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Abstract (limited to 500 words):

The improvement of boar reproductive performance is one of the scientific
focuses in animal husbandry. The sperm fertilization ability, which closely
related to the roles of semen proteins, is one of the important indicators
reflecting male animal reproductive ability. The relationships and mechanism
between boar semen proteins and sperm fertilization ability or boar breeding
performance are eagerly need to be elucidated. This project intends to use
statistical methods for selecting two animal groups (high breeding and low
breeding group) as the main research objects from a large boar group based on
a criterion of qualified conventional semen indexes but different breeding
performance. Then with two—dimensional electrophoresis, immune signatures and
ELISA technologies to analyze and quantify the semen proteins (e.g., OPN,
CRISP1, etc.) of the two group animals mentioned above. And then joint with
boar breeding achievements, a correlation model related sperm protein and
reproductive performance will be set up. On the other hand, the expression and
distribution of the objective proteins were detected in boar reproductive
organs, seminal plasma and sperm. And the effect of objective proteins in the
process of fertilization was studied by using artificial insemination, in
vitro fertilization and related technologies, so as to explore and elucidate
the effect and mechanism of objective protein actions with the sperm
fertilization ability. This project can provide protein markers for accurate
evaluation of semen fertilization capacity, improving the efficiency of
artificial insemination and boar reproduction; also it can provide important
reference basis for boar breeding; At the same time, it can also provide
reference for the research and treatment of infertility in human reproduction.
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Abstract (limited to 4000 words):

The improvement of boar reproductive performance is one of the core problem in
animal husbandry. The sperm fertilization ability, which is regulated by semen
proteins, is one of the important indicators reflecting boar reproductive
ability. Semen proteomics is a hot spot in current research of animal
reproduction, and the relationships and mechanism between boar semen proteins
and sperm fertilization ability or boar breeding performance are eagerly need
to be elucidated. This project intends to take the selected boars of high
breeding and low breeding by a scientific method, and the top boars selected
by whole genome selection, as the main research objects from a large boar
group based on a criterion of qualified conventional semen indexes. Semen
differentially expressed proteins were detected with a high flux screening
iTRAQ technology, and then a series of new reproductive performance related
proteins will be got by using biometric and bioinformatics methods to analyze
the correlation between the proteins and boar breeding performance. Then the
expression and distribution of the objective proteins (such as GPxs) were
detected in boar reproductive organs, sperm and oocyte. And the effect of
objective proteins in the process of fertilization was studied by using
artificial insemination, in vitro fertilization and related technologies, so
as to explore and elucidate the effect and mechanism of objective protein
actions with the sperm fertilization ability. This project can provide protein
markers for accurate evaluation of semen fertilization capacity, improving the
efficiency of artificial insemination and boar reproduction; also it can
provide important reference basis for boar breeding; At the same time, it can
also provide reference for the research and treatment of infertility in human
reproduction.

Keywords: boar:; repeoductive performance; semen protein; fertilization ability
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Abstract:

Fertilization proteins play an important role in sperm—egg fusion, which directly affects
the reproductive performance of boars. We previously found that IZUMO2 protein was
specifically expressed in testis and sperm of boars. The concentration of IZUMO2 protein
in sperm was significantly positively correlated with the reproduction performance of
boars, and IZUMO2 antibody inhibited the fertilization rate and cleavage rate of in vitro
fertilization. IZUMO2 protein can significantly improve the reproductive performance of
boars, but the related mechanism remains unclear. This study will use Landrace boars as
our research object to explore the localization and expression level of IZUMO2 in
reproductive tissues at different growth stages and its correlation with reproductive
performance. We will prepare porcine IZUMOZ2 protein and its monoclonal antibody, compare
sperm motility parameters, IZUMO2 protein localization pattern and expression level in
high and low IZUMOZ2 groups, and analyze the effect of adding this protein in porcine
semen diluent on in vitro fertilization. The interaction proteins of IZUMO2 will be
identified by IP-MS and analyzed by bioinformatics. We will explore the effect of
interacting proteins on IZUMO2 protein relocation and sperm—egg fusion by analyzing the
expression level of interacting proteins, co—localization with IZUMO2 and in vitro
fertilization. These results will clarify the mechanism of IZUMO2 protein to improve the
reproductive performance of boars, and provide a theoretical basis for IZUMO2 protein to
become a molecular marker for evaluating high—breeding boars.
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Keywords (Fi4r54FF) : Pig; reproductive performance; IZUMO2 protein; sperm—egg
fusion
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The biological function of human ovaries declines with age. To identify the potential molecular changes in ovarian aging, we
performed genome-wide gene expression analysis by microarray of ovaries from young, middle-aged, and old rhesus monkeys.
Microarray data was validated by quantitative real-time PCR. Results showed that a total of 503 (60 upregulated, 443 downregulated)
and 84 (downregulated) genes were differentially expressed in old ovaries compared to young and middle-aged groups, respectively.
No difference in gene expression was found between middle-aged and young groups. Differentially expressed genes were mainly
enriched in cell and organelle, cellular and physiological process, binding, and catalytic activity. These genes were primarily
associated with KEGG pathways of cell cycle, DNA replication and repair, oocyte meiosis and maturation, MAPK, TGF-beta, and
P53 signaling pathway. Genes upregulated were involved in aging, defense response, oxidation reduction, and negative regulation
of cellular process; genes downregulated have functions in reproduction, cell cycle, DNA and RNA process, macromolecular
complex assembly, and positive regulation of macromolecule metabolic process. These findings show that monkey ovary undergoes
substantial change in global transcription with age. Gene expression profiles are useful in understanding the mechanisms underlying

ovarian aging and age-associated infertility in primates.

1. Introduction

In the past few decades, ovarian aging has been considered
one of the most detrimental factors contributing to pregnancy
failure, and the age-related decline in female fecundity has
distinct implications in view of the current trend of postpon-
ing childbearing [1, 2]. Premature ovarian failure (POF), also
known as premature menopause, affects 1%-2% of women
younger than 40 years of age and 0.1% of women younger than
30 years of age [3] and is another common cause of female
infertility [4].

Rhesus monkeys (Macaca mulatta) are the most fre-
quently used nonhuman primate model, because they live in

with humans in anatomy, physiology, and genetics [5]. Many
parameters including circadian rhythm, seasonality, and
hormonal effects on the brain in the rhesus macaque have
been studied using species-specific gene microarrays [6].
Experimental analysis of the aging process (or senescence)
has been challenging [7]. As the value of the aging model
of the rhesus monkey increases with completion of the
sequencing of the rhesus genome [8], it is necessary to make
more efficient and extensive use of this model to understand
the processes underlying aging and disease in humans [9].
Several theories of aging have been proposed, including free
radical [10], glycation [11], and caloric restriction [12, 13]
theories. Mechanisms of aging that involve mitochondria

close association with each other and ha\%arigrﬁarjﬁ ’ gﬂ\: D:)NO?ijﬁ and repair [15], DNA methylation [16],
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telomeres [17], and cellular senescence and apoptosis [18]
have also been proposed. The primary reason for the decline
with age in female fertility is the gradual loss of oocytes
and follicles, which were formed during embryonic develop-
ment [19]. Chromosomal abnormalities, mitochondrial DNA
mutations, telomere shortening, and even aging itself have
been suggested to be related to the decreased oocyte quality
associated with aging, and it was concluded that ovarian
aging may be only a specific reflection of general aging
[20]. The new hypothesis of protein glycation and that of
oxidative stress and mitochondrial dysfunction, which are
closely related to calcium regulation, are considered to be the
main cellular and molecular mechanisms underlying aging of
the ovarian follicle [21].

Previous studies identified genes that are differentially
expressed in an age-dependent manner using microarray
analysis of mouse oocytes, ovary, and ovarian surface epithe-
lial cells as well as human oocytes [22-27]. In rhesus monkey;,
microarray analysis has been performed to identify the
mechanisms involved in the brain’s white matter aging and
corpus luteum regression [28, 29]. However, there is still a
paucity of knowledge about primate ovarian failure, because
the ovary is a functional unit, and most age-related changes
in gene expression are species-specific [30, 31]. In order
to investigate the molecular and biological mechanisms of
ovarian aging and to identify genes that may play a role in
oocyte/ovarian aging or POF, we performed genome-wide
microarray analysis of ovaries from young, middle-aged, and
old rhesus monkeys. The genes affected by aging may serve as
important targets for delaying ovarian aging or for the clinical
treatment of POE

2. Materials and Methods

2.1. Animals. All animal procedures were performed accord-
ing to guidelines developed by the China Council on Animal
Care, and protocols were approved by the Animal Care
and Use Committee of Guangdong Province, China. The
approval ID is SCXK (Guangdong) 2004-0011 and the permit
number is SYXK (Guangdong) 2007-0081. The monkeys
were housed in ordinary animal facilities in a temperature-
controlled (25°C) and light-regulated (12h light/12h dark)
room and fed commercial nonhuman primate diets twice
daily, supplemented with fresh fruits and water ad libitum.
Female rhesus monkeys were all reproductive and healthy
and randomly chosen from three different aged groups
according to experimental design and supplied by Guangxi
Grandforest Scientific Primate Company, Ltd.

The experimental design is briefly as follows: the old
group (18 to 19 years) had lost their reproductive capacity;
the middle-aged group (7 to 8 years) had good reproductive
capacity; and the young group (3 to 4 years) had normal
estrous cycles but had never bred. The ovary collection time
of young and middle-aged monkeys was approximately at
the proestrus stage according to their reproductive records.
A minimal number of 3 monkeys of each group were used
in this study to minimize ethical concerns. All individual
ovaries from the three groups were examined histologically

and by microarray analysis to investiga%ae ivggstait;%:
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the gene expression profiles, and the differentially expressed
genes between groups.

2.2. Ovary Collection. All monkeys were housed under the
same conditions, and the ovary collection was conducted
in October. Monkeys were deeply anaesthetized with 4 mL
of 3% sodium pentobarbital per kilogram of body weight
by intravenous injection and sacrificed by femoral artery
exsanguination and, simultaneously, transcardially perfused
with 4 L of Krebs-Henseleit buffer (prepared under RNase-
free conditions and containing 6.41 mM Na,HPO,, 1.67 mM
NaH,CO;, 137 mM NaCl, 2.68 mM KCl, 5.55 mM glucose,
0.34 mM CaCl,, and 2.14 mM MgCl,, pH 74) at 4°C [29].
Surgery was carried out according to standard operating
procedures. Some organs were collected by other institutions,
and only one ovary of each monkey was allocated to our lab-
oratory. The ovaries were cut in half vertically at their widest
point, and one half was immediately frozen in liquid nitrogen
and sent to CapitalBio Corporation (Beijing, China) in dryice
for microarray analysis; the other half was transported to our
laboratory in dry ice for histological and qRT-PCR analysis.

2.3. Histological Analysis and Follicle Counting. The half-
ovaries from young, middle-aged, and old monkeys were
again cut in half vertically at their widest points. One part of
the tissue was randomly selected and stored in liquid nitrogen
for further qRT-PCR validation of microarray results. The
other part was immersed in 4% paraformaldehyde for 24 h
and then dehydrated in increasing concentrations of ethanol
and in xylene. The tissues were embedded in paraffin, and
sections of 5um were cut and aligned on glass microscope
slides. After deparaffinization in xylene, the sections were
rehydrated through decreasing concentrations of ethanol in
water and stained with hematoxylin and eosin Y. The tissue
sections were dehydrated again, coverslips were applied with
neutral gum, and sections were viewed and photographed
with an Olympus BX53F microscope. To avoid counting
a structure twice, one out of every 20 serial sections was
analyzed for the number of follicles in different develop-
mental stages using slightly modified standard methods [32,
33], and all the whole sections were analyzed. Primordial
and primary follicles were identified by the presence of an
oocyte surrounded by a single layer of flat or cuboidal cells.
Secondary follicles were characterized as having more than
one layer of granulosa cells with no visible antrum. Antral
follicles possessed areas of follicular fluid (antrum) or a single
large antral space. These follicles with normal morphology
were scored as healthy follicles. And atretic follicles were
characterized with shanked nuclei and degenerate oocytes
and loosened layer of granulosa cells. And the relic atretic
follicles were defined as atretic follicles without clear oocyte
nuclei, which were not counted as atretic follicles in our
statistics. A one-way ANOVA analysis was used to assess the
statistical significance of follicles among different groups.

2.4. RNA Isolation and Microarray Analysis. RNA was iso-
lated from each half-ovary sent to CapitalBio for microar-
ray detection and validation of the microarray data by

titgty algne polymerase chain reaction (QRT-PCR).
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Total RNA was extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) and further purified using the Qiagen
RNeasy Mini Kit (Germantown, MD, USA) according to the
manufacturer’s instructions. RNA quality was assessed by
formaldehyde agarose gel electrophoresis, and the RNA was
quantitated spectrophotometrically.

The M. mulatta Genome Array (Affymetrix) containing
47,000 transcripts was obtained from CapitalBio Corporation
(Beijing, China). RNA derived from each of the nine monkeys
was run on an individual microarray, and microarray exper-
iments were performed as described previously [34]. After
hybridization, the arrays were scanned with LuxScan 10 K-A
scanner (CapitalBio) and the data from the obtained images
were extracted using LuxScan 3.0 software (CapitalBio). A
space and intensity-dependent normalization based on a
LOWESS program was employed [35]. For each test and
control sample, two hybridization processes were performed
by using a reversal of the fluorescent dye strategy. Only
genes with consistent differential expression (both above
1.5-fold change) in both microarray assays were selected
as differentially expressed genes. The description of this
microarray study follows the Minimum Information About
a Microarray Experiment (MIAME) guidelines [36], and the
data was submitted to Gene Expression Omnibus (GEO) with
accession number of GSE44533.

2.5. Validation of Microarray Results by qRT-PCR. Twenty-
five differentially expressed genes were randomly selected
and validated with the same RNA preparations that were
used to generate microarray data, and 8 out of the 25 genes
were again validated with the new RNA samples from the
same ovary tissues by qRT-PCR. Beta-actin was used as
an internal standard. The gene-specific QqRT-PCR primers
were designed according to the coding sequences (Table 1).
Briefly, total RNA from each of the nine monkeys was
digested with DNase I (TaKaRa, Dalian, China). First-strand
cDNAs were synthesized with oligo(dT) primers using a
PrimeScript II 1st Strand cDNA Synthesis Kit (code D6210A,
TaKaRa). Quantitative RT-PCR was performed using the
SsoFast EvaGreen Supermix (Bio-Rad, Hercules, CA) and
CFX96 Quantitative Real-Time PCR Detection System (Bio-
Rad). Each 20 yL qRT-PCR mixture included 10 yL SsoFast
EvaGreen Supermix, 1 uL cDNA, 0.2 uM primers, and 8.6 yL
double-distilled water. PCR was carried out under conditions
of initial denaturation at 95°C for 30sec, followed by 40
cycles of denaturation at 95°C for 5sec, annealing at 60°C
for 30 sec, and extension at 72°C for 30 sec. A melting curve
was plotted from 65°C to 95°C to check the specificity of the
amplified product. Each of the amplifications was carried out
in duplicate, and the mean values were calculated using the
AAC, method. The results (fold change) were determined and
expressed as 2°°“ according to the following formula:

AACt = (Ctij - Ctﬁ-actinj) - (Ctil - Ctﬁ—actinl) > ey

where C;;; and Cyp . are the C, values for gene i and f3-
actin, respectively, in sample j. Cy; and Cyp i are the C,
values in sample 1, expressed as the standard [37]. Student’s

statistical significance of differential expression levels of each
gene among the three groups of monkeys using GraphPad
Prism 5.0 software.

2.6. GO Terms and KEGG Pathway Analysis. Gene Ontol-
ogy (GO) terms and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway were analyzed using the free,
web-based Molecular Annotation System 3.0 (MAS 3.0,
http://bioinfo.capitalbio.com/mas3/). Gene products were
analyzed according to the GO ontologies molecular function,
biological process, and cellular component. The P values
less than 0.01 were considered significance. All differentially
expressed genes were input, and the results obtained with
the categories of GO terms and the KEGG pathways were
presented in the form of a Microsoft Excel 2007 spreadsheet.

Due to the lack of comprehensive gene annotation
information for M. mulatta, we assumed that the orthol-
ogous genes conserved between human and M. mulatta
were functionally conserved. The relationships between
human and M. mulatta genes were based on Ensembl
release 74 (http://www.ensembl.org/) and retrieved using
Bio-Mart (http://www.biomart.org/). We used human-M.
mulatta orthologs to identify the differently expressed genes.
The functional annotation of these human genes in the
functional category and KEGG pathway was performed using
DAVID Bioinformatics Resources [38]. Probabilities were
evaluated by Bonferroni correction, and values less than 0.001
were considered significant.

3. Results and Discussion

3.1. Aged Monkey Ovaries Show Morphological Changes and
Differentially Expressed Genes. Our results showed great
change in ovarian morphology of different aged monkeys. In
young and middle-aged monkey ovaries, follicles at various
developmental stages, including many primordial and pri-
mary, several secondary, and mature follicles, were observed.
The numbers of primordial and primary and secondary
follicles significantly decreased with age, and the number of
antral follicles increased significantly from young to middle-
aged ovary, as we previously reported in [39], whereas only
a few primary or atretic follicles and no antral follicles were
seen in the ovaries of old monkeys (Figure 1). Herein, we
found that the total follicles and the number of healthy
follicles significantly decreased with aging, and the number of
atretic follicles increased significantly in middle-aged groups
and then decreased in the old groups when compared to
young animals (Table 2). The morphology of the ovarian
surface epithelium also changed with age. In young ovaries,
the germinal epithelium was smooth, thick, and clearly
distinguishable from the cortex. In the middle-aged ovary,
the germinal epithelium was thin, and, in the old ovary,
epithelial fibrosis had taken place, making the epithelium
indistinguishable from the cortex (Figure 1).

Nine microarrays representing ovaries collected from
three monkeys in each of the age groups were analyzed.
Approximately 47,000 probe sets detected 35,000 genes (see
GSE44533, in GEO database). The log-log scatter plot analysis

t-test or one-way ANOVA analysis was%d j? Sﬁsﬁ ’ ;Hi_weg@()? q)ulgﬁ-ty of the microarray assays (Figure 2(a)).
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TABLE 1: Primers used for qRT-PCR.

RefSeq transcript ID Gene symbol Sequence (5' to 3') Amplicon size (bp)

XM_001096328 MRAP S: GCTGCTCCTCTTCCTCATCC 204

A: TCAGTTCTGCTCCCTGGCTC
S: AGTCCACCCTTGTGCTCTTC

KMLO0TI04871 MMP A: CTGCCACCCGAGTGTAAC 103
$: CCTGACCCGTGAGACAAAG

NM-001042638 rH A: GGTGAAGGCGGATAAGTAGAG 127
$: GTGAACGGTCGCCTGTATC

XM_001109859 LOC717872 N A ACTOOGOICOTTOAGE 241

XM._001097914 IGFBPA $: AATTCGAGACCGGAGCAC 170

A: GGATGGGAATGATGTAGAGGT
S: GGGCTTGGCTTATGGGT
XM-001103253 NASP A: ATCTCGGGTAGCAGTTCCTT 177
S: GCTTTGGGAACCGTCAAC
A: TTCTGGATAGGCATCGTCTG
S: TCTGTGGCACCCTGGACTA
XR-01039 AURKA A: AGGAGGCTTCCCAACTAAAA 19

S: GTGACAGCCTGGTGGAAGA

XM_001085259 PTTGI 153

XM 001085850 BCL2L10 A: AAGCCTGGATCAGCAGTTTT 220
XML001034147 BARDI a ACTTTGCUCTOCUGAAT. bt
XM.o0110n92 TACC3 52 AGCCAAAGGAGCUTCAAGT 122
XML00I095416 THBD r: CCAGGTCSTAGCCAGETTT 5
XM.001083479 DNMT34 A CACCTOAATGCCCAAGTCE 109
XM.00U14760 7p3 A GOCOCACTOCTCTACTTCATA 1§
- ocrs0ms S: GAACTCTTCAAGCGTGTCTCA 130

A: CCAGGTCGTTCATGTTGCT

S: CTTTCTGCCTTGCCATTTAG
XM_001 11 'ASF1 1
0010875 WAS A: AGGTGGGTATCGGTTTCG 3

S: GACCTGAAGGACCCGTTTG

R rocro7es A: CAGGAGGAAGTTGTGGGAGAT 132
XaLoono702 Mews3 A GOCTTCAACCTGGATTCAGT 139
oo
XM_001095697 CDKI S: CCTAGCATCCCACGTCAAA 05

A: ATGATTCAGTGCCATTTTGC

S: CCAAGATCCCCAGCTCAA
XM_0010934 FGF14 1
001093457 ¢ A: TGGCAACAACACGCAGTC >

S: TATGCCTGGACATCCTGAAG

i 104
XM-001104061 UBE2C A: GGGACTATCAATGTTGGGTTC 0
S: GCCAGGGCGTCGAATAT
XM-001093770 THBSI A: TGCCATTGCCAGCGTAG 168
NM_001033084.1 ACTB S: GCCCTGAGGCTCTCTTCCA 100

A: CGGATGTCCACGTCACACTT

ACTB served as internal control. S: sense; A: antisense.

