finally, the average 
values of all images were calculated and used as the final 
intensities for each group. 

Real-time quantitative PCR analysis

Total RNA was extracted from 100 oocytes treated 
with or without lipopolysaccharide for 12 h using Trizol 
reagent (Invitrogen, Carlsbad, CA, USA). First-strand 
cDNA was synthesized using 0.05 μg of RNA with random 
hexamers. Real-time quantitative PCR was conducted 
in three replicates using an ABI-7900 SDS instrument 
(Applied Biosystems, Foster city, CA, USA) and the primers 
were listed in Table 1. 2-ΔΔCT method was used to calculate 
gene expression level with GAPDH as a reference gene.

Western blot analysis

150 bovine oocytes at the MI stage were harvested 
and washed three time in PBS buffer, proteins were 
extracted and seperated by sodium dodecyl sulfate (SDS)-
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polyacrylamide gel electrophoresis (PAGE) using 7.5% 
polyacrylamide gel and tranferred onto membranes 
(Millipore). Next, the membranes were blocked in 
5% (w/v) skim milk overnight at 4°C. Membranes 
were incubated with p-MAPK monoclonal antibody 
(1:2000) and caspase-3 polyclonal antibody (1:1000) 
at 4°C overnight, washed three times (5 min each time) 
in TBS, and incubated with horseradish peroxidase 
(HRP)-conjugated secondary antibodies (Zhong 
Shan Biotechnology, Beijing, China) for 1 h at room 
temperature. The signals were detected using an ECL kit.  

Statistical analysis

At least three biological replicates were used, and 
the results were presented as mean ± SEM. Analysis of 
variance (ANOVA) was used for statistical comparisons 
and Duncan’s multiple comparisons test was used to 
analyze the differences between each group. The value of 
P < 0.05 was considered statistically significant.

CONFLICTS OF INTERNET

All authors declared there were no conflicts of 
interest to disclosure.

Authors’ contributions 

S.J.Z and H.B.Z designed this experiment, S.J.Z 
performed the experiment, X.M.Z., Y.W.P., W.H.D., 
H.S.H analyzed the data and contributed reagents; S.J.Z, 
Y.W.P. and H.B.Z wrote this paper, and all authors read 
and approved the final version. 

GRANT SUPPORT 

China Agriculture Research System (CARS-37) 
and the Agricultural Science and Technology Innovation 
Program (ASTIP-IAS06-2016) supported this study. 

REFERENCES 

 1. Sheldon IM, Cronin J, Goetze L, Donofrio G, Schuberth HJ. 
Defining postpartum uterine disease and the mechanisms of 
infection and immunity in the female reproductive tract in 
cattle. Biol Reprod. 2009; 81:1025–1032.

 2. Hertl JA, Grohn YT, Leach JD, Bar D, Bennett GJ, 
Gonzalez RN, Rauch BJ, Welcome FL, Tauer LW, 
Schukken YH. Effects of clinical mastitis caused by gram-
positive and gram-negative bacteria and other organisms on 
the probability of conception in New York State Holstein 
dairy cows. J Dairy Sci. 2010; 93:1551–1560.

 3. Sheldon IM, Rycroft AN, Dogan B, Craven M, Bromfield JJ, 
Chandler A, Roberts MH, Price SB, Gilbert RO, Simpson 
KW. Specific strains of Escherichia coli are pathogenic for 
the endometrium of cattle and cause pelvic inflammatory 
disease in cattle and mice. PLoS One. 2010; 5:e9192.

 4. Földi J, Kulcsár M, Pécsi A, Huyghe B, de Sa C, Lohuis 
JA, Cox P, Huszenicza G. Bacterial complications of 
postpartum uterine involution in cattle. Anim Reprod Sci. 
2006; 96:265–281.

 5. Swangchan-Uthai T, Lavender CR, Cheng Z, Fouladi-
Nashta AA, Wathes DC. Time course of defense 
mechanisms in bovine endometrium in response to 
lipopolysaccharide. Biol Reprod. 2012; 87:135.

 6. Sheldon IM, Williams EJ, Miller AN, Nash DM, 
Herath S. Uterine diseases in cattle after parturition. Vet J. 
2008; 176:115–121. 

 7. Cronin JG, Turner ML, Goetze L, Bryant CE, Sheldon 
IM. Toll-like receptor 4 and MYD88-dependent signaling 
mechanisms of the innate immune system are essential for 
the response to lipopolysaccharide by epithelial and stromal 
cells of the bovine endometrium. Biol Reprod. 2012; 86:51.