51550, &£ 307
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Middle-aged

Primordial/primary follicle

Secondary follicle
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—
—> Atretic follicle
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*
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FIGURE 1: Morphology of monkey ovaries of different ages. Hematoxylin and eosin Y-stained sections of ovaries from monkeys of indicated
ages. Key to structures indicated by symbols appears below images. Bar = 100 ym.

TaBLE 2: Comparison analysis of follicles numbers in different aged monkey ovaries.

Number of atretic

Number of . Number of healthy ) Total follicles per
. Number of sections . follicles per ovary per .
Groups ovaries follicles per ovary per . ovary per animal
counted per ovary . animal (mean +
counted animal (mean + SEM) SEM)* (mean + SEM)
Young 3 31 22097 +1243.0* 400.7 + 21.4* 22498 +1264.0*
Middle-aged 3 33 12581 + 512.7° 534.7 +39.1° 13115 + 499.4"
old 3 20 73 £2.3¢ 2.7 £11° 10.0 +1.3¢

* Atretic follicles with no obvious oocytes were not counted. A, B, and C in each column indicate significant differences among groups (P < 0.001).

The remarkable influence of age was demonstrated by hier-
archical cluster analysis (Figure 2(b)). After SAM analysis of
the microarray data, 503 genes were differentially expressed
(fold change, +1.5 or —1.5) between the old and the young
groups; of these, 60 were upregulated in the ovaries of old
monkeys (Figure 3(a)). Only 84 genes were differentially
expressed between the old and middle-aged groups, all of
which were downregulated in the ovaries of old monkeys.
These two sets of 503 and 84 differentially expressed genes
shared 75 common genes (Figure 3(a)). No difference in gene

expression was found between the mld%gei gi%yoﬁ

I 7N

groups. Of the total of 512 differentially expressed genes,
the functions of 264 genes, of which 35 were upregulated
and 229 were downregulated, are still unknown (highlighted
in Table S1 in Supplementary Material available online at
http://dx.doi.org/10.1155/2015/625192).

The current work firstly presents the global gene expres-
sion profile of ovarian aging in rhesus monkey. Although
previous research has focused on ovarian aging in mice [26,
40, 41], the aging process is quite different between mice and
humans [30], emphasizing the need for human or nonhuman

gtﬁs-? tel-_%dadate the mechanism of aging of human
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FIGURE 2: Gene expression profiles of monkey ovaries of different ages. (a) Log-log scatter plot analysis between groups of different ages. It
shows good quality of microarray data; the red and green dots indicate upregulated and downregulated genes, respectively. (b) Hierarchical
cluster of differentially expressed genes in old (O), middle-aged (M), and young (Y) groups. The expression level of each gene is standardized
to a mean value of 0 and standard deviation (SD) of 1. The mean value is represented by black, gene expression above the mean level is
represented by red, and expression below the mean is represented by green. The intensity of the pseudocolor reflects the number of SDs from

the mean, as indicated in key at left. 1-3: animals 1-3 in each group.

ovaries. The gene expression profiles of metaphase II oocytes
derived from women of different ages suggest that cell
cycle, oxidative stress and DNA repair, meiosis and spindle
function, and ubiquitination might be affected by age [22];
however, the processes underlying ovarian aging remain
obscure. Although our study is limited, as whole ovaries were
sampled which contain multiple cell types [27, 42], hundreds
of differentially expressed genes were found related to age,
and such global gene expression profiles of monkey ovaries
of different ages constitute a useful resource. In the future,
investigations of age-related differential gene expression in
individual cell types are warranted. Although not focused on
aging, a novel resource of nonhuman primate oocytes and
preimplantation embryos has already been established which
might facilitate gene expression pattern analysis in single cell

types [31, 43].

3.2. Validation of Microarray Data by qRT-PCR. Quantitative
RT-PCR was performed to validate 25 differentially expressed
genes selected randomly (5 upregulated and 20 downregu-
lated in old ovaries) using the same RNA preparations used
to generate microarray data (Table 3). As expected, MRAP
and MMP9 were expressed at significantly different levels
(P < 0.05) in the old and young groups and were upregulated

the same trend toward upregulation in old ovaries, although
no significant differences were found using Student’s ¢-test.
Microarray and qRT-PCR data were in good agreement with
most genes that were significantly downregulated, or trending
in that direction, in old ovaries. However, some significant
differential expression identified by microarray analysis (e.g.,
of BARDI, LOC707199, IGF2BP3, and XRCC6) was not vali-
dated by qRT-PCR analysis (Table 3). Surprisingly, microar-
ray analysis found that THBD was downregulated in old
ovaries; however, QRT-PCR analysis showed a trend toward
upregulation (Table 3). Moreover, some genes were identified
as significantly differentially expressed by qRT-PCR but not
by microarray analysis, including MRAP, HELLS, CDK1, and
UBE2C in old versus middle-aged ovaries (Table 3). This
could result from an experimental artifact or the different
significance levels calculated [37]. Furthermore, eight out
of the 25 genes were randomly selected and validated by
qRT-PCR analysis with new RNA samples, and the results
were in agreement with those of the previous validation and
microarray analysis (Figure 4), indicating the reliability of the
microarray data.

3.3. GO Terms and KEGG Pathway Analysis. All differentially
expressed genes were input into MAS 3.0 and assigned

in the old group. THYI, Loc717872, ar%Ff]g -71(7:% ﬂw@b@? telg%s for M. mulatta, with 53.15%, 30.58%, and
KN 7 U
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FIGURE 3: The age-related ovaries’ differentially expressed genes and their GO term analysis. (a) Venn diagram of differentially expressed genes
in different aged monkey ovaries. The circle with red and blue background indicates upregulated and downregulated genes, respectively. The
number of differentially expressed genes was marked on the corresponding area. (b) Pie diagram of GO mapping of the total 512 differentially
expressed genes found in the present study. The gene count numbers and their ratio were marked in the diagram. (c) The GO term analysis of
the total 512 differentially expressed genes. The number over each column is the gene count number; the blue line shows the percent of each
column item in the corresponding categories of biological process, molecular function, and cellular component.

16.27% representing the main functional categories of bio-
logical process, molecular function, and cellular component,
respectively (Figure 3(b)). For the ontology “biological pro-
cess,” the main functional categories were “cellular process,”
“physiological process,” “metabolism,” and “biological regu-
lation.” For the ontology “molecular function,” the differen-

tially expressed genes were mainly enrich%-n’ “iig'gg”ﬁ
N

“catalytic activity.” For the ontology “cellular component,”
the “cell part,” “cell,” and “organelle” were the first three
categories (Figure 3(c) and Table S2). The GO term analysis
showed that great changes of nucleus and microtubules of
ovary cells might take place mainly by abnormal transcription
regulation, DNA repair, and ligand binding affected by age.

(_:H]: c§]0-7ﬁidlgt-_i-lve stress and DNA repair, meiosis and
N

I 7N
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TaBLE 3: qRT-PCR validation of microarray data by using the data-generated RNA samples.

Microarray ratio
Gene symbol Y

OversusM OversusY O versus M

t-test (P value)

qRT-PCR ratio

Oversus Y t-test (Pvalue) RefSeq transcript ID

Upregulated genes
MRAP — 22.8616 19.1597
MMP9 — 52734 14.4765
THYI — 2.8757 1.3062
LOC717872 — 7.0041 1.3145
IGFBP4 — 2.2457 0.8946
Downregulated genes
NASP 0.4166 0.3654 0.2207
PTTGI 0.2017 0.1803 0.2505
AURKA 0.3774 0.2893 0.3221
BCL2L10 0.0369 0.0279 0.0000
BARDI 0.3524 0.2966 0.5953
TACC3 0.1866 0.1238 0.1756
THBD 0.4251 0.4500 3.5801
DNMT3A 0.3844 0.3167 0.1805
ZP3 0.0804 0.0347 0.0005
LOC703074 0.0294 0.0265 0.0010
WASFI 0.2458 0.2101 0.3482
LOC707199 0.4462 0.3053 0.7749
MCM3 0.2856 0.212 0.3024
IGF2BP3 0.1042 0.0617 0.2369
FGF14 0.1707 0.1074 0.2601
XRCC6 — 0.4987 0.8063
HELLS — 0.2874 0.227
CDK1 — 0.0942 0.1716
UBE2C — 0.1019 0.3849
THBSI 0.3518 — 0.3748

0.030" 45.2548 0.027* XM_001096328
0.815 4.2191 0.002"" XM_001104871
0.273 1.6950 0.098 NM_001042638
0.054 3.3168 0.073 XM_001109859
0.417 1.4958 0.403 XM_001097914

0.0001** 0.2588 0.0001** XM_001103253

0.045" 0.2811 0.002** XM_001085022

0.043" 0.1231 0.002*" XR_011039

0.001** 0.0000 0.032* XM_001085850
0.193 0.2293 0.015 XM_001084147

0.004"* 0.0884 0.004*" XM_001101192
0.160 3.8106 0.845 XM_001095416

0.0004** 0.0634 0.0001** XM_001083234
0.020* 0.0003 0.0002** XM_001114760
0.001** 0.0012 0.001** XR_010378

0.0001** 0.1213 0.0001** XM_001087511

0.435 0.2752 0.041" XR_011694

0.0001** 0.0734 0.002** XM_001106702
0.092 0.0993 0.024" XM_001098017
0.005"" 0.0696 0.002*" XM_001093457
0.855 0.5597 0.146 XM_001105684
0.0001** 0.1330 0.0005** XM_001094077
0.0001** 0.1137 0.0005** XM_001095697
0.016* 0.1806 0.001** XM_001104061

0.001** 0.1309 0.069 XM_001093770

O: old group; M: middle-aged group; Y: young group; —: no significant difference in gene expression; “P < 0.05; **P < 0.01.

spindle function, and ubiquitination have been considered to
be affected by age [22], which is consistent with our results.
Our findings for rhesus monkey ovary showed that many
differentially expressed genes were involved in transcription
regulation, cell cycle, DNA replication and repair, and some
other important, aging-related biological processes (Table
S2). We found that most of the genes (such as THY1, HELL,
and ZP3) related to aging are similar to those previously
identified in aging mouse ovaries [26], but some of the
differentially expressed genes in pathways are quite different.
For example, the important genes Nfkbl, Trp53, and Tert
were differentially expressed in mouse, as reported by other
groups [17, 25, 26, 44], but no age-related differences in these
genes were found in monkeys. However, the genes NLRP4,
NLRPII, BCL2 L10, CYPIIA, FADSI, and XRCC6, which are
related to regulation of NFkB, apoptosis, and TERT function
[45-48], were differentially expressed in monkey ovaries.
This discrepancy might be due to species-specific differences
and/or different ovarian physiological status.

The results also indicated that 11 KEGG pathways were
associated with the genes differentially expressed between

S3). A few pathways that have been widely reported to be
associated with the aging process, such as “cell cycle” and
“TGF-B,” appeared in our results. It was reported that the
TGEF-f signaling pathway is constitutively active in aging of
myogenic progenitors [49] and brain [50, 51]. We found that
these KEGG pathways contained only a limited number of
genes due to the lack of comprehensive annotation of the M.
mulatta genome (Table S3).

3.4. KEGG Pathway Analysis with Human-M. mulatta
Orthologs. Human-M. mulatta orthologs were used to select
the differentially expressed genes, and 476 annotated genes,
51 upregulated and 425 downregulated, were identified (Table
S4). Analysis with DAVID Bioinformatics Resources 6.7 [38]
showed that the differentially expressed genes were mainly
enriched in the following seven KEGG pathways: “cell cycle,”
“oocyte meiosis,” “progesterone-mediated oocyte matura-
tion,” “p53 signaling pathway,” “DNA replication,” “mis-
match repair,” and “nucleotide excision repair,” and all genes
involved were downregulated in the old ovaries (Table 4). It
is well known that aging is associated with both a decrease in

the old and the young and middle-a% gfgg(Tﬁ ﬂﬂfﬁg‘@?oﬁ?ﬁir and an accumulation of DNA damage
JAZES
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FIGURE 4: Validation of microarray results by QRT-PCR analysis of new RNA samples. “P < 0.05; “* P < 0.01; P values are indicated for each

gene.
TaBLE 4: KEGG pathway analysis with the orthologs genes conserved between human and M. mulatta.
KEGG pathway Genes
Cell cycle CCNEL, CHEK1, BUBIL, HDAC2, TTK, CCNBI, PTTGI, CDC20, CDK1, BUBIB, MCM5, ORC6L,

MCM3, MCM7, MAD2LI, PLKI, and CCNB2

CDK1, CCNEL PPP3CB, BUBI, CCNBI, PTTGI, MAD2LI, PLK1, STAG3, CDC20, CCNB2, and

Oocyte meiosis

AURKA
Progesterone-mediated oocyte
- CDKI1, HSPCA, BUBI, CCNBI, MAD2LI, PLK1, and CCNB2
maturation
p53 signaling pathway CDK1, CCNEL CHEKI, CCNBI, CCNB2, and BID
DNA replication RFC3, MCM5, RFC4, POLDI, POLD3, FEN1, MCM3, and MCM7

Mismatch repair

RFC3, RFC4, POLDI, POLD3, and MSH2

Nucleotide excision repair

RFC3, RFC4, POLDI, and POLD3

[52, 53]. In our results, the genes involved in DNA replication
and repair pathways were all downregulated in old monkey
ovaries (Figure5, Tables 4 and 5), which might indicate
cellular senescence, caused by accumulation of damage to
nuclear and mitochondrial DNA, decline in the function of
stress resistance, which might lead to apoptosis and immune
response [30, 44, 54]. In cell cycle and oocyte meiosis

all downregulated in old ovaries except for the Cpebs gene
(Figure 6), which reflected the lower control ability of cell
proliferation and oocyte maturation. It has been reported
that Cpebs have the function of balancing between senes-
cence and proliferation depending on translational repression
and/or activation, which can be regulated by progesterone.
With the lack of progesterone in old animals, the function

pathways, the differentially expressed g i V%’G peé: degteward translational repression [55]. The
5160 T , #3075
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indicate genes differentially downregulated in old M. mulatta ovaries.

p53 signaling pathway is intimately involved in aging and
apoptosis according to a previous report [56]. A few popular
mechanisms related to aging are listed in Table 5 by analyzing
our microarray data, which shares some similarities to the
previous reports in mice [25, 26].

In order to identify pronounced, age-related changes
in gene expression in the ovary, we conducted further
functional annotation focused on GOTERM_BP_FAT and
KEGG_PARTHWAY of 51 orthologs genes upregulated in
old versus young ovary and 58 orthologs genes downreg-
ulated in old versus young and middle-aged ovary in old
ovary (Table S4). We found that the functions of upreg-
ulated genes were enriched mainly in negative regulation

oxidation/reduction, cell growth, and KEGG pathways of
“leukocyte transendothelial migration” and “biosynthesis of
unsaturated fatty acids” (Table 6). The functions of downreg-
ulated genes were enriched primarily in cell cycle, reproduc-
tion, chromatin organization and regulation of transcription,
DNA and RNA process, methylation, and KEGG pathways
of “cell cycle,” “oocyte meiosis,” “progesterone-mediated
oocyte maturation,” and “spliceosome” (Table 7). These data
indicate that ovarian aging is accompanied with the increases
in defense and immune responses and oxidation reduction,
the decreases in capacity for reproduction, cell division, DNA
replication and repair, and some changes of epigenetic regu-
lation. These findings will be helpful for tracking biomarkers

of cellular biological processes, aging, enge u ige-mechanisms of ovary aging in primates.
sl S TETTR | #4307 e
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TABLE 5: Analysis of differentially expressed orthologs genes with popular mechanisms of aging.
Mechanisms Genes involved
. . ALDHI8AI, ALDOC", ARG2, BCL2L10, BID, CAPRIN2, CYP11AI"* DSB, FAMI136A, FEN1, GATM, ILF3,
Mitochondrion

LACTB2" MTIF3, NADKDI", P4HA1, PPP3CB, RARS2, SHMTI1, TOMM34, TPPI*, and USP30

Oxidation reduction and
electron transport

ALDHI8AI AOXI*, CYPIIAI*, FADSI", HSD17B1, KDMIA, LDHAL6A, NARE, NELLI, P4HAI and
RETSAT”

Apoptosis

ALDOC", ARHGEF7, AVEN, BARDI, BCL2L10, BCLAF1, BID, BRCA1, BUBIB, CASP2, CDK1, CSEIL,
DEDD, F2, GAL, HELLS, KRT8, MAEL, MMP9", MSH2, NELL1, NPM1, SOX4, TIAI, TUBB, and TUBB2C

Immune system

AOXI", BCLIIA, CCNB2, CHD7, CHITI®, CLECIA®, F2, GAL, GLMN, IGFBP4*, IGHE, ILIRI", ILF2,
JARID2, MASPI*, MMP9*, MSH2, OPRK1, PPP3CB, SOX4, TACC3, TCF3, THYI", TUBB, TUBB2C, and
XRCC6

DNA replication and repair

ASFIA, BARDI, BRCAI, CCNO, CHAFI1A, CHEKI1, DKCI, DTL, FANCE, FANCI, FENI, GINS2, HMGAI
MCMI0, MCM3, MCM5, MCM7, MORF4L1, MSH2, NASP, NEIL3, ORC6L, PAPD7, PARPI, POLDI,
POLD3, PTTGI, RAD50, RAD5I, RAD51C, RBM4, RFC3, RFC4, RMI2, RUVBL2, SFPQ, SSRPI, TDP],
TRIPI13, TYMS, and XRCC6

DHXY9, DNMT3A, DNMT3B, FBL, FUS, HELLS, HMGA1, HNRNPD, HNRNPK, HNRNPU, HNRPDL,

Methylation ILF3, MAEL, PABPC4, PRMT5, PRMT7, RAPIA™, RASLI0A, RHOQ", RRAS2, SFPQ, SRSFI, SUV39H2,
TDRDI, TGS1, THOC4, TUBAIB, and TUBB
AMH, BCL2L10, CCNBI, CCNEI, CELSR2, CEP57, CHD7, CHEKI, DAZAPI, DEDD, DNMT3A, FIGLA,

Reproduction HISTIHIA, HSF2BP, LHXS8, MAEL, MBD2, MSH2, NLRP14, NPM2, OOEP, PPAP2B*, PRMT7, PTTGI,
RADS5IC, RPL39L, STRBP, TDRDI, TRIPI13, ZP2, ZP3, and ZP4

Aging NPM1, ENG*, MSH2, FADSI*, and ALDOC*

Telomere DKCI, PARP1, XRCC6, and RAD50

*Orthologs genes upregulated in old monkey ovaries.

TABLE 6: Results of functional annotation of orthologs genes upregulated in old monkey ovary compared to young monkey ovary.

Category Term

Genes

Negative regulation of catalytic activity/negative regulation of
molecular function

Regulation of
cellular process

Negative regulation of nitrogen compound metabolic
process/negative regulation of cellular biosynthetic process/negative

Negative regulation of cellular component organization

PKIG, CAST, ENG, APOCI, and THY1
RHOQ, APOCI, and THY!

PKIG, ENG, PBXIPI, APOCI, and
CCDC85B

regulation of biosynthetic process

Aging

Aging

ENG, FADSI, and ALDOC

Response to wounding

Defense response

Defense response

Response to endogenous stimulus

IGFBP4, AOX1, ENG, TFPI, and MASPI

CLECIA, IGFBP4, AOX1, ILIRI, and
MASPI

CYPIIAI, RHOQ, FADSI, and ALDOC

Oxidation Oxidation reduction/fat-soluble vitamin metabolic CYPI1AL, AOX1, RETSAT, FADSI, and
reduction process/unsaturated fatty acid biosynthetic process FADS2
Cell growth Regulation of cell growth IGFBP4,WISP2, and CCDC85B

KEGG_PATHWAY

Biosynthesis of unsaturated fatty acids

Leukocyte transendothelial migration

MMP9, RAPIA, MYL9, and THY1
FADSI, FADS2

Functional categories of genes were assembled from annotation and PubMed.

4. Conclusion

Our results demonstrate substantial differences in ovarian
gene expression between old and middle-aged or young
rhesus monkeys. These differences exist at the level of tran-

scription of genes involved in critical biol%l Trggﬂ?ﬁ

pathways in the ovary/oocytes, which probably affect aging
process through DNA damage, mitochondrial dysfunction,
oxidative stress and immune response, and epigenetics. Thus,
age-specific gene expression profiling can provide informa-

jpp o S at may be related to ovarian/oocyte agin
dpp 1390@78 eﬁ\ﬂir y yte aging
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TABLE 7: Results of functional annotation of orthologs genes downregulated in old monkey ovary compared to young and middle-aged

monkey ovary.