 8. Sheldon IM, Cronin J, Goetze L, Donofrio G, Schuberth HJ. 
Defining postpartum uterine disease and the mechanisms of 
infection and immunity in the female reproductive tract in 
cattle. Biol Reprod. 2009; 81:1025–1032.

 9. Fujita Y, Mihara T, Okazaki T, Shitanaka M, Kushino R, 
Ikeda C, Negishi H, Liu Z, Richards JS, Shimada M. Toll-
like receptors (TLR) 2 and 4 on human sperm recognize 

Table 1: Primer sequences used for real-time quantitative PCR
Gene Primer Sequence (5ʹ-3ʹ) Annealing temp. (ºC) Fragment size (bp)

GADPH Forward GGGTCATCATCTCTGCACCT
GGTCATAAGTCCCTCCACGA

60 177
Reverse

caspase –3 Forward TACTTGGGAAGGTGTGAGAAAACTAA
AACCCGTCTCCCTTTATATTGCT

59 71
Reverse

Bax Forward GGCTGGACATTGGACTTCCTTC
TGGTCACTGTCTGCCATGTGG

61 112
Reverse

Bcl-2 Forward GAGTCGGATCGCAACTTGGA
CTCTCGGCTGCTGCATTGT

60 120
Reverse

XIAP Forward GAAGCACGGATCATTACATTTGG
CCTTCACCTAAAGCATAAAATCCAG

59 89



Oncotarget4666www.impactjournals.com/oncotarget

bacterial endotoxins and mediate apoptosis. Hum Reprod. 
2011; 26:2799–2806. 

10. Mhatre MV, Potter JA, Lockwood CJ, Krikun G, 
Abrahams VM. Thrombin Augments LPS-Induced Human 
Endometrial Endothelial Cell Inflammation via PAR1 
Activation. Am J Reprod Immunol. 2016; 76:29–37. 

11. Karsch FJ, Battaglia DF, Breen KM, Debus N, Harris TG. 
Mechanisms for ovarian cycle disruption by immune/
inflammatory stress. Stress. 2002; 5:101–112.

12. Herath S, Williams EJ, Lilly ST, Gilbert RO, Dobson H, 
Bryant CE, Sheldon IM. Ovarian follicular cells have innate 
immune capabilities that modulate their endocrine function. 
Reproduction. 2007; 134:683–693.

13. Williams EJ, Sibley K, Miller AN, Lane EA, Fishwick J, 
Nash DM, Herath S, England GC, Dobson H, Sheldon IM. 
The effect of Escherichia coli lipopolysaccharide and 
tumour necrosis factor alpha on ovarian function. Am J 
Reprod Immunol. 2008; 60:462–473.

14. Gilbert RO. The effects of endometritis on the establishment 
of pregnancy in cattle. Reprod Fertil Dev. 2011; 24:252–257. 

15. Bromfield JJ, Sheldon IM. Lipopolysaccharide reduces the 
primordial follicle pool in the bovine ovarian cortex ex vivo 
and in the murine ovary in vivo. Biol Reprod. 2013; 88:98.

16. Bromfield JJ, Sheldon IM. Lipopolysaccharide initiates 
inflammation in bovine granulosa cells via the TLR4 
pathway and perturbs oocyte meiotic progression in vitro. 
Endocrinology. 2011; 152: 5029–5040. 

17. Roth Z, Asaf S, Furman O, Lavon Y, Kalo D, Wolfenson 
D, Leitner G. Subclinical mastitis disrupts oocyte 
cytoplasmic maturation in association with reduced 
developmental competence and impaired gene expression in 
preimplantation bovine embryos. Reprod Fertil Dev. 2015. 

18. Asaf S, Leitner G, Furman O, Lavon Y, Kalo D, Wolfenson 
D, Roth Z. Effects of Escherichia coli- and Staphylococcus 
aureus-induced mastitis in lactating cows on oocyte 
developmental competence. Reproduction. 2013; 147:33–43. 

19. Hirao Y. Conditions affecting growth and developmental 
competence of mammalian oocytes in vitro. Anim Sci J. 
2011; 82:187–197.

20. Sharma RK, Azeem A, Agarwal A. Spindle and 
chromosomal alterations in metaphase II oocytes. Reprod 
Sci. 2013; 20:1293–1301. 