Category Term Genes
Cell cycle/mitosis/mitotic cell cycle/nuclear BARDI, RAD51, CDCAZ2, BUBL, TTK, CCNBL, PTTGI,
Cell cycle divisizn teell divisionforsandle ’éssion“ a KIFI5, SUV39H2, NCAPH, NCAPG, MCM3, TACC3,
& OIP5, CCNB2, and AURKA
Cellular Macromolecular complex assembly/macromoleculat 1), RaDs), TUBB2C, DNAAF2, ASFIA, OOER
macromolecules OTIPIEX & P P HISTIHID, and ENSG00000112290
biogenesis/assembly
N e Sexual r/eprod:cﬂon/reg;ro;iuctwe cellular FIGLA, ZP3, BCL2L10, CCNBI, OOEP, DNMT3A,
eproduction process/gamete generation oocyte PTTGL ZP2. and AMH
development/fertilization
Chromatin Chromosome organization/chromatin assembly or SUV39H2, NCAPH, WHSCI, NCAPG,ASFIA,

disassembly/chromatin organization

DNMT3A, PTTGI, HISTIHID, and DNMT3B

Positive regulation of macromolecule metabolic

Regulation of cellular .\ o process

process/positive regulation of nitrogen compound

BARDI, RAD5I1, TESC, ASFIA, TTK, and CCNBI

process FUBPL, OTX2, FIGLA, TGSI, MLFIIR, TESC, ASFIA,
Regulation of transcription ZNF77, SUV39H2, HNRNPD, ELAVL2, DNMT3A, and
MCM3
Regulation of apoptosis or cell death BARDI, TUBB2C, and BCL2L10
DNA metabolic process RMI2, BARDI, RADS5I1, GINS2, ASFIA, DNMT3A,
DNA P MCMS3, and PTTGI
DNA repair/response to DNA damage stimulus BARDI, RADS5I, ASFIA, and PTTGI
RNA RNA splicing/mRNA processing/mRNA metabolic SRSF2, TGSI, HNRNPD, HNRNPAIL2, and
process ENSG00000135486
Methylation Biopolymer methylation/methylation SUV39H2, TGS1, DNMT3A, and DNMT3B

Cell cycle

KEGG_PATHWAY ~ Oocyte meiosis

Progesterone-mediated oocyte maturation

Spliceosome

BUBI, TTK, CCNBI, MCM3, PTTGI, and CCNB2
BUBI, CCNBI, PTTGI, CCNB2, and AURKA
BUBI, CCNBI, and CCNB2

SRSF2, HNRNPAIL2, and ENSG00000135486

Functional categories of genes were assembled from annotation and PubMed.

and possibly reveal a contribution of altered gene expression
to decreased fertility.
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Fig. 1 Identification of Sw8-hLY transgenic cell lines
(a) Representative image of GFP expression of Sw8-iLY cells under fluorescent microscope. (b) The integration of ALY gene was identified in two
clones of Sw8-hly cells by PCR analysis, bands of product length is 780 bp. DNA of pBC1-hLY-GFP-NEO plasmid served as positive control, DNA of
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Fig. 4 Identification of transgenic cloned piglets
(a, b) Representative images of tissues from ear skin of cloned piglets under fluorescent microscope in white light (a) and white light plus blue light (b).
(c, d) PCR analysis of GFP gene (c) and hLY (d) gene integration in cloned piglets. 7~ 5: The bands amplified from DNA of different cloned piglets, the
PCR product length is 403 bp (c) and 780 bp (d) respectively. P: Positive control; N: Negative control; B: Blank control; M: Marker.

Table 1 Microsatellite analysis of ZLY transgenic cloned piglets

Microsatellites One surrogate mother Donor cell Piglet Sw8-1 Piglet Sw8-2 Piglet Sw8-4
SW940 150/154 146/156 146/156 146/156 146/156
S0089 142/146 143/154 143/154 143/154 143/154
SW742 205/205 199/213 199/213 199/213 199/213
SW2540 95/106 106/106 106/106 106/106 106/106
SW2049 94/96 90/94 90/94 90/94 90/94
SW1856 195/197 179/191 179/191 179/191 179/191
SW1473 168/170 168/170 168/170 168/170 168/170
SW1987 164/164 158/164 158/164 158/164 158/164
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Abstract In order to improve the cloning efficiency and obtain human lysozyme (kLY) gene transgenic pigs, the
present study was carried out to investigate the effects of different electric activation parameters and chemicals on
in vitro development of embryos derived from parthenogenesis (PA) and somatic cell nuclear transfer (SCNT). The
results showed that the electric strength could influence the fusion rate and developmental ability of SCNT
embryos (P < 0.05), and number of electric pulses had no significant effect on SCNT embryos development (P >
0.05), yet different variation tendency was found in developmental ability between PA and SCNT embryos under
same activation parameters. The blastocyst rate of SCNT embryos was improved when treated with CHX+CB for
4 h after electric activation (P < 0.05), whereas 6-DMAP did not (P > 0.05). On the contrary, either CHX+CB or
6-DMAP treatment after electric pulses could improve the blastocyst rate of PA embryos, indicating that the best
activation method for PA was not necessarily the best for SCNT. The best activation protocol of SCNT embryos in
our study is two pulses of 100 ws, direct current of 1.6 k\V/cm electric strength with 100 s interval, and followed
by CHX+CB treatment for 4 h. With the activation protocol, the mammary gland expressed rLY transgenic pigs
were generated. It could help for improving piglets survival rate in transgenic breeding.
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The proteins in the seminal plasma and on the sperm surface play important roles
in sperm function and numerous reproductive processes. The cysteine-rich secretory
proteins (CRISPs) are enriched biasedly in the male reproductive tract of mammals, and
CRISP2 is the sole member of CRISPs produced during spermatogenesis; whereas the
role of CRISP2 in fertilization and its association with fertility of boars are still unclear. This
study aimed to investigate the relationship between the sperm CRISP2 and boar fertility,
and explore its impact sperm fertilizing ability. The levels of CRISP2 protein in sperm
were quantified by ELISA; correlation analysis was performed to evaluate the association
between CRISP2 protein levels and boar reproductive parameters. Meanwhile, the
expression of CRISP2 in boar reproductive organs and sperm, and the effects of CRISP2
on in vitro fertilization (IVF) were examined. The results showed that boars with high
sperm levels of CRISP2 had high fertility. The protein levels of CRISP2 in sperm were
positively correlated with the litter size (r = 0.412, p = 0.026), the number of live-born
piglets (r = 0.421, p = 0.023) and the qualified piglets per litter (r = 0.381, p = 0.042).
CRISP2 is specifically expressed in the testis and sperm of adult boars, and its location
on sperm changed mainly from the post-acrosomal region to the apical segment of
acrosome during capacitation. The cleavage rate was significantly decreased by adding
the anti-CRISP2 antibody to the IVF medium, which indicates CRISP2 plays a critical
role in fertilization. In conclusion, CRISP2 protein is specifically expressed in the adult
testis and sperm and is associated with sperm fertilizing ability and boar fertility. Further
mechanistic studies are warranted, in order to fully decipher the role of CRISP2 in the
boar reproduction.

Keywords: CRISP2, sperm, fertilization, fertility, boar
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INTRODUCTION

Boar fertility and sperm fertilizing ability are key factors
for improving pig production levels and economic benefits,
especially in the modern intensive pig industry where artificial
insemination (AI) is widely used (1, 2). Proteins, in both the
seminal plasma and on the sperm surface, play important
regulatory roles in maintaining sperm motility, fertilizing ability,
and sperm-egg interaction and are closely related to the fertility of
male animals (3, 4). Recently, proteomics approaches identified
candidate protein markers in semen for evaluating male fertility,
which can help select superior males and improve the production
level in animal husbandry (3, 5).

Cysteine-rich secretory proteins (CRISPs) are members of
the CRISP, antigen 5 and pathogenesis-related protein 1 (CAP)
superfamily and are enriched biasedly in the male reproductive
tract of mammals (6, 7). CRISPs are two domain proteins with
an N-terminal CAP domain and a cysteine-rich domain (CRD)
at the C-terminus called the CRISP domain. The CRISP domain
consists of a hinge region and an ion channel region, and eight
disulfide bonds in the hall molecule can stabilize structure of
CRISPs (7-9). So far, four CRISPs, CRISP1-4, have been found in
mice, and three CRISPs, CRISP1-3, have been found in humans,
horses and pigs (6, 9, 10).

CRISP2, known as testis-specific protein 1 (Tpx-1), is
the sole CRISP produced during spermatogenesis. CRISP2 is
localized in the acrosome and tail of sperm, and is released
from the acrosome and reassociated at the equatorial segment
during the acrosome reaction (11). The reduced expression
of CRISP2 in ejaculated spermatozoa has been reported to
decrease pregnancy rates in Holstein bulls (12). CRISP2 is
necessary for sperm function and male fertility in mice
and humans (7, 11), and CRISP2-knockout mice exhibit
subfertility phenotypes with an abnormal sperm function (7, 13).
Recently, it has been shown that there is a strong relationship
between CRISP2 and human spermatogenesis and infertility
(14, 15). The expression of CRISP2 was down-regulated in
patients with teratoasthenozoospermia, asthenozoospermia or
teratozoospermia (16). Contrary to the knowledge gained from
mice and humans, the function of CRISP2 in pig reproduction
is poorly characterized except for the mRNA expression in
reproductive organs (8, 17).

In this study, the relationship between sperm CRISP2 and
boar fertility was investigated, and its function on sperm
fertilizing ability and the expression profile in sperm and
reproductive tissues were analyzed. The present study may reveal
the association between the expression level of CRISP2 sperm
and the boar fertility, and provide novel insights about CRISP2
expression and function relative to pig reproduction, which could
help to enrich the knowledge of sperm CRISP2 and develop new
biomarker of male fertility.

Abbreviations: Al artificial insemination; BUG, bulbourethral gland; CAP, CRISP,
antigen 5 and pathogenesis-related protein 1; CRD, cysteine-rich domain; CRISP2,
cysteine-rich secretory protein 2; SVG, seminal vesicle gland; Tpx-1, testis-specific
protein 1.
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MATERIALS AND METHODS

Ethics Statement

This work was approved by the Ethics Committee on Animal
Experimentation of South China Agricultural University. The
license number is SYXK (Guangdong) 2019-0136.

Samples

Thirty-three Yorkshire semen samples and the fertility data for
each boar were supplied by Shuitai Pig Farm (Guangdong,
China). The protein samples of sperm were extracted
immediately after semen collection. The sperm proteins
were extracted with a whole protein extraction kit (KeyGEN,
Jiangsu, China) according to the manufacturer’s instructions.
Briefly, the sperm samples were centrifuged at 10,000 rpm for
5min. Supernatant was discarded and sperm pellet was washed
thrice with ice-cold DPBS. The sperm pellet was incubated with
ice-cold lysis buffer with 1 mM phenylmethylsulfonyl fluoride
(PMSF), and the tubes were incubated on ice for 4 min and
vortexed for 30s for 5 times. After incubation, the tubes were
centrifuged at 14,000 rpm at 4°C for 4 min. After centrifugation,
supernatant was retained as the sperm protein samples.

The reproductive tissues (at least 3 samples) of immature (3
months old) and adult (24 months old) male and female pigs
from Shuitai Farm were collected immediately after slaughter
and stored in liquid nitrogen or fixed in 4% paraformaldehyde.
Testis, epididymis (distal caput), bulbourethral gland (BUG),
prostate, and seminal vesicle gland (SVG) were collected from
the males. Ovaries, oviduct, uterine horn, uterine body, and
cervix were collected from females. The oocytes and granulosa
cells were collected from the ovaries in a local slaughterhouse,
and the isolation of granulosa cells was performed according
to previous study (18). The total RNA and protein of each
sample were extracted by using an RNeasy Mini Kit (Qiagen,
Hilden, Germany) and a whole protein extraction kit (KeyGEN),
respectively, according to the manufacturer’s instructions. Purity
and concentration of RNA were measured using a NanoDrop
ND-1000 instrument (Thermo Fisher Scientific, Waltham, USA).
RNA integrity was evaluated using an Agilent 2100 Bioanalyzer
(Agilent, San Jose, USA). For protein extraction from tissue
samples, the tissues were homologized in lysis buffer containing
1 mM PMSF and were then subjected to centrifugation (14,000
rpm) for 5min at 4°C. The supernatant was collected as the
protein samples.

The protein levels of samples were measured and diluted
to an appropriate concentration with a BCA protein assay kit
(KeyGEN) according to the manufacturer’s instructions. Briefly,
a standard curve (range 0-2,000 jLg/mL) was derived with nine
points of serial dilution with bovine serum albumin (BSA)
and a working reagent. All samples and standard points were
replicated three times. The samples (100 L each) were mixed
with 2.0 mL of working reagent and incubated at 37°C for 30 min.
After cooling to room temperature, each absorbance difference,
which was subtracted by averaged absorbance of blank standard
replicates at 562 nm, was measured by a spectrometer, and the
absorbance differences were converted to jug/mL via the standard
curve. If a protein concentration exceeded the upper limit of
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the standard curve of 2,000 pg/mL, the sample was diluted until
it could be measured within the standard range, and the final
concentrate was calibrated considering the dilution factor.

Enzyme-Linked Immunosorbent Assay
(ELISA) Detection and Fertility Correlation

Analysis of Sperm CRISP2

The protein levels of CRISP2 of each sample were quantified
with a porcine CRISP2 ELISA kit (PG1898, TSZ, USA). The
assay range was 18-1,450 pg/mL according to the kit instructions.
The relative expression level of CRISP2 protein was obtained by
dividing the protein levels of CRISP2 by the total protein content.
The correlation between the relative content of CRISP2 and the
fertility data was conducted using Pearson correlation analysis.

In vitro Fertilization (IVF)

The IVF experiment was conducted as previously reported (19).
Briefly, porcine ovaries were obtained from a slaughterhouse
and transported to the laboratory in sterile 0.9% NaCl at 38.5°C
within 2h of slaughter. Oocytes were aspirated from follicles
(3-6mm in diameter) with an 18-gauge needle attached to a
disposable syringe. Oocytes covered with multilayers of cumulus
cells were selected. Oocytes collected were cultured for 44-6h
and denuded in 1 mg/ml hyaluronidase in DPBS by mechanically
pipetting; then, 10-15 oocytes were grouped and transferred
to the 50 wl mTBM fertilization medium containing 2.5mM
caffeine and 2 mg/ml bovine serum albumin (BSA; fraction
V) covered with mineral oil. The fresh semen provided by the
Shuitai Farm was washed three times by centrifugation with
DPBS supplemented with 0.1% BSA at 1,500 rpm for 4 min. The
spermatozoa pellets were resuspended and diluted to 1 x 10°
sperm/ml with mTBM for capacitation in the CO, incubator
for 30 min. Then, the capacitated sperm were added to the drop
containing oocytes with a final sperm concentration of 1 x 10°
sperm/ml and co-incubated for 6 h at 39°C in an atmosphere of
5% CO; in air. After fertilization, the oocytes were washed 3 times
and cultured with PZM3 medium at 39°C, 5% O;, 5% CO3, 90%
N,, and 100% humidity. The cleavage rate was determined after
culturing for 48 h.

The effect of CRISP2 on fertilization was tested by adding
the anti-CRISP2 antibody (SAB2501635, Sigma, USA) to the
fertilization medium mTBM. Briefly, 2 pl of the antibody was
added to 500 pl fertilization medium to a final concentration of
2 ng/ml of anti-CRISP2 antibody. The same volume of dilution
medium (20 mM Tris (pH 7.3) 4+ 150 mM NaCl + 0.02% sodium
azide + 0.5% BSA) or the IgG were added as controls.

Reverse Transcriptase PCR and
Quantitative Real-Time PCR (qRT-PCR)

The gene expression of CRISP2 in different reproductive organs
of different aged male and female pigs was examined by
reverse transcriptase PCR. The primers used in the analysis
are presented in Table 1. The PCR conditions were as follows:
initial denaturation at 94°C for 5min, followed by 35 cycles of
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denaturation at 94°C for 30s, annealing at 60°C for 30s and
extension at 72°C for 40 s, and a final extension at 72°C for 7 min.

The relative expression levels of CRISP2 in the reproductive
organs of male and female pigs at different ages were further
verified by qRT-PCR using a SYBR-Green RT-PCR Kit (Thermo
Fisher Scientific) in an Applied Biosystems 7900HT Real-time
PCR Thermal Cycler (Applied Biosystems, Foster City, USA).
GAPDH was employed as an internal control, and each sample
was analyzed three times. The mean values were calculated
using the AACt method as previously reported (20). The PCR
conditions were as follows: initial denaturation at 95°C for 3 min,
followed by 40 cycles of denaturation at 95°C for 10, annealing
at 60°C for 10s and extension at 72°C for 30s. The qRT-PCR
primers are listed in Table 1.

Western Blot

The proteins (20 pg) of adult boar reproductive tissues and
sperm were separated by SDS-PAGE using 12% (v/v) gels
and transferred onto PVDF membranes (Millipore, Billerica,
MA, USA). After blocking with 5% non-fat milk for 1h at
room temperature, the membranes were incubated with primary
antibodies against CRISP2 (1:1,000; SAB2501635, Sigma, USA)
or B-actin (1:1,000; HC201, TransGen Biotech, China) overnight
at 4°C. The membranes were washed 3 times for 10 min each
with TBST (0.1% Tween 20, 20 mM Tris/HCI, 150 mM NaCl; pH
8.0) and incubated for 1h with horseradish peroxidase (HRP)-
conjugated rabbit anti-goat (1:3,000; E030130-02; Earthox, San
Francisco, USA) or goat-anti-mouse (1:3,000; HS201, TransGen
Biotech, China) secondary antibodies at room temperature for
1 h. The membranes were incubated for 5 min with the enhanced
chemiluminescence (ECL) detection reagent in the dark and then
exposed with a Tanon-5200 Imaging System (Tanon, Shanghai,
China). B-actin was used as the internal control, and the relative
protein expression levels of CRISP2 were analyzed by using
Image] software (https://imagej.nih.gov/ij/index.html).

Immunohistochemistry Assay
Immunohistochemical detection of CRISP2 in the adult tissues
of testis was carried out on 5pum tissue sections mounted
onto siliconized slides. Briefly, paraffin sections were dewaxed
with xylene, rehydrated in a graded series of ethanol, and
antigen retrieval was performed by heating at 95°C in 10 mM
sodium citrate (pH 6.0). Endogenous peroxidase was quenched
with 0.3% H;O; in methanol for 15 min at room temperature.
After 3 washes in PBS (pH 7.4), the slides were incubated in
a blocking solution containing 3% BSA for 30min at room
temperature. Sections were incubated overnight at 4°C with
antibodies against CRISP2 (1:150; SAB2501635; Sigma, USA),
and the primary antibody replaced with normal IgG diluted
was served as a negative control. After washing 3 times in
PBS, sections were incubated with HRP-conjugated secondary
antibodies for 50 min at room temperature. Then, the sections
developed with a DAB chromogenic solution and counterstained
with a hematoxylin solution. Sections were dehydrated, cleared,
covered with Permount solution (Fisher, NH, USA) and viewed
under an Olympus BX53F microscope (Olympus, Japan).
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TABLE 1 | RT-PCR and gRT-PCR primers.

Genes Forward (5'-3') Reverse (5'-3') Product size (bp)
RT-PCR GAPDH CCACCGTCCAGCGAGAAC CAGCCGAGGAGGTGAGCC 432

CRISP2 ACTCCCAATGGTGCTGTTTC ATCCAACGCGGTAAGATGAG 418
qRT-PCR GAPDH GAGATCCCGCCAACATCAAAT GTTCACGCCCATCACAAACAT 170

CRISP2 TGTACAGAGCAAACAGGGCA GTTGATTGGCACGGTAGGC 194

Immunofluorescence Staining

To evaluate the distribution of CRISP2 in the sperm before and
after capacitation, immunofluorescence detection was performed
as previously described (21). The sperm before and after in vitro
capacitation were fixed with 4% paraformaldehyde for 20 min,
washed three times with PBS, permeabilized with 0.5% Triton-
100 for 10 min, and blocked in 1% BSA (Sigma) for 30 min. The
sperm were incubated with a goat anti-CRISP2 antibody (1:200;
SAB2501635, Sigma, USA) at 4°C overnight and washed three
times in PBS. After that, the sperm were incubated with Alexa
Fluor 568-donkey anti-goat IgG (1:100; A-11057, Thermo Fisher)
1h at 37°C in the dark. The samples were coated onto slides and
observed under a fluorescence microscope (BX53F, Olympus).

Statistical Analysis

All the data analysis was performed using the SPSS 18.0 software
(IBM, USA). All the data were expressed as mean =+ standard
deviation. The correlation between the relative content of CRISP2
and the fertility data was conducted using Pearson correlation
analysis. The unpaired Student’s t-test was performed to assess
the significant differences between treatment groups. P < 0.05
was considered statistically significant.

RESULTS

Correlation Between the Sperm CRISP2
Protein Levels and Boar Reproductive

Parameters

The relative content of CRISP2 in sperm of 33 boars was detected
by ELISA, and effective data was obtained for 29 boars, because
a few ELISA wells showed null data. The sperm CRISP2 protein
levels and boar reproductive parameters of 29 boars were shown
in Supplementary Table 1. The 29 boars were divided into low
CRISP2 and high CRISP2 group based on the median values of
the sperm CRISP2 protein levels. The correlation analysis listed
in Table 2 showed that the protein levels of sperm CRISP2 were
significant positive correlation with the boar breeding parameters
of litter size (r = 0.412, p = 0.026), live-born piglets per litter
(r = 0.421, p = 0.023) or qualified piglets per litter (r = 0.381,
p = 0.042), but not with parturition rate (r = 0.029, p = 0.880) or
boar fecundity (r = 0.315, p = 0.096).

To further analyze the correlation between sperm CRISP2
protein levels and the reproductive capacity of boars and to even
explore their feasibility as biomarkers for screening boars with
high fertility, we ranked the boars corresponding to their protein
levels of sperm CRISP2 and divided them into 2 groups: the high
CRISP2 group (n = 14) and the low CRISP2 group (n = 15).
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TABLE 2 | Correlation analysis between the content of CRISP2 in sperm and the
boar reproductive parameters.

Protein Reproductive parameters Pearson correlation P-value

coefficient (r)

Sperm CRISP2  Litter size 0.412 0.026
No. live-born piglets/litter 0.421 0.023
No. qualified piglets/litter 0.381 0.042
Parturition rate 0.029 0.880
Boar fecundity” 0.315 0.096

*Fecundity equals litter size multiplied by the parturition rate. The number of boars is n =
29, bred 1,842 sows in total.

TABLE 3 | Effect of sperm CRISP2 on boar reproductive performance.

Items Low CRISP2 High CRISP2
No. of boars 14 15

No. of sows bred 977 865

CRISP2 relative content (10~7) 3.26 £0.34 14.85 + 1.48*
Litter size 12.18 £ 0.26 13.08 + 0.17**
Live-born piglets/litter 11.57 £0.27 12.61 + 0.20*
Quialified piglets/litter 10.39 + 0.26 11.18 £ 0.17*
Parturition rate (%) 92.95 + 1.51 93.26 &+ 1.22
Boar fecundity 11.32 £ 0.33 12.21 £ 0.28*

*p < 0.05, *p < 0.01.

TABLE 4 | Effect of anti-CRISP2 antibodies on the cleavage rate of in vitro
fertilization.

Groups No. of oocytes No of cleaved Cleavage rate/%
Control 324 192 59.53 £ 2.542
1gG 248 143 57.81 £2.192
Anti-CRISP2 261 131 50.37 + 1.94°

The experiment included 6 replicates. Different letters in the same column indicate
significant differences, P < 0.05.

The reproductive parameters of the boars are shown in Table 3.
There is no significant difference in the number of sows bred (low
CRISP2 group: 977 vs. high CRISP2 group: 865) and parturition
rate (low CRISP2 group: 92.95 & 1.51% vs. high CRISP2 group:
93.26 = 1.22%) between low CRISP2 group and high CRISP2
group. The litter size (low CRISP2 group: 12.18 &£ 0.26 vs. high
CRISP2 group: 13.08 £ 0.17), live-born piglets per litter (low

=
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CRISP2 group: 11.57 £ 0.27 vs. high CRISP2 group: 12.61 +
0.20), qualified piglets per litter (low CRISP2 group: 10.39 & 0.26
vs. high CRISP2 group: 11.18 & 0.17) and boar fecundity (low
CRISP2 group: 11.32 £ 0.33 vs. high CRISP2 group: 12.21 £ 0.28)
in the CRISP2 group were significantly higher than that in the low
CRISP2 group. These results indicated that CRISP2 might play
critical roles in the sperm fertilizing ability or boar fertility, and
might have the potential to serve as a biomarker for selecting high
fertility boars.

Effect of CRISP2 on in vitro Fertilization

The effect of the CRISP2 protein on the cleavage rate of in
vitro fertilization was indirectly investigated by adding the anti-
CRISP2 antibody to the fertilization medium during in vitro
fertilization. As shown in Table 4, the cleavage rate in anti-
CRISP2 group (50.37 == 1.94%) was significantly lower than that
of the control group (59.53 £ 2.54%) and the IgG group (57.81
=+ 2.19%), which suggests that CRISP2 plays a critical role in the
process of fertilization.

CRISP2 Expression in the Reproductive

Organs of Pigs
To elucidate the potential role of CRISP2 in the sperm fertilizing
ability and boar fertility, the mRNA expression of CRISP2 in the
reproductive organs of male and female pigs with different ages
was detected by reverse transcriptase PCR. As shown in Figure 1,
CRISP2 was expressed specifically in the testis and epididymis of
adult boars, and no expression was detected in the reproductive
tissues examined from the female pigs (Figure 1A).

To verify the CRISP2 expression patterns detected by reverse
transcriptase PCR, qRT-PCR was conducted on the expression
levels of CRISP2 in the testis, epididymis, SVG, prostate,

bulbourethral gland, sperm, ovary and oviduct of adult, and 3-
month-old pigs. The results showed that CRISP2 mRNA was
highly expressed in adult testis and sperm (Figure 1B).

The protein level expression of CRISP2 in the boar
reproductive organs and semen were further detected by Western
blot. The results showed that CRISP2 was mainly expressed in the
testis and sperm (Figure 1C).

Immunohistochemical Analysis of CRISP2

in the Testis of Adult Boars

The distribution of CRISP2 in the testis tissues was detected
by immunohistochemical analysis. The results showed
that the CRISP2 protein was expressed in the cytoplasm
of spermatogonia, spermatocytes, and sperm cells in the
seminiferous tubules (Figure 2).

Immunofluorescence Detection of CRISP2

in Sperm Before and After Capacitation

To gain further insight into the function of CRISP2 in
fertilization, immunofluorescence detection of CRISP2 before
and after sperm capacitation was carried out. As shown in
Figure 3, CRISP2 is mainly distributed in the post-acrosomal
region, neck, and tail of sperm before capacitation and relocated
to the apical segment and posterior of the acrosome and to the
middle piece of the tail after sperm capacitation. The number
of CRISP2-staining sperm in the apical segment and posterior
of the acrosome and middle piece of the tail after capacitation
was significantly higher than that before capacitation (before
capacitation: 20.63 £ 2.22% vs. after capacitation: 70.23 % 2.15%,
P < 0.001).

Female pig
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adult testis. The brown region represents the distribution of target proteins.

FIGURE 2 | Immunohistochemical analysis of CRISP2 in the testis of adult boars. (A) The negative control (IgG control). (B) The CRISP2 immunohistochemistry of

Before
capacitation

After
capacitation

merged images. The white arrow indicates the distribution of the target proteins.

FIGURE 3 | Immunofluorescent staining of CRISP2 in sperm before and after capacitation. (A-C) Representative images of the immunofluorescent staining of CRISP2
in sperm before capacitation; (A) images taken under light microscope, (B) images taken under fluorescent scope; (C) merged images. (D-F) Representative images
of the immunofluorescent staining of CRISP2 in sperm after capacitation; (D) images taken under light microscope, (E) images taken under fluorescent scope; (F)

400 X

600 X

DISCUSSION

The present study for the first time showed that the protein level
of sperm CRISP2 were positively correlated with the reproductive
parameters of litter size, the number of live-born piglets and
qualified piglets per litter. Furthermore, the expression profile
and the localization of CRISP2 in the reproductive tissues and
sperm provide evidence that CRISP2 may play critical roles in
sperm fertilizing ability and boar fertility.

CRISPs are members of the CAP superfamily and are
expressed specifically in the male reproductive tract in mammals
(6, 9). CRISP2 is the sole CRISP produced in the testis during
spermatogenesis, and it is specifically localized in the acrosome
and tail of sperm. Consistently, our results showed that CRISP2
was expressed specifically in the testis and epididymis of adult
boars. CRISP2 is essential for sperm function and male fertility
in mice and humans (7, 11). Decreased CRISP2 protein level
in sperm was associated with human male infertility (14-16).
Studies from Lim et al.,, indicated that CRISP2 was a quantitative

Frontiers in Veterinary Science | www.frontiersin.org

determinant of the ability of sperm to undergo the acrosome
reaction, and optimal CRISP2 production was necessary for
maximal fecundity in mice (7). Consistently, our results revealed
that boars with high levels of sperm CRISP2 protein in boars were
associated high reproductive performance.

Although the possible roles of sperm CRISP2 in sperm-
oocyte interactions have been investigated in mice and humans
(7, 11, 22, 23), the role of CRISP2 and its molecular function
in male fertility are still poorly understood, especially in boars.
CRISP2-deficient mouse lines show that appropriate CRISP2
expression is necessary for optimal sperm and male fertility
(7). Recent studies have shown that sperm CRISP2 is mainly
distributed at the acrosome and the tail of wild-type sperm
(7, 24, 25). Sperm CRISP2 is associated with the anterior and
posterior of the acrosome in capacitated sperm, and CRISP can
be released from the acrosome and relocated to the equatorial
segment during the acrosome reaction, thereby participating in
sperm-egg interaction (11). Our results showed that CRISP2 is
mainly distributed in the post-acrosomal region, neck and tail of
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sperm before capacitation and relocated to the apical segment
and posterior of the acrosome and to the middle piece of the
tail after sperm capacitation, which suggest that this process
may be associated with sperm-oocyte interaction in the pigs. It
has been reported that CRISP2 is involved in the calcium flow
through ryanodine receptors and the effect may be associated
with CatSper, the main calcium channel in sperm, which is vital
for sperm motility and male fertility (26, 27).

Busso et al. (23) reported that the anti-CRISP2 antibody
significantly decreased the percentage of penetrated eggs of in
vitro fertilization through a specific participation at the sperm-
egg fusion (23). Consistently, our experiments showed that the
anti-CRISP2 antibody, significantly decreased the cleavage rate
of in vitro fertilization in pigs (Table4). Our study further
found that CRISP2 is mainly distributed in the posterior of
the acrosome, neck and tail of boar intact sperm and relocated
to the anterior and posterior of the acrosome and the tail
middle piece of capacitated sperm (Figure 3), which is similar
but not entirely consistent with the reports in humans and mice
mentioned above. The mRNA of CRISP2 has been reported to be
expressed specifically in boar testis (8). Our results by qRT-PCR
and western blot showed that CRISP2 was highly expressed in the
sperm and testis of adult boars but not in the ovaries and oviducts
of female pigs.

There are several limitations in the present study. Firstly,
the present study used the polyclonal CRISP2 antibody to
perform the CRISP2 immunohistochemistry of adult testis,
which may lead to the non-specific bindings in the testis outside
the seminiferous tubes. Future studies may use more specific
monoclonal CRISP2 antibodies to confirm its distribution in
the testis. Secondly, the sample size in the present study was
small, and further studies with large sample size should be
considered. Thirdly, the present study only determined effects of
CRISP2 antibody on the cleavage rate, and future studies may
consider evaluate the effects of CRISP2 antibody on different
stages of fertilization.

CONCLUSION

In summary, our experiments revealed that the testis and sperm-
specific CRISP2 is associated with sperm fertilizing ability and
boar fertility and that sperm CRISP2 has the potential to
serve as a fertility biomarker. Further mechanistic studies are
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PF-05231023 reduces lipid
deposition in apolipoprotein
E-deficient mice by inhibiting the
expression of lipid synthesis
genes

Juan Zhao, Xuelong Liu, Jingyu Yue, Shouquan Zhang, Li Li* and
Hengxi Wei*

State Key Laboratory of Swine and Poultry Breeding Industry, National Engineering Research Center
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Fibroblast growth factor 21 (FGF21) is a peptide hormone that is primarily
expressed and secreted by the liver. The hormone is crucial for regulation of
glucose homeostasis, lipid metabolism, and energy balance. Compared with
natural FGF21, FGF21 analogs have become drug candidates for the treatment
of cardiovascular and metabolic diseases owing to their long half-life and
greater stability in vitro. Apolipoprotein E (Apoe)-knockout (Apoe™/~) mice
exhibit progressive disruptions in lipid metabolism in vivo and develop further
atherosclerosis pathological features owing to Apoe deletion. Therefore, this
study used an Apoe—/~ mouse model to investigate the effects of a long-
acting FGF21 analog (PF-05231023) on lipid metabolism and related parameters.
Eighteen Apoe_/_ female mice were fed a Western diet equivalent for 12 weeks,
and then randomly assigned to intraperitoneally receive either physiological
saline (the control group) or 10 mg/kg PF-05231023 (the treatment group)
three times a week for seven consecutive weeks. Body composition, glucose
tolerance, blood and liver cholesterol, triglyceride levels, liver vacuolization
levels, peri-ovarian white adipocyte hypertrophy, aortic atherosclerotic plaque
formation, and the expression of genes related to lipid metabolism in adipose
tissue were subsequently assessed before and after treatment. The aortic
atherosclerotic plaque area was reduced in mice in the PF-05231023 treatment
group compared with that in the saline group. Although the effect of PF-
05231023 on the plasma biochemical indexes of mice was small, it significantly
reduced lipid levels and lipid droplet accumulation in the liver, and reduced
adipocyte hypertrophy in white adipose tissue. Transcriptome analysis of adipose
tissue showed that PF-05231023 treatment downregulated the expression of
lipid synthesis-related genes and inhibited the sterol regulatory element binding
transcription factor 1 gene, thereby improving lipid deposition. PF-05231023
effectively improved the lipid metabolism of Apoe*/* mice, demonstrating an
anti-atherosclerotic effect and providing a scientific basis and experimental
foundation for the clinical treatment of cardiovascular diseases by using long-
acting FGF21 analogs.

KEYWORDS

PF-05231023, long-acting FGF21 analogs, lipid metabolism, apolipoprotein E (ApoE),
mice
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1 Introduction

Excessive consumption of calorie-rich foods leading to obesity-
related diseases is now recognized as a major cause of disability
around the world (1). Mechanistically, caloric intake that exceeds
adipose tissue storage capacity is associated with the accumulation
of ectopic lipids in non-adipose organs and the induction of
low-grade tissue inflammation, endoplasmic reticulum stress, and
insulin resistance (2, 3). These metabolic defects increase the
risk of serious diseases, including type 2 diabetes, non-alcoholic
steatohepatitis, cardiovascular disease and various forms of cancer.
However, to date, specific drugs for these diseases remain limited.

Fibroblast growth factor 21 (FGF21) is a peptide hormone
that is primarily expressed and secreted by the liver and adipose
tissue (4, 5). The hormone acts in an endocrine manner and
targets liver and adipose tissue (6). Increasing evidence suggests
an important role for FGF 21 in the regulation of glucose and
lipid homeostasis through multifaceted and inter-organ crosstalk.
Moreover, FGF 21 has been recognized as a potential target
for metabolic abnormalities (7). Although the role of FGF21 in
obesity, diabetes, and non-alcoholic fatty liver disease (NAFLD)
in humans and animals has been extensively studied (8-10), the
hormone’s short circulating half-life (30-120 min) and its tendency
to aggregate in vitro limit its clinical application (11). To overcome
these limitations, the long-acting FGF21 analog, PF-05231023,
was developed. The analog possesses better anti-aggregation and
in vivo degradation effects than that of natural FGF21 (12-14).
PF-05231023 contains two modified human FGF21 molecules
that are linked to the humanized immunoglobulin 1 antibody
backbone, which was designed to prolong the analog’s half-life and
bioavailability (15). Compared with that of natural FGF21, PF-
05231023 exhibits a 70-fold increase in half-life, demonstrating
promising clinical potential in vitro. Similarly, administration of
LY2405319, an FGF21 analog, reduced atherosclerotic plaques
and blood lipid levels in Apoe™/~ mice (16). Clinical trials
have demonstrated the potential of recombinant FGF21 for the
treatment of type 2 diabetes, obesity, and other comorbidities,
but its physiological role in atherosclerosis (AS) has only gained
attention in recent years (16, 17).

E-knockout
recombinant

In studies
(Apoe™/™)

involving  apolipoprotein

mice, treatment with human

Abbreviations: Apoe, apolipoprotein E; Apoe~/~, Apoe knockout; WD,
western diet; Srebfl, Sterol-regulatory element binding protein 1; TG,
triglyceride; TC, total cholesterol; IPGTT, intraperitoneal glucose tolerance
test; HE, hematoxylin and eosin; GO, gene ontology, KEGG, Kyoto
Encyclopedia of Genes and Genomes, DEG, differentially expressed gene;
Fasn, fatty acid synthesis; Acaca, acetyl CoA carboxylase alpha; Acacb, acetyl
CoA carboxylase beta; Scdl, steroyl CoA depletion 1; DIO, diet-induced
obese mice; FGF21, fibroblast growth factor 21; NAFLD, non-alcoholic fatty
liver disease; AS, atherosclerosis; PCR, polymerase chain reaction; qPCR,
quantitative PCR; gRT-PCR, quantitative reverse transcription PCR; ANOVA,
analysis of variance; CC, cellular component; MF, molecular function; BP,
biological processes; RNA-Seq, RNA sequencing; Elovll, very long chain
fatty acid elongase 1; Elovl6, very long chain fatty acid elongase 6; Abcg5,
adenosine triphosphate-binding cassette transporter G5; Abcg8, adenosine

triphosphate-binding cassette transporter G8.
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FGF21 formation  of  atherosclerotic
plaques (18).
However, the specific mechanism by which PF-05231023

modulates lipid metabolism and protects against AS in Apoe™/~

prevented  the

mice remains unclear, and its impact on lipid metabolism-related
pathways has yet to be elucidated. Therefore, we hypothesized that
PF-05231023 would improve lipid metabolism and atherogenesis
in Apoe~/~ mice. Hence, in this study, we used an Apoe™/~ mouse
model of lipid metabolism disorder, using mice fed a Western diet
equivalent (WD), to investigate the specific mechanism by which
PF-05231023 alleviates lipid metabolism disorders. We investigated
this from a novel perspective of adipose tissue, with the expectation
of providing insights for the development of more effective and
safer drugs for the treatment of metabolic diseases.

2 Materials and methods

2.1 Experimental reagents

PF-05231023 (AbMole Company; M10048, Shanghai, China),
a total cholesterol (TC) test kit and triglyceride (TG) test kit
(Nanjing Jiancheng Biotechnology Research Institute; A111-1-1,
A110-1-1, Nanjing, China), D-anhydrous glucose (Solarbio; G8150,
Beijing, China), hematoxylin and eosin (HE) staining solutions
(Reagan Biotech; DH001, DH0044, Beijing, China), Oil Red O dye
solution (Wuhan Seville Biotechnology Co., Ltd.; G1015, Wuhan,
China), and TRIzol reagent (Takara; T9108, Beijing, China) were
used in this study. The reverse transcription kit and quantitative
polymerase chain reaction (PCR) detection kit were both procured
from Vazyme (R323-01, Q711-02, Nanjing, China).

2.2 Animal experiments

Eighteen 4-week-old female Apoe™/~ C57BL/6 mice, weighing
17-20 g, were purchased from the Shanghai Model Organisms
Center, Inc. (Shanghai, China). The animal quality was certified
as SYXK (Shanghai, China) 2019-0002. Six 4-week-old C57BL/6
female mice with the same genetic background, weighing 16-17 g,
were procured from the Guangdong Medical Experimental Animal
Center with an animal quality license of SYXK (Guangdong,
China) 2022-0002. All animal experiments strictly complied with
the regulations of the Animal Ethics Committee of South China
Agricultural University. The mice were housed and fed at room
temperature (22 + 2°C), with a 12-h light/12-h dark cycle and had
free access to food and drinking water.

2.3 Experimental design

After acclimating to the environment for 1 week, the mice were
randomly divided into two groups: Apoe ™/~ + WD + PF-05231023
(n=6)and Apoe_/_ + WD + saline group (n = 6). These groups
were fed a WD for 12 weeks to build the AS model, followed
by a 7-week treatment period of either 10 mg/kg of PF-05231023
(15) or an equivalent volume of saline intraperitoneally injected
on Monday, Wednesday, and Friday every week. Additionally,
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C57BL/6 female mice + control diet (WT + Control) served as the
healthy control group (n = 6), and Apoe™/~ mice + control diet
(Apoe™/~ 4 Control) served as the transgenic control group (n =
6). The composition of the WD and control diet is shown in Table 1.