21. Salavati M, Ghafari F, Zhang T, Fouladi-Nashta AA. 
Effects of oxygen concentration on in vitro maturation of 
canine oocytes in a chemically defined serum-free medium. 
Reproduction. 2012; 144:547–556. 

22. Sagar S, Kumar P, Behera RR, Pal A. Effects of CEES and 
LPS synergistically stimulate oxidative stress inactivates 
OGG1 signaling in macrophage cells. J Hazard Mater. 
2014; 278:236–249. 

23. Qin T, Yin Y, Yu Q, Yang Q. Bursopentin (BP5) protects 
dendritic cells from lipopolysaccharide-induced oxidative 
stress for immunosuppression. PLoS One. 2015; 
10:e0117477. 

24. Pace E, Ferraro M, Di Vincenzo S, Gerbino S, Bruno 
A, Lanata L, Gjomarkaj M. Oxidative stress and innate 
immunity responses in cigarette smoke stimulated nasal 
epithelial cells. Toxicol In Vitro. 2014; 28:292–299.

25. Raza H, John A, Shafarin J. Potentiation of LPS-Induced 
Apoptotic Cell Death in Human Hepatoma HepG2 Cells by 
Aspirin via ROS and Mitochondrial Dysfunction: Protection 
by N-Acetyl Cysteine. PLoS One. 2016 21; 11:e0159750. 

26. Angrisano T1, Pero R, Peluso S, Keller S, Sacchetti S, Bruni 
CB, Chiariotti L, Lembo F. LPS-induced IL-8 activation in 
human intestinal epithelial cells is accompanied by specific 
histone H3 acetylation and methylation changes. BMC 
Microbiol. 2010;10:172.

27. Gu L, Wang Q, Sun QY. Histone modifications during 
mammalian oocyte maturation: dynamics, regulation and 
functions. Cell Cycle. 2010; 9:1942–1950.

28. Soto P, Natzke RP, Hansen PJ. Identification of possible 
mediators of embryonic mortality caused by mastitis: 
actions of lipopolysaccharide, prostaglandin F2alpha, and 
the nitric oxide generator, sodium nitroprusside dihydrate, 
on oocyte maturation and embryonic development in cattle. 
Am J Reprod Immunol. 2003; 50:263–272.

29. Xaus J, Cardó M, Valledor AF, Soler C, Lloberas J, Celada 
A. Interferon gamma induces the expression of p21waf-1 
and arrests macrophage cell cycle, preventing induction of 
apoptosis. Immunity. 1999; 11:103–113.

30. Kaneko YS, Ota A, Nakashima A, Nagasaki H, Kodani Y, 
Mori K, Nagatsu T. Lipopolysaccharide treatment arrests 
the cell cycle of BV-2 microglial cells in G1 phase and 
protects them from UV light-induced apoptosis. J Neural 
Transm (Vienna). 2015; 122:187–199. 

31. Zuñiga E, Motran C, Montes CL, Diaz FL, Bocco JL, Gruppi 
A. Trypanosoma cruzi-induced immunosuppression: B cells 
undergo spontaneous apoptosis and lipopolysaccharide 
(LPS) arrests their proliferation during acute infection. Clin 
Exp Immunol. 2000; 119:507–515.

32. Meunier S, Vernos I. Microtubule assembly during mitosis - 
from distinct origins to distinct functions? J Cell Sci. 2012; 
125:2805–2814.

33. Walczak CE, Heald R. Mechanisms of mitotic spindle 
assembly and function. Int Rev Cytol. 2008; 265:111–158. 

34. Jo YJ, Jang WI, Namgoong S, Kim NH. Actin-capping 
proteins play essential roles in the asymmetric division of 
maturing mouse oocytes. J Cell Sci. 2015; 128:160–170.

35. Fan HY and Sun QY. Involvement of mitogen-activated 
protein kinase cascade during oocyte maturation and 
fertilization in mammals. Biol Reprod. 2004; 70:535–547.

36. Pandey AN, Tripathi A, Premkumar KV, Shrivastav TG, 
Chaube SK. Reactive oxygen and nitrogen species during 
meiotic resumption from diplotene arrest in mammalian 
oocytes. J Cell Biochem. 2010; 111:521–528. 

37. Agarwal A, Gupta S, Sharma R. Oxidative stress and its 
implications in female infertility - a clinician’s perspective. 
Reprod Biomed Online. 2005; 11:641–650.