Throughout the feeding period, the weights of the mice were
recorded weekly. Their food and water were also replaced weekly.
Body composition analysis of the mice was conducted at weeks
12 and 19 of feeding, and an intraperitoneal glucose tolerance
test (IPGTT) was performed during the 7th week of treatment.
Blood samples were collected from the eyeballs and perfused with
physiological saline to dissect the aorta. Subsequently, the mouse
liver, subcutaneous fat, brown fat, and white fat around the ovaries
were stored at —80 °C for subsequent analysis. Experimental design
is shown in Figure 1.

2.4 Body composition analysis

Body composition analysis was performed on mice at weeks
12 and 19. Before testing, place the mice between two paper cups,
gently squeeze them, and perform stress induced bowel movements
to minimize experimental errors. Subsequently, they were placed
in a live animal body composition analyzer to record their body
weight, body fat weight, lean meat weight, and their percentage.

2.5 IPGTT

Mice were transferred to a clean cage, where they were fasted
for 5h, during which they had access to water. After the fasting
period, their weight was measured, and the appropriate amount
of glucose injection was calculated based on their weight. Fasting
blood glucose levels were measured, and a glucose solution was
injected into the abdominal cavity at a standard concentration of
2 mg/g (19). Blood glucose levels were monitored at 15, 30, 60, 90,
and 120 min post-injection using a blood glucose meter.

2.6 Organize sample collection

Blood collection from the eyeballs: After anesthetizing the mice
with ether (20), the mice were fixed with one hand, and the eyeballs
were removed with sterilized forceps; the blood was collected into
1.5 ml tubes, and left to stand for 4 h. The blood was centrifuged at
3,000 rpm for 15 min at 4°C in a centrifuge (Eppendorf, Hamburg,
Germany), and the supernatant was pipetted into 200 pl tubes and
store it in a —80°C freezer for further research.

After completion of blood sampling, the mice were executed by
dislocation method, and the lower limbs and head were fixed on a
foam plate to take white adipose tissue around the ovaries (sexual
fat), subcutaneous fat, and brown fat of mice. One side was fixed
in paraformaldehyde for subsequent embedding; the other side was
placed in liquid, the other side was placed in liquid nitrogen and
stored in the refrigerator at —80°C.

Then, the thoracic cavity of the mice was cut open from the
diaphragm upward to expose the heart, and a small opening was
cut out of the right apical heart, and pre-cooled saline was injected
from the left apical heart with a 1 ml syringe until the outflow from
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the opening of the right apical heart was clear and the color of the
liver was gradually changed to lighter; the aorta of the mice was
dissected under the body microscope, and the peri-arterial blood
vessels and fat were stripped off, and the aortic arch was fixed in
paraformaldehyde for subsequent staining analysis (21).

2.7 Biochemical analysis of serum and liver

The collected blood samples were centrifuged at 3,000 rpm
for 15 min at 4°C to separate the serum. Liver tissue (30 mg) was
homogenized with phosphate-buffered saline, and the supernatant
was collected for further analysis. Serum and liver TC, and TG
levels were measured according to the manufacturer’s instructions
provided with the reagent kit.

2.8 Histological analysis of liver, aorta, and
adipose tissue

White fat surrounding the left hepatic lobule, aorta, and left
ovary was fixed in 4% paraformaldehyde for 24 h. Subsequently,
the liver and fat were embedded in paraffin sections (thickness
= 5pm) and subjected to HE staining. Lipid accumulation in
the liver and adipocyte hypertrophy in the fat were observed and
photographed under a 20 x biological microscope (SOPTOP, EX20,
Suzhou, China). The aorta was longitudinally placed on a black gel,
and blood vessels were cut longitudinally under a stereomicroscope
(Olympus Corporation, SZ2-ILST, Tokyo, Japan). Oil Red O
staining was performed, and lipid deposition in the aorta was
observed using a 4x microscope (SOPTOP, EX20). Image View
software was used for image stitching, and analysis was performed
using ImageJ1 software.

2.9 Extraction of RNA from mouse adipose
tissue

Three mice were randomly selected from the Apoe™/~ + WD
+ PF-05231023 and Apoe™/~ + WD + saline group (n = 6). The
white fat tissue surrounding the ovaries was collected, and total
RNA was extracted from this adipose tissue using TRIzol reagent.
The purity of samples was assessed using a NanoPhotometer®
Thermo Fisher spectrophotometer (Massachusetts, USA), whereas
the integrity and concentration of the RNA samples were
determined using the Agilent Technologies (CA, USA) 2100 RNA
Nano 6000 Assay Kit.

2.10 Library construction and sequencing

Following total RNA extraction, eukaryotic mRNA was
enriched using oligo (dT) magnetic beads. A buffer was then added
for mRNA fragmentation, and mRNA was used as a template
to synthesize the complementary DNA (cDNA) first and second
strands. The cDNA was purified, and the resulting purified double-
stranded cDNA was subjected to end repair, addition of base A,
and addition of sequencing adapters. Fragments were screened to
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TABLE 1 Western diet equivalent (WD) and control diet compositions.

Nutrient WD (purified) feed WD (control) feed
Mass ratio % Energy ratio % Mass ratio % Energy ratio %
Protein 17.5 15.5 17 17
Carbohydrate 485 425 71 73
Fat 21 42 4.3 10
Total 87 100 92.3 100
Energy 4.7 keal/g 3.9 keal/g
Product Mass ratio g/kg keal Mass ratio g/kg keal
Casein 195 780 195 780
DL-Methionine 3 12 3 12
Sucrose 341 1,364 341 1,364
Com starch 150 600 504.4 2,017.6
Cellulose 50 0 50 0
Natural cream 210 1,890 52.5 472.5
Ethoxyquin 0.04 0 0.04 0
Mineral mix AIN76A 35 16.5 35 16.5
Calcium carbonate 4 0 4 0
Vitamin Mix AIN-76A 10 39 10 39
Choline bitartrate 2 0 2 0
Cholesterol 1.5 0
TOTAL 1,001.54 4,701.5 1,196.94 4,701.6
y - ' : ' ' : Tissue
Adaptation period : Dietary intervention period : Treatment perlod :
¢ : collection
: : £ e
: { PF0523102 PF05231023 ’ 1 |
5 > :| Blood
- Western Diet . '
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~ e —— . ' H <
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FIGURE 1
Experimental flowchart (created using Figdraw). Apoe~/~, Apolipoprotein E knockout; IPGTT, intraperitoneal glucose tolerance test; SAT,
subcutaneous adipose tissue; BAT, brown adipose tissue.

5186 T, £ 307 &

Frontiersin Veterinary Science frontiersin.org


https://doi.org/10.3389/fvets.2024.1429639
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Zhao et al.

recover ~350 bp of cDNA, and PCR enrichment was performed
to obtain a cDNA library. After passing the quality inspection
using Qubit 3.0 and Agilent 2100, the constructed library was
sequenced using a high-throughput sequencing platform (Agilent
Technologies Inc, California, USA) with a PE150 sequencing
strategy. The sequencing was conducted by Annoroad Gene
Technology (Beijing, China).

2.11 Differential gene analysis and
functional enrichment

Gene differential expression analysis was performed using
DESeq2, with screening criteria for differential genes set at
FoldChange >1.5, p-value < 0.05, and padj <1. For Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis of differentially expressed mRNA, we used the
Database for Annotation, Visualization, and Integrated Discovery
(https://david.ncifcrf.gov/tools.jsp). We used the microbiome
websites (http://www.bioinformatics.com.cn and https://www.
omicshare.com/tools/) for analysis and visualization.

2.12 Real-time fluorescence quantitative
reverse transcription PCR

To wvalidate RNA data,
differentially expressed genes (DEG) related to metabolism

sequencing (RNA-Seq) eight
were randomly selected for quantitative reverse transcription PCR
(qRT-PCR) validation, with f-actin serving as an internal reference
gene. Primer sequences and related information are provided in
Table 2. The RNA sample used for qRT-PCR amplification was the
same as the RNA sample used for constructing the RNA-Seq library
mentioned above when using the Vazyme reverse transcription Kkit.

2.13 Statistical analysis

Unless otherwise specified, statistical analysis was conducted
using one-way analysis of variance (ANOVA). We performed

TABLE 2 Study primer sequences.

10.3389/fvets.2024.1429639

multiple comparisons after one-way ANOVA, compared each
column, and rated the average of each column. Data is expressed
as mean =+ standard error mean, and p < 0.05 is considered
statistically significant. All statistical analyses were performed using
GraphPad Prism 8.0.

3 Results

3.1 The effects of PF-05231023
administration on body weight and fat in
Apoe ~/~ mice

During the first week of feeding, there was no significant
difference in body weights among all mice, although the Apoe™/~
mice exhibited a slightly higher body weight than that of the WT
+ Control group. After 12 weeks of the feeding regimen, there was
no significant difference in weights between the Apoe™/~ + WD
+ PF-05231023 group and the Apoe™/~ 4+ WD + saline group.
However, a significant difference in weights was noted between the
WT + Control group and the Apoe™/~ + Control group (p < 0.05).
PF-05231023 treatment was initiated after the 12th week. During
the 7-week treatment period, the weight of mice in the Apoe™/~
-+ WD + PF-05231023 group increased in the first week, gradually
decreased, and then remained stable thereafter. The weight of the
Apoe™/~ 4+ WD 4 saline group showed a slight upward trend;
however, the difference was not significant between the two groups.
Furthermore, a significant difference in body weight was noted
between the Apoe™/~ + Control group and the Apoe™/~ + WD
+ saline group (p < 0.01). A significant difference in body weight
was also observed between the WT + Control group and the
Apoe™/~ 4 Control group (p < 0.05, Figure 2A), as well as between
the Apoe™/~ 4+ WD + PF-05231023 group and the Apoe™/~ +
WD + saline group before mouse sampling (p < 0.05, Figure 2B).
These results indicate that PF-05231023 treatment affected the body
weight of Apoe™/~ mice.

Body composition analysis conducted before and after
treatment revealed no significant fluctuation in fat content between
the WT + Control and Apoe™/~ + Control groups (Figure 2C).
Both the Apoe™/~ 4+ WD + PF-05231023 and Apoe™/~ + WD
+ saline groups showed a decrease in fat content before and

Gene Accession number (5'-3) (3-5)

B-actin NM_007393 GTGACGTTGACATCCGTAAAGA GCCGGACTCATCGTACTCC
Agpat2 NM_026212.2 CAGCCAGGTTCTACGCCAAG TGATGCTCATGTTATCCACGGT
Angptl8 NM_001080940.1 CCCTCAATGGCGTGTACAGA CCACCTGAATCTCCGACAGG
Mrap NM_029844.4 CCTGGCTACCTTCGTGGTG GGGAGGTTGAAGCTGTGAGTC
Pla2g2e NM_012044.2 CCAGTGGACGAGACGGATTG AGCAGCTCTCTTGTCACACTC
Dbi NM_007830.4 CAAGCTACTGTGGGCGATGTA CACATAGGTCTTCATGGCACTTT
B3gnt5 NM_001159407.1 TGGCTTTGTAAACAATTCCCTGT GAACGTCGGCCATAGTTTTCA
Cr2 NM_001368765.1 TGTCATCCCGACATGCAAAGA ACACTGACTAGAGGGTTGTCC
Lif NM_008522.3 TGATGACACCCGGAAACCTG TCCCAAACTGAACCTGTTGGT
Ucp2 NM_001417452.1 GTGGTGGTCGGAGATACCAGA GGGCAACATTGGGAGAAGTCC
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FIGURE 2
(A) Changes in body weight of Apoe™/~ mice during feeding and treatment. *indicates a significant difference between the WT 4 Control group and
the Apoe~/~ 4 Control group (*p < 0.05, **p < 0.01), whereas # indicates a significant difference between the Apoe~/~ + Control group and the
Apoe~/~ + WD + saline group (#¥p < 0.05, ##p < 0.01). Control represents the Western-style diet control group, and WD indicates the Western-style
diet purification group. (B) Body weight of mice before sampling. (C) Fat content before and after treatment. (D) Fat mass change after treatment.

after treatment (Figure 2C). Specifically, the saline group showed
a decrease of 2.99%, whereas the PF-05231023 group exhibited a
decrease of 6.82%. The proportion of decrease in the PF-05231023
group was more than twice that in the control group. Overall, the
proportion of fat that decreased in the PF-05231023 group was
higher than that in the saline group (Figure 2D). These results
indicate that PF-05231023 causes s a slight decrease in fat content
in Apoe™/~ mice.

3.2 The effects of PF-05231023 on blood
glucose levels in Apoe~/~ mice

At the end of 7 weeks of treatment, mice were subjected to
an IPGTT. Within 120 min of the IPGTT, mice treated with PF-
05231023 showed the fastest decrease in blood glucose levels at
30 min compared with that in the group injected with physiological
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saline (Figure 3A). The area under the glucose curve was also
lower than that for the control group (Figure 3B). Although blood
glucose levels were slightly higher in the fasting state (Figure 3C),
no statistical difference was observed. These results indicate that the
effect of PE-05231023 treatment on blood glucose levels in Apoe™/~
mice was modest. Plasma lipid level analysis revealed no significant
decrease in TC and TG levels in the plasma of mice treated with
PF-05231023 compared with that of mice treated with physiological
saline (data not shown).

3.3 The effects of PF-05231023 on the
aorta of Apoe~/~ mice

Oil Red O staining analysis was performed on the aortic arch.
The WT + Control group exhibited a normal aortic wall with no

lipid deposition. However, partial lipid deposition was observed in
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(A) Detection of glucose levels within 0—120 min of the intraperitoneal glucose tolerance test (IPGTT) in mice at the end of treatment, *indicates a
significant difference between the WT + Control group and the Apoe~/~ + Control group (B) Increment of area under the curve (iIAUC) of IPGTT
across the four groups. (C) Fasting blood glucose concentration in different groups of mice after 7 weeks of treatment. GC, glucose
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the aortic wall of the Apoe™/~ 4- Control group. The intima of the
aorta in the Apoe™/~ + WD + saline group appeared relatively
fragile, with a substantial amount of lipid deposition noted on
the vessel wall. Compared with that in the saline injection group,

Frontiersin

the Apoe™/~ 4+ WD 4+ PF-05231023 group showed reduced lipid
deposition on the vessel wall and milder plaque lesions ( ).
Furthermore, the plaque area was significantly smaller compared

with that in the saline injection group ( ; p < 0.05). These
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results indicate that PF-05231023 reduced plaque accumulation in
the aortic arch of Apoe™/~ mice.

3.4 The effects of PF-05231023 on lipid
deposition and biochemical levels in the
liver of Apoe™/~ mice

Liver sections stained with HE were examined under a
microscope at 200x magnification. Compared with that in
the group injected with saline, mice treated with PF-05231023
exhibited a smaller area of hepatic fat vacuolization (Figure 5A) and
a significant decrease in lipid deposition (Figure 5B, p < 0.01). This
decrease approached the level observed in the Apoe™/~ + Control
group, indicating that PF-05231023 improved hepatic steatosis in
Apoe™/~ mice. In addition, the TC levels in the livers of mice
from the Apoe™/~ + WD + PF-05231023 group were lower than
those in the saline group (Figure 5D). Although TG levels did not

10.3389/fvets.2024.1429639

show statistical differences, there was a slight trend of decrease
(Figure 5E). PF-05231023 also improved liver weight (Figure 5C).

3.5 The effects of PF-05231023 on
Apoe~/~ mouse adipose tissue

Sections of white adipose tissue around the ovaries were
subjected to HE staining and examined using a microscope at
200x magnification. The adipocytes in the WT + Control group
mice were tightly arranged, had small cell diameters, and possessed
small volumes (Figure 6A). Compared with those in the WT +
Control group, the Apoe™/~ + Control group exhibited slightly
larger cell diameters and volumes (Figure 6A). The volume and
diameter of adipocytes in the Apoe™/~ + WD 4 saline group
were increased, exhibiting characteristics of uneven cell size and
irregular shape (Figure 6A). However, in the Apoe ™/~ + WD + PE-
05231023 group, adipocytes were smaller than those in the Apoe™/~
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FIGURE 5
(A) Representative images of hematoxylin and eosin (HE)-stained livers from the four mouse groups. The black arrows indicates the main lesions. (B)
Percentage of liver vacuolization. (C) Liver weight after sampling. (D) Total cholesterol (TC) content in the liver. (E) Liver triglyceride (TG) levels. Scale
bar: 50 um. *means there is a significant difference between the two groups (p < 0.05), **means there is a highly significant difference between the
two groups (p < 0.01).
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FIGURE 6
(A) Representative images of Hematoxylin and eosin (HE)-stained white adipose tissue around the ovaries of mice in the four study groups. (B)
Average area of white adipocytes around the ovaries. (C) Weight of white fat around the ovaries after sampling. (D) Subcutaneous fat weight after
sampling. (E) Weight of brown fat after sampling. Scale bar: 50 um. *means there is a significant difference between the two groups (p < 0.05),
**means there is a highly significant difference between the two groups (p < 0.01).

+ WD + saline group, with reduced volume and diameter and
more regular arrangement (Figure 6A). The average area of white
adipocytes around the ovaries significantly decreased in the average
area of adipose tissue cells in the Apoe™'~ 4+ WD + PF-05231023
group compared with that in the Apoe™/~ 4+ WD + saline group
(Figure 6B, p < 0. 05). Weight statistics were obtained for white,
subcutaneous, and brown fat around the ovaries after sampling.
Compared with that in the Apoe™/~ + WD + saline group,
the Apoe™/~ 4+ WD + PF-05231023 group showed a significant
decrease in the weight of white fat around the ovaries (Figure 6C)
and subcutaneous fat (Figure 6D, p < 0.05), whereas no statistically
significant difference was noted in terms of brown fat (Figure 6F, p
> 0.05).

%1911,
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3.6 DEGs and functional annotation
analysis

We conducted sequencing analysis of the white adipose tissue
around the ovaries in the Apoe™/~ 4+ WD + PF-05231023
group and the Apoe™/~ + WD + saline group. Three biological
replicates were used for each group. Our sequencing results
revealed a total of 3,749 DEGs between Apoe™/~ + WD 4 PE-
05231023 and Apoe™/~ + WD + saline mice, including 1,538
upregulated genes and 2,211 downregulated genes (Figure 7A;
screening parameter | log; Fold change | > 1 and ¢ <
0.05). The volcano plot analysis a more intuitive up-and-down
regulation of DEGs (Figure 7B). Principal component analysis

H# 307 @

frontiersin.org


https://doi.org/10.3389/fvets.2024.1429639
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Zhao et al. 10.3389/fvets.2024.1429639
A B
e .
$ 1538 i
= '
A 20001 i
1
1000+ i
3 '
0 P
] i
-1000 :
£ i
2 -2000- '
: 2211 !
-3000- 3
UP DOWN 5 : group
& i * Down
o - Not Significant
[ H Up
¢ PCA :
: i
10; I
L
»| I
g | , L
g, 9 v * Apoe* 'ng:PF-o.'rZMOZJ &
4 AR - = iinimninr i rmim s s s o|
)
B P
i
10 i
i
10 = 0 10 20
PC1(45.6%) Log2FoldChange
FIGURE 7
DEG profiles of white adipose tissue around the ovaries of Apoe™~+ WD + PF-05231023 and Apoe™/~ + WD + saline mice. (A) The humber of DEGs
between the Apoe™/~+ WD + PF-05231023 and Apoe~/~+ WD + saline groups. (B) Volcano map of DEGs between the Apoe™/~+ WD +
PF-05231023 and Apoe~/~+ WD + saline groups. Red represents significant upregulation, blue represents significant downregulation, and gray
represents no significant difference. (C) Principal component (PC) analysis was performed on the top 400 significantly different gene expression
levels between the Apoe™/~+ WD + PF-05231023 and Apoe~/~+ WD + saline groups.

of these DEGs demonstrated high similarity within the groups
(Figure 7C).

We used the GO and KEGG databases to classify DEG
functions (Figure 8). In the top 10 biological processes (BP),
cellular component (CC), and molecular function (MF), GO
enrichment analysis showed that BP was primarily associated with
translation, aerobic respiration, lipid metabolism, and immune
response processes, whereas CC was mainly concentrated in
mitochondria, ribosomes, respiratory chains, and other cellular
parts. In MF, enrichment was observed in ribosomal structural
components, oxidoreductase activity, and homologous protein
binding, and other functional aspects (Figure 8A). We also
annotated DEGs based on the KEGG database and noted that
3,749 DEGs were concentrated in 81 KEGG pathways within
six categories: metabolism, genetic information processing,
environmental cellular  processes,
biological systems, and human diseases. Among these pathways,
apart from human diseases, the most DEGs were in metabolic

information  processing,

processes, including oxidative phosphorylation, metabolic
pathways, fatty acid metabolism, steroid biosynthesis, glutathione
metabolism, and propionic acid metabolism (Figure 8B).

Six pathways were closely related to lipid metabolism in
the KEGG analysis, including fatty acid metabolism, steroid
biosynthesis, fatty acid elongation, fatty acid biosynthesis, fatty acid
degradation, and cholesterol metabolism, as shown in Figure 9. In
the fatty acid metabolism pathway, key genes involved in fatty acid

synthesis, such as fatty acid synthase (Fasn), acetyl CoA carboxylase
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alpha (Acaca), and acetyl CoA carboxylase beta (Acacbh), were
significantly downregulated, whereas key genes involved in fatty
acid oxidation, such as Cptlab, were upregulated. In the fatty acid
elongation pathway, Mecr, very long chain fatty acid elongase 1
(ElovlI), and very long chain fatty acid elongase 6 (Elovi6) were
significantly downregulated. In the steroid biosynthesis pathway,
genes related to cholesterol synthesis, such as farnesyl-diphosphate
farnesyltransferase 1 and squalene epoxidase, were significantly
downregulated. In addition, steroyl CoA depletion 1 (ScdI) and
adipogenin, which are involved in fat production, were significantly
downregulated, whereas adenosine triphosphate-binding cassette
transporter G8 (Abcg8), which promotes cholesterol eftflux, was
significantly upregulated. The levels of sterol regulatory element
binding transcription factor 1 (SrebfI) also significantly decreased.
Table 3 provides a detailed description of the genes involved in
these pathways.

3.7 Real-time fluorescence quantitative
PCR validation results

To verify the reliability of the transcriptional data, we randomly
selected nine DEGs with high expression levels for quantitative
PCR (qPCR) analysis. The qPCR results were consistent with
the trends observed in the transcriptome analysis, confirming the
accuracy and reliability of the transcriptome sequencing results
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(Figure 10A). Moreover, a high correlation was observed between
the qQPCR and RNA-Seq data, with R? = 0.943 (Figure 10B).

4 Discussion

FGF21 analogs have been studied in clinical trials for type
2 diabetes and NAFLD and have demonstrated generally good
tolerability. This study confirms that the long-acting FGF21
analog PF-05231023 reduces the accumulation of atherosclerotic
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plaques and improves lipid metabolism in the liver and adipose
tissue of Apoe™/~ mice, thereby indicating the clinical potential
of the FGF21 analog in treating AS. In this study, the body
weights of Apoe™/~ mice treated with PF-05231023 gradually
decreased until changes were observed prior to sampling. This
result aligns with those of previous studies that reported
weight loss in response to administration of FGF21 analogs
in diet-induced obese mice (DIO) (22), and in Gubra Amylin
NASH DIO mice (10). Although some clinical trials have
suggested weight reduction after FGF21 analog treatment in
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subjects with obesity, type 2 diabetes, and fatty liver disease,
the evidence for weight loss in subjects with obesity remains
inconclusive (23). For example, in a clinical trial evaluating the
safety and tolerability of PF-05231023 in patients with obesity
with hypertriglyceridemia, PF-05231023 reduced TG and low-
density lipoprotein cholesterol levels without causing body weight
reduction (24).

After 7 weeks of treatment, the WT + Control and Apoe_/ -
+ Control groups showed minimal changes in body fat percentage.
Conversely, both the PF-05231023 treatment and the physiological
saline control groups showed a declining trend in body fat
percentage, with the PF-05231023 treatment group demonstrating
a more significant decrease. We hypothesize that this reduction in
body fat percentage is likely attributed to the weekly intraperitoneal
injections administered to both mouse groups, causing a certain
degree of stress. This is supported by the observation that
the two control groups, which did not receive intraperitoneal
injections, did not show significant changes in body fat. FGF21
reduces blood sugar levels in diabetic rodents, obese mice, and
monkey models (10). However, this study found that although
there was no statistically significant difference in fasting blood
glucose levels between Apoe™/~ mice injected with PF-05231023
and those injected with physiological saline, the former group
showed an improvement in glucose tolerance. PF-05231023 does
not significantly affect blood glucose control (11, 15). These minor
differences in glucose improvement may be attributed to the
slight differences in the pharmacology of FGF21 analogs (15).
Additionally, injection of PF-05231023 had no significant effect
on the reduction of plasma lipids in Apoe™/~ mice. Similarly,
no significant reduction in plasma TG levels was detected in
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DIO mice treated with FGF21 (25). A study conducted on obese
Gottingen mini pigs also found that FGF21 had no effect on pig
plasma lipids, partly because of the very low circulating lipid levels
in the mini pigs, which rendered FGF21 ineffective in reducing
pig plasma lipids (26). The reason plasma lipid levels exhibited
no significant effect in the current study remains unclear and
could be a topic for further research. Numerous studies have
investigated the role of FGF21 in AS. For example, a study
using Apoe™/~ mice demonstrated that FGF21 alleviated AS by
enhancing Fas-mediated apoptosis (27). Another study reported
that FGF21 upregulates autophagy-mediated cholesterol efflux via
receptor for activated C kinase 1 to inhibit AS (17). Furthermore,
FGF21 alleviates AS by inhibiting focal pyroptosis in vascular
endothelial cells, mediated by the NLR family pyrin domain
containing three inflammasome (28). Thus, several mechanisms
have been proposed for the inhibition of AS. In our study, PF-
05231023 administration reduced fat accumulation in the liver and
significantly reduced TC and TG content in the liver. This result
aligns with the conclusion that PF-05231023 treatment reduces
liver TC and TG in NAFLD, and reduces plasma liver injury
markers alanine aminotransferase and aspartate aminotransferase
(10). Additionally, our results are also consistent with research
indicating that FGF21 improved lipid droplet size in the liver
(16), as did the FGF21 analog LY2405319 (12). In various diet-
induced, genetically modified, or chemically induced models, PF-
05231023 treatment reduces the weight of brown fat, subcutaneous
fat, and white adipose tissue, and it reduces adipocyte size in
the white adipose tissue around the ovaries. FGF21-specific-
knockout mice exhibit weight gain, decreased lipolysis, and reduced
energy expenditure in the adipose tissue, leading to adipose tissue
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hypertrophy (11). However, FGF21 treatment reduces weight gain,
improves lipid levels in adipocytes, and reduces inflammatory cell
infiltration (29).

TABLE 3 DEGs involved in de novo adipogenesis, cholesterol
biosynthesis, and fatty acid elongation pathways.

10.3389/fvets.2024.1429639

To better understand the molecular pathways associated
with PF-05231023 and its effect on lipid metabolism in adipose
tissue, we analyzed gene expression in the white adipose
tissue around the ovaries. First, we annotated DEGs using
the KEGG database and noted that most of the DEGs were
concentrated in the categories related to metabolism and
human diseases. By combining KEGG and GO functional
analyses, we observed that pathways related to metabolism and
human disease were downregulated in the differential gene set.
Enrichment results for human disease show that PF-05231023
has a significant positive impact on the pathways associated with
neurodegenerative diseases, including Alzheimer’s disease (30),
Parkinson’s disease (31, 32), Huntington’s disease, and amyotrophic
lateral sclerosis. This finding suggests a potential role for long-
acting FGF21 analogs in neuroprotection. FGF21 can modulates
anti-inflammatory and antioxidant stress responses through
nuclear factor kappa-B and adenosine 5 -monophosphate-activated
protein kinase/protein kinase B signaling pathways, thereby
protecting nerves from damage and mitigating neurodegenerative
changes (33). Furthermore, our analysis revealed that PF-05231023
significantly downregulated the expression of genes related to
NAFLD. This downregulation would lead to an improvement in the
symptoms of this disease (34). This beneficial effect of PF-05231023
may be attributed to the direct regulation of lipid metabolism
through insulin, resulting in reduced lipid accumulation in the
liver. In the metabolic category, we identified several DEGs
involved in metabolic pathways and lipid metabolism. We found
that PF-05231023 significantly downregulated SrebfI, further
leading to a decrease in the expression of Fasn, Acaca, Acach,
and Scdl. Srebfl is an important transcription factor that regulates
lipid metabolism related enzymes primarily expressed in the
liver and adipocytes. The transcription factor induces de novo
adipogenesis by regulating the expression of adipogenic genes,
such as Acaca and Acacb, Fasn (35), and Scdl (36, 37). Acaca
and Acacb catalyze rate-limiting reactions in the biogenesis of
long-chain fatty acids (38). Fasn is a key synthase in the process
of fatty acid biosynthesis (38), which catalyzes de novo fatty
acid synthesis by converting acetyl CoA and malonyl CoA to
palmitic acid esters (39), and Scdl regulates the expression of

Gene  Description Log,FC  g-Value
Aacs Acetoacetyl-CoA synthetase —1.17186 0.000651
Abcg8 Adenosine triphosphate-binding 4.083074 0.011935
cassette transporter G8
Acaca Acetyl-CoA carboxylase alpha —1.45815 9.53E—05
Acacb Acetyl-CoA carboxylase beta —1.09862 0.018698
Acly Adenosine triphosphate citrate —1.83961 0.000663
lyase
Adig Adipogenin —2.0744 7.65E—06
Elovll Very long chain fatty acid elongase —0.73961 0.004791
1
Elovie Very long chain fatty acids —2.31099 2.56E—07
elongase 6
Fasn Fatty acid synthase —1.8984 2.83E—-05
Fdft1 Farnesyl-diphosphate —1.11442 0.002743
farnesyltransferase 1
Lss Lanosterol synthase —1.12141 0.01039
Mel Malic enzyme 1 —1.93987 3.80E—-07
mecr Mitochondrial trans-2-enoyl-CoA —1.37633 1.43E—05
reductase
Mvk Mevalonate kinase —1.35399 2.01E—07
Pmvk Phosphomevalonate kinase —1.76177 2.03E—08
Pparg Peroxisome proliferative activated —1.23941 0.000471
receptor gamma
Sedl Stearoyl-CoA desaturase 1 —0.87024 0.004249
Sqle Squalene epoxidase —1.0713 0.002529
Srebfl STEROL regulatory element —1.01262 0.010143
binding transcription factor 1
A
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unsaturated fatty acid biosynthesis genes and mitochondrial fatty
acid oxidation (38). Moreover PF-05231023 also reduced the
expression of adenosine triphosphate citrate lyase, which is an
important enzyme in the cholesterol and fatty acid biosynthesis
pathway upstream of Fasn (38), thereby promoting the biosynthesis
of cholesterol and fatty acids by producing acetyl CoA from
citrate (40). Elovll and Elovl6 are downregulated by Srebf1, which
also leads to a decrease in fatty acid synthesis. Moreover, we
observed a significant upregulation of Abcg8 and an upregulation
trend of adenosine triphosphate-binding cassette transporter G5
(Abcg5). The ABCG5/ABCGS8 complex transports cholesterol and
phytosterols from intestinal cells to the intestinal cavity for fecal
treatment, thereby promoting cholesterol efflux and reducing
cholesterol accumulation (41).

5 Conclusion

In summary, we confirmed that PF-05231023 reduces liver
cholesterol and TG levels as well as lipid deposition in WD-fed
Apoe™/~ mice and has the potential to counteract the development
of AS. Further analysis of adipose tissue indicated that PF-
05231023 reduces the expression of genes involved in adipogenesis,
cholesterol synthesis, and fatty acid derivative pathways. Moreover,
we found that the specific mechanism by which PF-05231023
inflicts these effects is to inhibit the expression of SrebfI and further
inhibit the expression of genes related to lipid generation, thereby
reducing lipid synthesis. However, the specific role of this pathway
requires further investigation.

5.1 Study limitations

In the current study, we revealed the ameliorative effects
of PF-05231023 on lipid metabolism as well as inhibitory
effects on the expression of lipogenesis-related genes. However,
the specific pathways regulated by PF-05231023 remain to
be fully elucidated. Hence, the following aspects need to be
further investigated: the mechanism by which PF-05231023
down-regulates Srebfl expression, whether Srebfl is linked to
the expression of other lipogenesis-related genes, and the
regulatory pathways between Srebfl and other lipogenesis-
related genes.
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Abstract: Semen proteins play an important role in male reproductive performance and sperm
fertilization ability and can be used as potential biomarkers to evaluate male fertility. The role
of cysteine-rich secretory protein 3 (CRISP3) in male reproduction remains unknown. This study
aimed to investigate the role of CRISP3 in the reproductive performance of boars. Our results
showed that the CRISP3 protein content was significantly and positively correlated with boar fertility,
sow delivery rate, and litter size. CRISP3 is highly expressed in the bulbourethral gland of adult
boars and is enriched in the seminal plasma. It is localized in the post-acrosomal region of the
sperm head and migrates to the anterior end of the tail after capacitation. The CRISP3 recombinant
protein did not affect sperm motility and cleavage rate, but it significantly downregulated the mRNA
expression of inflammatory factors IL-«, IL-1(3, and IL-6 and the protein expression of IL-x and IL-6 in
lipopolysaccharide (LPS)-induced RAW264.7 cells, indicating that CRISP3 has an immunomodulatory
function. In conclusion, our study suggests that semen CRISP3 protein levels positively correlate with
reproductive performance, which may be achieved by regulating immune responses in the female
reproductive tract.

Keywords: CRISP3; boar; fertility; sperm; reproductive tract immunity

1. Introduction

Semen proteins in sperm or seminal plasma clearly play an important role in regulating
sperm functions, such as maintaining sperm motility, assisting sperm capacitation, and
sperm—egg binding. These functions are closely related to the reproductive ability of
male animals [1,2] and are potential fertility markers for sperm function and fertility [3].
With the rapid development of proteomics, using biomarkers to screen boars for high
reproductive performance [4] is of great significance for improving the production level of
animal husbandry.

Cysteine-rich secreted proteins (CRISPs) are an important family of proteins
found in the semen of mammals [5-8]. CRISPs are a branch of the CRISP, Antigen5, and
Pathogenesis-related Proteinl superfamily of proteins [9]. Four CRISP proteins have been
identified in mice and three in humans, horses, and pigs, and they are highly enriched in
the male reproductive tract [10]. Recent studies have shown that the CRISP1 protein
can regulate Ca?* channels, and that it plays an important role in preventing sperm
hyperactivation [11,12]. An abnormal expression of CRISP2 is associated with fertility
problems in humans, and its expression is significantly lower in patients with azoospermia
or asthenospermia than in normal fertile men [13,14]. Moreover, recent studies have shown
that the expression level of CRISP3 is related to male infertility [13]. Sperms lacking the
CRISP4 protein severely affected the fertilization ability of cumulus—oocyte complexes,
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oocytes with intact zona pellucida, and oocytes without zona pellucida in vitro [15]. The
deletion of all four CRISP genes in mice resulted in severe subfertility [16].

The CRISP3 protein was first identified in mouse salivary glands [17] and human
neutrophils [18] and is the least-studied member of the CRISP family. Unlike other members,
CRISP3 is widely expressed in exocrine organs [19], immune organs, and, to a lesser extent,
reproductive organs [20,21]. Studies have shown that human CRISP3 is not involved in
gamete fusion [22]. The CRISP3 gene knockout mice showed that, compared to normal
mice, there was no significant difference in the fertilization rate of the knockout mice, but
the blastocyst rate and the number of pups were significantly reduced [17] CRISP3 protein
is involved in the immune response and has a defensive role [23], which can inhibit the
binding of sperm to polymorphonuclear neutrophils and prevent sperm from being cleared
in the female reproductive tract [24]. We analyzed the differentially expressed proteins in
the sperm of boars with high and low fertility using iTRAQ technology [25] and found that
CRISP3 was highly expressed in the semen of boars with high fertility. Consistent with
previous reports, CRISP3 protein may be related to the reproductive performance of boars.

This study revealed a relationship between the expression level of CRISP3 protein
in semen and the reproductive performance of boars. The expression of CRISP3 protein
and CRISP3 antibody in sperm and reproductive tissues and the possible mechanism of its
function in sperm fertilization was analyzed. This study enriches the expression profile of
the CRISP3 protein, provides new ideas for its function in the process of pig reproduction
and provides new evidence for CRISP3 as a potential biomarker of male fertility.

2. Results
2.1. Correlation between Sperm CRISP3 Protein Levels and Reproductive Parameters in Boars

The total protein concentration in the semen or seminal plasma of 33 boars was
determined using the BCA method, while the CRISP3 protein concentration was measured
through ELISA, and its relative concentration was calculated. After excluding outliers, the
relative CRISP3 protein content of the sperm of 25 boars and the seminal plasma of 30 boars
was finally obtained. Scatter plots of CRISP3 protein relative content data are represented
in Figure S1. The results showed that the sperm CRISP3 protein level was significantly
positively correlated with the sow’s farrowing rate and reproductive efficiency (p < 0.05).
The CRISP3 protein level in seminal plasma was significantly positively correlated with
litter size and reproductive efficiency (p < 0.05) (Figure 1).
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Figure 1. Correlation analysis between the content of CRISP3 and the boar reproductive parame-
ters. Reproductive efficiency equals litter size multiplied by the sow’s farrowing rate. For sperm
CRISP3, 25 boars inseminated 1324 sows (A—C); for seminal plasma CRISP3, 30 boars inseminated
1779 sows (D-F).
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2.2. Expression, Purification, and Identification of Recombinant CRISP3 Protein and Antibody

Obtaining an active CRISP3 protein is a key step in investigating the specific mech-
anisms by which CRISP3 proteins regulate reproductive performance. CRISP3 protein
was expressed in CHO-K1 cells, and the supernatant and CHO-K1 cells were collected for
identification (Figure S2) and purified using HisTrap HP column tag affinity chromatogra-
phy. The purified recombinant CRISP3 protein exhibits a molecular weight of 28 kDa with
the predicted value, indicating successful expression. To conduct a more comprehensive
analysis of the recombinant CRISP3 protein, the purified peptide underwent LC-MS/MS
analysis. The amino acid sequence of CRISP3 was determined using LC-MS/MS analysis
and subsequently compared with the NCBI database (Accession No. XP_003128480.1). The
resulting peptide coverage exceeded 70% (Figure S3).

BALB/C mice were immunized with the recombinant protein CRISP3. Through cell
fusion, hybridoma cell screening, subcloning, and ascites preparation and purification,
CRISP3 monoclonal antibodies were finally obtained. The heavy and light chains of
CRISP3 were 55 and 25 KDa, respectively, on SDS-PAGE, which were consistent with
the characteristics of the antibody (Figure S4). The purified antibody concentration was
2.0 mg/mL.

The specificity of the CRISP3 antibody was identified by using the testis and the
bulbourethral gland tissues of boars. The amino acid homology of porcine CRISP1, CRISP2,
and CRISP3 was also compared. The results showed that the amino acid identity of porcine
CRISP1 with CRISP2 and CRISP3 was 42%, and the amino acid identity of CRISP2 and
CRISP3 was 63%. The results of the Western blot showed that the CRISP3 antibody could
recognize the CRISP3 protein in boar testis and bulbourethral gland tissue, while the
CRISP2 antibody could only recognize the target protein in boar testis tissue but not in the
bulbourethral gland tissue. Since the anti-CRISP3 antibody also recognizes a band of the
same molecular weight as the band recognized by the anti-CRISP2 antibody in the testis, a
cross-reaction between them cannot be completely excluded (Figure S5).

To verify whether CRISP3 recombinant proteins have glycosylation modifications,
CRISP3 recombinant proteins were treated with glycosidase F for 20 h at 37 °C and subjected
to Western blot analysis. The results showed that, compared with the CRISP3 recombinant
protein without glycosidase F treatment, the gray value of the CRISP3 recombinant protein
treated with glycosidase F increased at 21 KDa and decreased at 29 KDa, the total gray
value was similar (Figure S6). These results indicate that CRISP3 recombinant proteins
have glycosylation modifications.

2.3. Expression and Localization of CRISP3 in Porcine Reproductive Organs and Semen

To investigate the potential involvement of the CRISP3 protein in boar fertilization
capacity and reproductive capability, we conducted an analysis of CRISP3 gene expression
in the reproductive organs of boars using the RT-PCR technique. According to Figure 2A,
CRISP3 expression was observed in the testis, epididymis, seminal vesicle, prostate gland,
bulbourethral glands, and vas deferens of adult and 3-month-old boars.

Following that, the expression level of CRISP3 was subsequently validated. qRT-PCR
was employed to determine the relative expression levels of CRISP3 in various reproductive
organs of adult and 3-month-old pigs, including the testis, epididymis, seminal vesicle,
prostate gland, bulbourethral glands, and vas deferens. The findings of this study indicate
that CRISP3 was highly expressed in the testis, prostate gland, bulbourethral gland, and
vas deferens of adult boars, and in the testis, seminal vesicle, prostate gland, bulbourethral
glands, and vas deferens of 3-month-old boars. Notably, Figure 2B demonstrates its highest
expression in the bulbourethral glands of adult boars.
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Figure 2. The expression of the CRISP3 gene in the reproductive tissues or cells of boars of different
ages. (A) Reverse transcriptase PCR detection of CRISP3 gene expression in the boar reproduction
systems. (B) qRT-PCR detection of CRISP3 gene expression in male reproductive tissues of adult and
3-month-old pigs.