Oncotarget4667www.impactjournals.com/oncotarget

38. Ke XF, Fang J, Wu XN, Yu CH. MicroRNA-203 accelerates 
apoptosis in LPS-stimulated alveolar epithelial cells by 
targeting PIK3CA. Biochem Biophys Res Commun. 2014; 
450:1297–1303. 

39. Feng M, Li J, Wang J, Ma C, Jiao Y, Wang Y, Zhang J, 
Sun Q, Ju Y, Gao L, Zhao Y. High glucose increases LPS-
induced DC apoptosis through modulation of ERK1/2, AKT 
and Bax/Bcl-2. BMC Gastroenterol. 2014; 14:98. 

40. Guo C, Yuan L, Wang JG, Wang F, Yang XK, Zhang FH, 
Song JL, Ma XY, Cheng Q, Song GH. Lipopolysaccharide 
(LPS) induces the apoptosis and inhibits osteoblast 
differentiation through JNK pathway in MC3T3-E1 cells. 
Inflammation. 2014; 37:621–631. 

41. Jeon SH, Lee MY, Rahman MM, Kim SJ, Kim GB, Park 
SY, Hong CU, Kim SZ, Kim JS, Kang HS. The antioxidant, 
taurine reduced lipopolysaccharide (LPS)-induced 
generation of ROS, and activation of MAPKs and Bax 
in cultured pneumocytes. Pulm Pharmacol Ther. 2009; 
22:562–566. 

42. Shi L, Wu J. Epigenetic regulation in mammalian 
preimplantation embryo development. Reprod Biol 
Endocrinol. 2009; 7:59. 

43. De La Fuente R. Chromatin modifications in the germinal 
vesicle (GV) of mammalian oocytes. Dev Biol. 2006; 
292:1–12.

44. Gu L, Wang Q, Sun QY. Histone modifications during 
mammalian oocyte maturation: dynamics, regulation and 
functions. Cell Cycle. 2010; 9:194 2–1950.

45. Tomizawa S, Nowacka-Woszuk J, Kelsey G. DNA 
methylation establishment during oocyte growth: mechanisms 
and significance. Int J Dev Biol. 2012; 56:867–875.

46. Lucifero D, Mertineit C, Clarke HJ, Bestor TH, Trasler JM. 
Methylation dynamics of imprinted genes in mouse germ 
cells. Genomics. 2002; 79:530–538.

47. Cheng C, Huang C, Ma TT, Bian EB, He Y, Zhang L, 
Li J. SOCS1 hypermethylation mediated by DNMT1 is 
associated with lipopolysaccharide-induced inflammatory 
cytokines in macrophages. Toxicol Lett. 2014; 225:488–497. 

48. Hamon MA, Cossart P. Histone modifications and chromatin 
remodeling during bacterial infections. Cell Host Microbe. 
2008; 4:100–109. 

49. Minárovits J. Microbe-induced epigenetic alterations in 
host cells: the coming era of patho-epigenetics of microbial 
infections. A review. Acta Microbiol Immunol Hung. 2009; 
56:1–19. 

50. Angrisano T1, Pero R, Peluso S, Keller S, Sacchetti S, Bruni 
CB, Chiariotti L, Lembo F. LPS-induced IL-8 activation in 
human intestinal epithelial cells is accompanied by specific 
histone H3 acetylation and methylation changes. BMC 
Microbiol. 2010; 10:172.

51. Racedo SE, Wrenzycki C, Lepikhov K, Salamone D, Walter 
J, Niemann H. Epigenetic modifications and related mRNA 
expression during bovine oocyte in vitro maturation. Reprod 
Fertil Dev. 2009; 21:738–748.

52. Rea S, Eisenhaber F, O’Carroll D, Strahl BD, Sun ZW, 
Schmid M, Opravil S, Mechtler K, Ponting CP, Allis CD, 
Jenuwein T. Regulation of chromatin structure by site-
specific histone H3 methyltransferases. Nature. 2000; 
406:593–599.

53. Kouzarides T. Histone methylation in transcriptional 
control. Curr Opin Genet Dev. 2002; 12:198–209.

54. Bai H, Li Y, Gao H, Dong Y, Han P, Yu H. Histone 
methyltransferase SMYD3 regulates the expression of 
transcriptional factors during bovine oocyte maturation 
and early embryonic development. Cytotechnology. 2016; 
68:849–859. 