The Western blotting technique was utilized to determine the relative abundance
of CRISP3 protein in the reproductive organs and semen of boars across different age
groups. The study findings revealed that CRISP3 protein exhibited expression in various
adult and 3-month-old male pig reproductive organs, including the testis, epididymis,
seminal vesicle gland, prostate, and bulbourethral glands. Notably, a particularly elevated
expression level of CRISP3 was observed in the bulbourethral glands. In addition, we
found that, in the 3 months of boar epididymis, seminal vesicle and prostate gland, and
seminal vesicle gland and prostate of adult boar, CRISP3 protein has two kinds of forms,
namely, glycosylated and non-glycosylated forms. CRISP3 was found in a non-glycosylated
form in 3-month-old boar testis and adult boar testis, epididymis, and sperm, while it was
found in a glycosylated form in the bulbourethral glands and seminal plasma, as illustrated
in Figure 3. The obtained results exhibited congruity with our prior research outcomes.
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Figure 3. The expression of CRISP3 protein in the reproductive tissues or cells of male pigs with
different ages. (A) Western blot analysis of CRISP3 protein expression in adult and 3-month-old male
reproductive tissues. SVG, seminal vesicle gland; BUG, bulbourethral gland; S.P., seminal plasma;
(B) Western blot analysis of CRISP3 protein expression in adult and 3-month-old boars’ reproductive
tissues using Image ] software.

Immunohistochemistry was used to detect the distribution of the CRISP3 in the
epididymis, prostate, seminal vesicle gland, and bulbourethral glands of adult boars. The
findings indicated that the expression of CRISP3 was observed in the cytoplasm of luminal
gland epithelial cells in the head, body, and tail of the epididymis and accessory gonads, as
compared to the negative control group (Figure 4).

52010, #£307]



Int. J. Mol. Sci. 2024, 25, 2264

50f15

Negative Control

CRISP3

Negative Control

20pm - PN 20pm .

CRISP3

" 20um

Figure 4. Immunohistochemical analysis of CRISP3 in epididymis and accessory gonads of adult
boars. (A-F) Immunohistochemical analysis of the head, body, and tail of the epididymis of adult
boars. (G-L) Immunohistochemical analysis of bulbourethral gland, seminal vesicle gland, and
prostate gland in adult boars, respectively.

The localization of the CRISP3 in sperm was examined using immunofluorescence
techniques both before and following sperm capacitation. The results revealed that CRISP3
was mostly present in the post-acrosomal region of the sperm head prior to capacitation.
However, after capacitation, CRISP3 was shown to relocalize to the mid-upper portion of
the sperm tail (Figure 5). The complete picture is shown in Figure S7.

10pm

CRISP3

10pm

Figure 5. Immunofluorescent staining of CRISP3 in sperm before and after capacitation.
(A—C) Representative images of the immunofluorescent staining of CRISP3 in sperm before ca-
pacitation; (A) images taken under light microscope, (B) images taken under fluorescent scope;
(C) merged images. (D-F) Representative images of the immunofluorescent staining of CRISP3 in
sperm after capacitation; (D) images taken under light microscope, (E) images taken under fluorescent
scope; (F) merged images. B.C., before capacitation; A.C., after capacitation. The arrow indicates the
distribution of the target proteins.

2.4. The Effect of CRISP3 Protein on Sperm Function and Fertilization Ability

The present study aimed to evaluate the impact of the CRISP3 protein on sperm
function and its ability to fertilize. There were no statistically significant variations seen
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in sperm motility and other motility parameters between the group that received CRISP3
antibody treatment for a duration of 30 min and the negative control group (p > 0.05)
(Table 1).

Table 1. Relevance analysis of parameters associated with sperm motility between the negative
control group and the group treated with anti-CRISP3 antibodies.

Anti-CRISP3

Motility Parameters Negative Control Antibody p Value

™ (%) 76.75 £ 2.80 76.06 4= 1.32 0.836
VSL (um/s) 28.57 +0.81 28.96 £ 0.64 0.722
VCL (um/s) 48.79 £ 1.70 49.60 = 1.31 0.725
VAP (um/s) 34.97 £ 0.98 35.07 £ 0.92 0.944
ALH (pm) 14.48 £ 0.41 14.53 £ 0.38 0.942
WOB (%) 68.00 & 2.00 64.00 £+ 1.00 0.137
BCF (Hz) 0.74 £ 0.01 0.73 £0.01 0.624
LIN (%) 58.00 + 1.00 58.00 £ 0.00 0.519
MAD (°) 114.45 £ 2.71 103.81 £ 4.26 0.103
STR (%) 82.00 = 1.00 83.00 £ 1.00 0.482

TM, total motility; PM, progressive motility; VCL, curvilinear velocity; VSL, straight line velocity; VAP, average
path velocity; ALH, mean amplitude of head lateral displacement; WOB, wobble; BCF, beat cross frequency; LIN,
linearity; MAD, mean angular displacement; STR, straightness; Negative control meant that sperm were exposed
to IgG; Values are expressed as mean =+ standard error of the mean; The experiment consisted of three replicates.

To investigate the effect of the CRISP3 recombinant protein on sperm mitochondrial
function-related genes, the relative mRNA expression levels of COX5B, ATP5F1, UQCRC1,
CYC1, and NDUFSS8 genes in sperm were detected after incubation with 3, 5, 10, and
20 ug/mL CRISP3 recombinant proteins in semen for 4 h. The results showed that there
was no significant difference in the mRNA expression of COX5B, ATP5F1, UQCRC1, CYC1,
and NDUFSS8 genes between the sperm treated with 3, 5, 10, and 20 pug/mL CRISP3
recombinant proteins and the blank control group (Figure S8).

The addition of the CRISP3 antibody to sperm during in vitro capacitation showed no
significant difference in the acrosomal integrity rate of sperm before and after capacitation
compared with the negative control IgG (p > 0.05) (Figure 6).

A B

mm CRISP3 Antibody

100+ = IgG

80+
60+
40+
20 i |:_|
0- T T

Before-capacitation After-capacitation

Acrosomal integrity rate (%)

Figure 6. Effects of the CRISP3 antibody on the rate of acrosomal integrity after sperm capacitation
in vitro. (A) Sperm in different statuses. Sperm samples were fixed with FITC-PNA and Hoechst33342
and scored according to the state of the acrosome. a: sperm has not experienced an acrosome reaction,
and b: indicates that an acrosome reaction has occurred. (B) Analysis of sperm acrosome reaction
rate before and after capacitation with CRISP3 antibody. The data are presented as the mean + SEM,
n=3.

During the process of IVF, the inclusion of the CRISP3 antibody in the fertilization
medium allowed for the subsequent assessment of the embryo cleavage rate after 48 h.
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The findings indicated that there were no statistically significant disparities in the rate of
cleavage among the anti-CRISP3 group (55.04 & 0.89%), control group (59.53 £ 2.54%), and
IgG group (57.50 £ 2.03%) (p > 0.05) (Table 2).

Table 2. Effect of anti-CRISP3 antibodies on the cleavage rate of in vitro fertilization.

Groups No. of Oocytes No. of Cleaved Cleavage Rate %
Control 324 192 59.53 +2.54 A4
IsG 273 157 57.50 £ 2.03 A
Anti-CRISP3 279 153 55.04 + 0.89 4

Values are expressed as mean =+ standard error of the mean; the experiment included six replicates. Different
letters in the same column indicate significant differences (p < 0.05).

2.5. CRISP3 Protein Inhibited LPS-Induced Production of Inflammatory Factors in
RAW264.7 Cells

To verify the immunoactivity of the CRISP3 protein and explore the effect of the
CRISP3 protein on the expression of intracellular inflammatory factors, we used LPS to
induce RAW264.7 cells to establish an inflammation model, and different concentrations of
CRISP3 protein were incubated with RAW264.7 cells in the presence or absence of LPS for
6 h. The results demonstrated that different concentrations of CRISP3 protein did not affect
inflammatory factor mRNA levels without LPS (p > 0.05). Nevertheless, when exposed
to LPS, there was a notable augmentation in the relative mRINA expression levels of IL-6,
IL-1«, and IL-1p. Pre-incubation with 3, 5, 10, and 20 pg/mL CRISP3 proteins for 30 min
significantly decreased the relative mRNA expression levels of IL-6, IL-1x, and II-1f3. In
comparison to the control group that did not receive any treatment, there was a notable
reduction in the mRNA expression levels of IL-6, IL-1«, and IL-1 (p < 0.01) (Figure 7).
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Figure 7. Effect of CRISP3 protein on the mRNA expression levels of inflammatory cytokines IL-1«,
IL-1B, and IL-6 in RAW264.7 cells induced by LPS. (A) IL-1« mRNA expression level; (B) IL-13 mRNA
expression level; (C) IL-6 mRNA expression level. GAPDH was included in the standardization of
all samples as an internal reference gene, and the data were expressed as the mean + SEM of three
independent experiments, * p < 0.05, ** p < 0.01.

The western blot analysis revealed that the application of recombinant CRISP3 at
concentrations of 3 and 5 pg/mL resulted in a significant decrease in the expression levels
of the inflammatory components IL-6 and IL-1x protein, which were triggered by LPS
(Figure 8).
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Figure 8. Effect of CRISP3 on the expression levels of IL-1x and IL-6 proteins in RAW264.7 cells
induced by LPS. (A) Western blot analysis of IL-1c and IL-6 protein expression levels in RAW264.7
cells. (B) Western blot analysis of IL-6 protein expression level by Image J. (C) Western blot analysis
of IL-1x protein expression level by Western blot. Normalized by GAPDH, the data were represented
by the mean of three independent experiments 4+ SEM, ** p < 0.01.

3. Discussion

In this study, we analyzed, for the first time, the correlation between the relative
content of the sperm protein CRISP3 and the reproductive parameters of boars. We found
that the semen CRISP3 protein level was significantly positively correlated with the fertility
of boars, sow delivery rate, and litter size. Monoclonal antibodies against CRISP3 were
prepared to reveal the expression and localization of CRISP3 in reproductive organs and
sperm at the gene and protein levels, which did not affect the fertilization ability of the
sperm. The immunoregulatory function of CRISP3 was confirmed in an inflammatory
model using LPS-induced RAW264.7 cells.

Usuga et al. found high concentrations of CRISP3 in horse semen, and the concen-
tration in the semen was positively correlated with the pregnancy rate in the first cycle
after artificial insemination [26,27]. Similar findings have been reported by Doty et al.
CRISP3 appears to attach to the sperm surface and is positively correlated with fertil-
ity [9,28], which is consistent with the observed patterns. Sperm proteins are synthesized
and secreted by the testes, epididymis, and accessory gonads. Proteins in semen are as-
sembled or bound to the surface of the sperm during sperm formation, maturation, or
fertilization and play a role in the fertilization process. It has been reported that CRISP3
is expressed in the testis and epididymis of humans and through the accessory gonads
of mice, but not in the epididymis of rats [7,23]. In this study, the reproductive organs
of male and female sows of different ages were selected to explore the distribution of
CRISP3 in the reproductive systems of male and female sows at both the gene and protein
levels. CRISP3 was expressed in the testis, prostate, and bulbourethral glands of adult and
3-month-old male pigs and was enriched in sperm and semen, consistent with the results of
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Song et al. [29]. We found that the expression of CRISP3 in the bulbourethral glands of
adult and 3-month-old male pigs was higher than that in the other tissues. It was previously
found that CRISP3 has two isoforms in human and horse semen [23,28,30], 29 kDa and
31 kDa, respectively, depending on its glycosylation status [7]. The present study revealed
two forms of CRISP3 in the epididymis, seminal vesicles, and prostate glands. In the testes
and sperm, CRISP3 is non-glycosylated, whereas in the bulbourethral glands and semen,
CRISP3 is glycosylated. Indirect immunofluorescence localized CRISP3 to the acrosome
and tail of human-capacitated sperm [23,31]. Our results showed that CRISP3 was mainly
present in the post-acrosome region of the sperm head before capacitation, and CRISP3
was shown to relocalize to the mid-upper part of the sperm tail after capacitation. The
specific mechanism of this phenomenon may be that the CRISP3 protein is localized on the
surface of the head and migrates to the tail with capacitation, or it is lost from the head and
exposed to the tail with capacitation.

Our results showed that sperm CRISP3 was positively correlated with boar fertility,
sow delivery rate, and litter size. However, the addition of the CRISP3 antibody to sperm
had no significant effect on sperm motility or other parameters. In addition, CRISP3
antibodies do not affect cleavage rates, which has also been demonstrated in the description
of human CRISP3 proteins [23]. Double knockout of CRISP1 and CRISP3 in male mice
showed a significant reduction in litter size after mating compared to the control group.
However, there was no difference in the number of fertilized eggs recovered from the
fallopian tube compared to the control group [16]. The positive effects of CRISP3 on the
boars’ reproductive ability may be achieved by regulating other reproductive processes.
CRISP3 is expressed in reproductive and immune organs, such as the thymus and spleen,
which have innated immune functions [32]. Lipopolysaccharide, as a component of gram-
negative bacteria, can induce a series of harmful inflammatory responses [33]. RAW264.7
cells are an immortalized mouse macrophage cell line that has been widely used in vitro,
and LPS can induce macrophages to release IL-1, IL-6, and other potent inflammatory
factors [34]. Therefore, we use a macrophage model to assess the impact of pig CRISP3
recombinant protein on the inflammation induced by LPS. The results showed that the
CRISP3 recombinant protein could significantly reduce the LPS-induced expression of IL-1
and IL-6, which proved its immunosuppressive activity. Examination of the sperm in the
uterus of female mice after mating with the male CRISP1 and CRISP3 double knockout
models showed that the sperm in the uterus of female mice mated with the control group
moved freely in the uterine fluid, whereas most of the sperm in the double knockout
model group did not move and showed a clustering phenomenon [17] due to the lack
of CRISP3 in the seminal plasma. Defects in uterine sperm motility may eventually lead
to delayed fertilization and defects in embryonic development [32]. CRISP3 is present
in equine seminal plasma and protects sperm from smooth passage through the female
reproductive tract by inhibiting neutrophil-mediated phagocytosis of sperm in utero [9,28].
Therefore, CRISP3 may positively affect the reproductive ability of boars by regulating the
immune function of the female reproductive tract.

This study examined the effect of CRISP3 recombinant protein on a mouse macrophage
cell line in vitro. In the future, systemic studies using CRISP3 should be considered to
further verify the effect of CRISP3 on female reproductive tract immunity.

4. Materials and Methods
4.1. Animals and Samples

Boar tissue samples and semen were collected from the Guangdong Wenshi Shuitai
Breeding Farm, and production data for each boar were obtained. The breed of boars and
mating sows is Large White. Al was conducted on a single farm with a single dose of
4-billion sperm, and the insemination method was cervical intraoral insemination. Only
semen that conforms to the appearance and smell of normal sperm, motility of more than
70%, abnormal rate of less than 20%, and 80 mL of semen containing at least 4-billion sperm
are used for Al and other analysis. Sperm and seminal plasma were extracted immediately
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after semen collection, and tissue samples were taken immediately after slaughter and
kept in liquid nitrogen. The male BALB/C mice, aged 6-8 weeks, were procured from
the Guangdong Medical Laboratory Animal Center, and ovaries from female pigs were
obtained from a nearby abattoir.

4.2. Extraction of Protein and Nucleic Acid

As per the guidelines provided by the manufacturer, the Whole Protein Extraction Kit
(KeyGen Biotech, Nanjing, China) was used to extract total protein from sperm and tissue
samples, and part of the tissue was cut and ground, or the semen was centrifuged at
10,000 rpm for 5 min. After collecting the supernatant, the precipitate was washed
2-3 times with precooled Dulbecco’s Phosphate-Buffered Saline (DPBS). The precipitate
was resuspended in lysis buffer containing phosphatase inhibitors, PMSF, and protease
inhibitors. After 30 s of swirling and 4 min on ice, the supernatant was centrifuged at
12,000 rpm (4 °C) for 5 min. The supernatant was added to precooled acetone in the ratio 1:2,
placed at 20 °C for 4 h, 20 min of centrifugation at 12,000 rpm followed by the discarding
of the supernatant and a brief period on ice to collect the precipitate.

RNA was isolated from all samples with an RNeasy Mini Kit (Qiagen, Hilden, Ger-
many). The measurement of RNA purity and concentration was conducted using a Nan-
oDrop ND-1000 instrument (Thermo Fisher Scientific, Waltham, MA, USA). The assessment
of RNA integrity was conducted utilizing an Agilent 2100 Bioanalyzer. (Agilent, San Jose,
CA, USA).

The quantification of protein levels was conducted utilizing a Bicinchoninic Acid
(BCA) Protein Assay Kit (KeyGen Biotech, Nanjing, China). In brief, the BCA working
solution was configured according to proportion. Eight concentrations of protein stan-
dard solutions were serially diluted with deionized water to establish the standard curve
(protein concentration range 0-2000 pug/mL). The total volume of tested samples was
20 pL. All samples and standards were repeated three times, and 200 uL BCA working
solution was added. The measurement of absorbance was conducted using colorimetry at
a specific wavelength of 562 nm, and, subsequently, a standard curve was constructed. The
corresponding protein content (ng/uL) was determined using a standard curve.

4.3. Detection of Semen CRISP3 by Enzyme-Linked Immunosorbent Assay (ELISA) and Analysis
of Its Correlation with Reproduction

The content of CRISP3 in the sperm and seminal plasma of boars was detected using
a CRISP3 ELISA Kit (PG1898, TSZ, USA), following the instructions provided by the
manufacturer. All samples, standards, and blank controls were analyzed thrice, and the
detection range was 12-1200 pg/mL. The relative concentration of CRISP3 was assessed
by calculating the ratio of CRISP3 protein concentration in sperm and seminal plasma
to their respective total protein concentrations. Employ Pearson’s correlation analysis to
examine the relationship between the relative concentrations of CRISP3 protein in sperm
and seminal plasma, and the production data of sows involved in mating.

4.4. Preparation of CRISP3 Protein and Antibody

The ¢cDNA of porcine CRISP3 was acquired from the bulbourethral gland tissue of pigs.
Based on the genomic DNA sequence of CRISP3 (GenBank accession No. NC_010449.5),
the amplified fragment of CRISP3 containing the restriction site was obtained by utilizing
forward and reverse primers (5'-GGTGAATTCGCCACCATGGAGACCGACACCCTG-3
and 5'-ATCGGATCCTCAATGATGATGATGATGATGGTAG-3', respectively), which was
subsequently inserted into the EcoR I and BamH I sites of pLVX. The recombinant plasmid
was introduced into competent Escherichia coli (E. coli) J]M109 cells via transfection. Single
colonies were established in bacteriolytic broth (LB) containing 100 pg/mL ampicillin
at 37 °C and incubated with shaking at 200 rpm/min. The positive clones identified by
enzymatic digestion were verified by sequencing. After comparing the sequencing results,
the plasmids were extracted.
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The HEK293T and CHO-K1 cell lines were inoculated into a 10 cm cell culture dish
with a cell density of 1 x 10° cells/mL. The cells were then grown in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and maintained
in an environment with 5% CO; at a temperature of 37 °C until the cell confluence reached
60%. The HEK293T cells were transfected with recombinant pLVX-CRISP3 and pLVX vector
plasmids using LentiFit (HanBio, Shanghai, China), whereas the negative control consisted
of the empty vector. After 48 h, the virus solution was collected, concentrated, and used
to infect CHO-K1 cells. After selection with puromycin (Thermo Fisher Scientific, USA),
the supernatant of CHO-K1 cells was collected and loaded onto a HisTrap HP column
(Cytiva, Marlborough, MA, USA). The CRISP3 protein was purified in accordance with
the guidelines (HisTrap HP GEexpress Kit manual) provided by the manufacturer and
subsequently subjected to dialysis using a phosphate buffer solution (PBS). The purity of
the sample was assessed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), while the sample identification was achieved through liquid chromatography-
tandem mass spectrometry (LC-MS/MS). The recombinant CRISP3 protein was stored at
—80 °C until its utilization.

Mouse monoclonal antibodies against recombinant CRISP3 protein were prepared ac-
cording to a previous method [28]. In brief, a total of three administrations were performed
every 2 weeks in five BALB/C mice, with each administration consisting of inoculation
with 100 pug recombinant CRISP3 protein. Serum was collected from anesthetized mice ac-
cording to animal welfare standards, and serum titers were determined using ELISA. Based
on the serum antibody titer test results, spleen cells from suitable mice were selected for
cell fusion with sp2/0 cells, followed by screening and subcloning of hybridoma cells, and,
finally, preparation of ascites. Affinity-purified monoclonal antibodies (immunoglobulin G
[IgG] fraction) were used as described previously [35]. Purified antibodies were stored in a
buffer (50% glycerol, 0.1% sodium azide, 0.1% gelatin) at —80 °C until its utilization.

4.5. Reverse Transcriptase PCR and Quantitative Real-Time PCR (qRT-PCR)

RT-PCR was used to find CRISP3 expression in the various reproductive organs of
male and female pigs of various ages. The target gene sequence was queried in the National
Center for Biotechnology Information (NCBI) (GenBank accession No. NC_010449.5)
database, and, subsequently, the primers were generated. The sequences are presented in
Table S1. The protocol for the PCR was conducted as follows: an initial pre-denaturation
step at a temperature of 95 °C for a duration of 3 min, followed by 35 cycles of denaturation
at 95 °C for 15 s, annealing at 58 °C for 15 s, and extension at 72 °C for 60 s, followed
by a complete extension at 72 °C for 5 min. The expression of the CRISP3 gene in male
and female pig reproductive organs at different ages, as well as IL-1§3, IL-1«, and IL-6 in
RAW264.7 cells, was confirmed using qRT-PCR. The SYBR qPCR Kit (Vazyme, Nanjing,
China) was employed, with GAPDH utilized as the internal reference control. Each sample
underwent three replicates. The reaction protocol involved pre-denaturation at 95 °C for
3 min, 40 cycles of denaturation at 95 °C for 10 s, annealing at 60 °C for 30 s, and melting
curve acquisition at 95 °C, 60 °C, and 95 °C for 15 s. It was done on an Applied Biosystems
7900HT Real-Time PCR Thermal Cycler. (Applied Biosystems, Foster City, CA, USA).

4.6. Western Blotting

The reproductive organ tissues of boars from various age groups, the proteins present
in adult boar semen, and the proteins from RAW264.7 cells were isolated using a 12% SDS-
PAGE and subsequently transferred onto polyvinylidene difluoride (PVDF) membranes
(Millipore, Burlington, MA, USA). After 1 h of blocking with 5% skim milk powder at
room temperature, PVDF membranes were washed with TBST (137 mM NaCl, 20 mM
Tris, 0.1% Tween-20, pH 7.6) and incubated with primary antibodies overnight at 4 °C.
Anti-CRISP3, Anti-CRISP2 antibody (1:2000, SAB2501636, Sigma, Marlborough, MA, USA),
IL-1x, and IL-6 (1:1000, Abcam, Waltham, MA, USA) and control antibodies 3-actin and
GAPDH (1:2000, TransGen, Beijing, China) were employed. After washing the membranes,
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Goat Anti-Rabbit IgG (H + L) Horseradish Peroxidase (HRP)or Goat Anti-Mouse IgG
(H + L) HRP (1:2000, Thermo Fisher Scientific, Waltham, MA, USA) were incubated for
1 h. Automatic imaging equipment (Tanon5200, Shanghai, China) was used to image the
membranes after washing and incubating them with chemiluminescence solution in a dark
room for 2 min. The experiment was repeated at least three times. The Image ] software
(https:/ /imagej.nih.gov/ij/index.html, accessed on 23 January 2024) was utilized for the
comparative analysis of protein expression levels.

4.7. Immunohistochemistry

Freshly collected urethral bulbar glands from adult boars were fixed in paraformalde-
hyde for 48 h and embedded in paraffin. The samples were subjected to immunohisto-
chemistry using paraffin sections. In short, 5 um tissue sections were mounted on silicated
slides for analysis; the paraffin sections underwent deparaffinization using xylene and
subsequent rehydration through a series of graded ethanol solutions. The sections were
boiled in 10 mM citric acid (pH 6.0) and incubated in 3% HyO; at 26 °C for 25 min in the
dark. Three percent bovine serum albumin (BSA) was equally applied to the tissues and
blocked at room temperature for one hour. Next, an anti-CRISP3 antibody (1:1000) was
incubated overnight at 4 °C. After three PBS washes, the slides were incubated with Goat
Anti-Mouse IgG (H + L) HRP (1:2000, Thermo Fisher Scientific, USA) at 37 °C for 1 h. Fresh
DAB chromophobe solution was then added. Slides were counterstained with hematoxylin
and examined with an Olympus BX53F microscope (Olympus, Tokyo, Japan).

4.8. Immunofluorescence Staining

Before and after capacitation in vitro, the sperm density was adjusted and evenly
coated on the slide, air-dried for 50 min, fixed in 4% paraformaldehyde for 1 h, rinsed
with PBS, blocked with 10% goat serum at 37 °C for 1 h, and then treated overnight at
4 °C with anti-CRISP3 antibody (1:1000). Goat anti-Mouse IgG (H + L) antibody (1:1000,
Thermo Fisher, USA) was incubated for 1 h at 37 °C, followed by thorough washing with
PBS. The specimens were analyzed under a fluorescence microscope (BX53F, Olympus,
Tokyo, Japan).

4.9. In Vitro Fertilization Assay

In vitro culture and fertilization of oocytes were performed as previously described [36].
Pig ovaries were procured from a nearby abattoir and expeditiously conveyed to the lab-
oratory within a time frame of 4 h while maintaining a temperature of 37 °C. A sterile
syringe retrieved follicular fluid from 3-6 mm follicles and washed it three times with
37 °C DPBS-PVA. Under a microscope, cumulus—oocyte complexes (COCs) were picked out.
COCs were washed and placed in 500 pL of mineral oil-covered in vitro maturation media
in a four-well plate. (Medium TCM199 supplemented with 10 IU/mL pregnant horse
serum gonadotropin, 10 IU/mL human chorionic gonadotropin, 0.1 mg/mL L-cysteine,
10% porcine follicular fluid, 10% fetal bovine serum, and 10 ng/mL epidermal growth
factor), the oocytes were cultivated at 38.5 °C in an incubator with 5% CO; for 4448 h.
Cumulus cells were digested with 0.1% hyaluronidase, washed three times in fertilization
fluid, and transferred to mineral oil-covered fertilization fluid. Fresh semen was washed
thrice, and the sperm concentration reached 1 x 10° sperm/mL with mTBM containing
BSA. Fertilization drop with oocytes was incubated for 6 h at 38.5 °C in 5% CO, with
capacitated sperms, then transferred to pre-balanced PZM-3 embryo culture medium. The
recipient semen was treated with an antibody solution at a final concentration of 2 pg/mL.
As a negative control, an equal volume of IgG was also added. After 48 h, fertilization rates
were assessed using a 200x microscope (Leica Microsystems, Wetzlar, Germany).

4.10. Sperm Motility Assay

Semen samples from the breeding farm were held at 17 °C and quickly transported to
the lab for sperm analyses, including motility and morphology. Sperm were resuspended
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at 5 x 10° sperm/mL after three washings in DPBS with 1 mg/mL BSA. Sperm motility
was assessed using a computer-assisted sperm analysis system (CASA; Integrated Sperm
Analysis System, ISAS, V1.0; Proiser, Valencia, Spain) with a 37 °C constant temperature
table. Following that, droplets measuring 5 pL from each sample were carefully deposited
into a disposable counting chamber (Leja, Nieuw-Vennep, The Netherlands) with a depth
of 20 um. These samples were then subjected to analysis utilizing the Computer-Assisted
Sperm Analysis (CASA) system. The assessed sperm kinematic parameters encompassed
the mean values of total motility (%), curvilinear velocity (um-s~1), straight-line velocity
(um-s~1), average path velocity (um-s~1), amplitude of lateral head displacement (um),
whiplash frequency (Hz), wobble (%), linearity (%), mean angular displacement (degree),
and straightness (%).

4.11. Sperm Capacitation and AR Evaluation

Collected semen samples were washed twice with DPBS to remove sperm and resus-
pended in modified Tris-buffered medium (mTBM; 11.3 nM NaCl, 0.3 mM KCI, 1 mM
CaCly, 0.5 mM pyruvate, 1.1 mM glucose, and 2 mM TRIS) containing 1 mg/mL BSA.
CRISP3 antibody or control IgG was also added at 20 pg/mL. Sperm were placed at 37 °C
in a 5% CO; incubator for 180 min for capacitation. Capacitated sperm were incubated with
10 ng/mL FITC-conjugated peanut agglutinin (FITC-PNA, Sigma, Marlborough, MA, USA)
at 25 °C for 30 min and washed twice with PBS. Sample smears were air-dried on slides
and incubated with Hoechst33342 (10 pg/mL, Sigma, Marlborough, MA, USA) for 5 min at
room temperature in the dark. Analysis was performed using a fluorescence microscope
(BX53F, Olympus, Tokyo, Japan). For each sample, approximately 400 spermatozoa were
scored to classify the different patterns as reactive (fluorescence in the acrosome region) or
nonreactive (no fluorescence in the acrosome region).

4.12. Immunocompetence Assay

Mouse monocytic macrophage leukemia cells (RAW264.7) were cultivated on 6-well
plates at a concentration of 5 x 10° cells/mL. The cells were then incubated overnight in
a 37 °C incubator with 5% CO; and 100% humidity in DMEM supplemented with 10%
FBS to ensure cell adherence. After 3, 5, 10, and 20 pg/mL of CRISP3 protein processing
for 30 min, 1 ug/mL lipopolysaccharide (LPS) (Solarbio, Beijing, China) was added to
induce inflammation. To avoid the effect of the protein itself on the cells, only 3, 5, 10, and
20 ug/mL CRISP3 protein groups were added. CRISP3 protein and LPS were dissolved
in PBS, and the cells were harvested 6 h later for qRT-PCR and Western blot analysis. All
experiments were repeated thrice.

4.13. Statistical Analysis

All statistical analyses used SPSS (version 18.0; IBM Corp., Armonk, NY, USA) and
GraphPad Prism 8 (version 8.0.2; La Jolla, CA, USA). All data are shown as mean =+ standard
error. The relationship between CRISP3 protein content and reproductive factors was
examined using Pearson’s correlation analysis. Statistical differences among groups were
determined using the student’s t-test and ANOVA. Statistical significance was attributed to
those p values < 0.05.

5. Conclusions

In our study, we found that the sperm CRISP3 protein content was significantly
positively correlated with the reproductive performance of boars. The CRISP3 protein was
abundant in the bulbourethral glands of adult boars, distributed in the post-acrosomal
region and tail of the sperm head, and it was relocalized to the upper middle part of the
tail after capacitation. We also found that the CRISP3 plays an anti-inflammatory role by
inhibiting LPS-induced production of inflammatory factors in RAW264.7 cells. This study
revealed that CRISP3 protein regulates the immune function of the female reproductive
tract and provides new clues for CRISP3 protein as a marker of male fertility.
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In this study, we performed the isobaric tags for relative and absolute quantitation (iTRAQ) proteomic analysis in
the spermatozoa of Landrace boars with different fertility potentials and investigated the ability of sperm acro-
some associated 4 (SPACA4) and IZUMO family member 2 (IZUMO2) to predict the reproductive perform of
boars. The iTRAQ results revealed that 202 proteins were up-regulated and 43 proteins were down-regulated
in the spermatozoa from high fertility boars. SPACA4 and IZUMO2 protein levels were significantly up-
regulated in the spermatozoa from high fertility boars. SPACA4 and IZUMO2 expression were specifically de-

?Ryxgrds. tected in the adult boar testis. SPACA4 levels were positively correlated with Sow's farrowing rate and reproduc-
Fertility tive efficiency, but not litter size. ZUMO2 were positively correlated with litter size, Sow's farrowing rate and
Spermatozoa reproductive efficiency. Treating the boar semen with SPACA4 or IZUMO?2 antibodies for 30 min and 60 min failed
SPACA4 to affect the sperm motility; while treating the semen with SPACA4 antibody significantly reduced the fertiliza-
1ZUMO2

tion and cleavage rates. Similar results for fertilization and cleavage rates were found in [ZUMO2 antibody-

Reproductive performance treated semen. Collectively, our results indicated that protein levels of SPACA4 and IZUMO?2 in the spermatozoa

were positively related to the reproductive performance of Landrace boars.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Male infertility is the cause of about 50% of all infertility cases in the
animal breeding industry [1,2]. Thus, the diagnosis and prognosis of
male fertility are extremely important for the theranostic purpose of in-
fertility management. Artificial insemination (AI) has been used for
breeding in about 90% of swine livestock, and selection of breeding
males is very important for the genetic improvement swine [2-4]. The
analysis of the semen quality has been commonly used for predicting
the male fertility. Nevertheless, the conventional analysis of semen in-
cluding sperm morphology, motility and kinematics has limited predic-
tive values on the male fertility [5]. In this regard, development of novel
methods for predicting male fertility of swine is of great scientific and
economic significance.

Recently, high-throughput screening technologies such as proteo-
mic analysis have been employed to identify potential proteins that

* Corresponding authors at: College of Animal Science, South China Agricultural
University, 483 Wushan Road, Tianhe District, Guangzhou, Guangdong 510642, China.
E-mail addresses: weihengxi@scau.edu.cn (H. Wei), sqzhang@scau.edu.cn (S. Zhang).
Both authors contributed equally to this work.

https://doi.org/10.1016/j.ijbiomac.2020.06.102
0141-8130/© 2018 Elsevier B.V. All rights reserved.

are associated with male fertility of swine [6,7]. Labas et al., performed
the analysis of epididymal sperm maturation using matrix-assisted
laser desorption/ionization profiling and top-down mass spectrometry
and characterized the peptidome of epididymal spermatozoa from
boar [8]. Kwon et al., employed proteomic approaches to analyse the
negative fertility markers in inferior boar spermatozoa and identified
20 differentially expressed proteins that can be potentially used as bio-
markers for predicting inferior male fertility [9]. Further studies re-
vealed that Ras-related protein Rab-2A and ubiquinol-cytochrome ¢
reductase core protein 1 expression in spermatozoa after capacitation
can help differentiate superior male fertility from below-average fertil-
ity [6]. A recent study by Feugang et al.,, performed in-depth proteomic
analysis of boar spermatozoa via shotgun and gel-based methods,
which allowed the identification of over 2000 proteins for a comprehen-
sive bioinformatics analysis of their biological functions [10]. Recently, a
new in-depth analytical approach of the porcine seminal plasma prote-
ome revealed some proteins as potential biomarkers of fertility in Al
boars [11]. With the development of proteomic techniques, the isobaric
tags for relative and absolute quantitation (iTRAQ) technology have
been widely used in quantitative proteomics research due to its unique
advantages [12,13]. However, the application of this technology in
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proteomic analysis of boar semen samples to identify potential bio-
markers for predicting boar fertility has been not reported yet.

In this study, we employed the iTRAQ technology to analyse the dif-
ferentially expressed proteins in the spermatozoa from high and low
fertility boars. The bioinformatics analysis of the biological functions of
the differentially expressed proteins was also performed. In the valida-
tion studies, we verified that two proteins including sperm acrosome
associated 4 (SPACA4) and IZUMO family member 2 (IZUMO2) were as-
sociated the productive performance of the boars. This study may pro-
vide some new evidence for these identified proteins as potential
biomarkers for the fertility of boars.

2. Materials and methods
2.1. Animal ethics statement

All the animal experiments were performed in accordance with the
guidelines of the ethical treatment of animals and were approved by the
Animal Ethics Committee of South China Agricultural University.

2.2. Collection and preparation of boar spermatozoa of different fertility

In the first set of experiments, semen samples were collected from 3
high fertility boars and 3 low fertility boars (see Table 1). The definition
of high fertility and low fertility boars was based on investigation by
Zhang et al,, from our institute [ 14]. Each sample was washed by centri-
fugation at 500g for 20 min using discontinuous Percoll gradients to re-
move dead spermatozoa and seminal plasma. Resulting spermatozoa
were incubated for 30 min at 37 °C in 5% CO, in air with 1 mL modified
tissue culture medium 199 (mTCM 199; containing 0.91 mM sodium
pyruvate, 3.05 mM p-glucose, 2.92 mM calcium lactate, and 2.2 g/L so-
dium bicarbonate; Sigma-Aldrich). The spermatozoa from both groups
were then processed for iTRAQ analysis and validation studies.

In the second set of experiments, spermatozoa samples were col-
lected from 22 adult boars, and the spermatozoa was collected for the
enzyme-linked immunosorbent assay (ELISA) analysis for SPACA4 and
[ZUMO2 protein levels. The reproductive performance (litter size,
Sow's farrowing rate and reproductive efficiency) of the 22 adult
boars were collected from the record Guangdong Guangsanbao farm
Ltd. (Guangzhou, China).

2.3. Preparation of protein samples

The protein samples were prepared by using the Whoel Cell Lysis
Assay kit (KeyGen BioTECH., Nanjing China) according to the manufac-
turer's protocol. The spermatozoa samples were extracted with lysis
buffer 3 (7 M urea, 2 M thiourea, 4% CHAPS, 40 mM Tris-HCl, pH 8.5)
containing 1 mM PMSF and 2 mM ethylenediaminetetraacetic acid
(EDTA) by sonicating in ice for 5 min. Total proteins were isolated
from the supernatant by centrifugation at 4 °C, 25,000g for 20 min.
The proteins were reduced with 10 mM dithiothreitol at 56 °C for 1 h
and then alkylated by 55 mM iodoacetamide in the darkroom for
45 min. After centrifuging at 4 °C, 25,000g, an aliquot of the supernatant
was taken for determination of protein concentration by the Bradford
protein assay kit (Thermo Fisher Scientific, Waltham, USA).

Table 1
Characteristics of animals used for iTRAQ analysis.

High reproductive
performance (n = 3)

Low reproductive
performance (n = 3)

Litter size 10.80 + 0.38 9.55 + 0.39"
Sow's farrowing rate (%) 79.23 + 6.07 7241 + 647
Reproductive efficiency (n) 8.58 + 0.88 6.93 + 0.80"

* P<0.05

2.4. iTRAQ Labelling and strong cation-exchange chromatography (SCX)
fractionation

Total protein (100 pg) was taken out of each sample solution and
then the protein was digested with Trypsin Gold (Promega, Madison,
USA) with the ratio of protein: trypsin = 30: 1 at 37 °C for 16 h. After
trypsin digestion, peptides were dried by vacuum centrifugation. Pep-
tides were reconstituted in 0.5 M TEAB and processed according to the
manufacture's protocol for 8-plex iTRAQ reagent (Applied Biosystems,
Foster City, USA). Briefly, one unit of iTRAQ reagent was thawed and
reconstituted in 24 L isopropanol. Samples were labelled with the
iTRAQ tags (3 samples from high reproductive group were labelled
with 113,114 and 115; 3 samples from low reproductive group were la-
belled with 117, 118 and 119) [15], and were incubated at room tem-
perature for 2 h. The labelled peptide mixtures were then pooled and
dried by vacuum centrifugation. SCX chromatography was performed
with a LC-20AB HPLC Pump system (Shimadzu, Kyoto, Japan). The
iTRAQ-labelled peptide mixtures were reconstituted with 4 mL buffer
A (25 mM NaH,PO,4 in 25% acetonitrile, pH 2.7) and loaded onto a
4.6 » 250 mm Ultremex SCX column containing 5 um particles
(Phenomenex, Torrance, USA). The peptides were eluted at a flow rate
of 1 mL/min with a gradient of buffer A for 10 min, 5-60% buffer B
(25 mM NaH,PO4, 1 M KClI in 25% acetonitrile, pH 2.7) for 27 min,
60-100% buffer B for 1 min. The system was then maintained at 100%
buffer B for 1 min before equilibrating with buffer A for 10 min prior
to the next injection. Elution was monitored by measuring the absor-
bance at 214 nm, and fractions were collected every 1 min. The eluted
peptides were pooled into 20 fractions, desalted with a Strata X C18 col-
umn (Phenomenex) and vacuum-dried.

2.5. LC-ESI-MS/MS analysis based on Triple TOF 5600

Each fraction was resuspended in buffer A (5% acetonitrile, 0.1%
formic acid) and centrifuged at 20,000 g for 10 min, the final concentra-
tion of peptide was about 0.5 pg/ul on average. 10 pL supernatant was
loaded on a LC-20AD nanoHPLC (Shimadzu, Kyoto, Japan) by the
autosampler onto a 2 cm C18 trap column. Then, the peptides were
eluted onto a 10 cm analytical C18 column (inner diameter 75 um)
packed in-house. The samples were loaded at 8 L/min for 4 min, then
the 35 min gradient was run at 300 nL/min starting from 2 to 35% buffer
B (95% acetonitrile, 0.1% formic acid), followed by 5 min linear gradient
to 60%, then, followed by 2 min linear gradient to 80%, and maintenance
at 80% buffer B for 4 min, and finally return to 5% in 1 min.

Data acquisition was performed with a TripleTOF 5600 System (AB
SCIEX, Concord, USA) fitted with a Nanospray III source (AB SCIEX)
and a pulled quartz tip as the emitter (New Objectives, Woburn, USA).
Data was acquired using an ion spray voltage of 2.5 kV, curtain gas of
30 psi, nebulizer gas of 15 psi, and an interface heater temperature of
150 °C. The MS was operated with a RP of greater than or equal to
30,000 FWHM for TOF MS scans. For IDA, survey scans were acquired
in 250 ms and as many as 30 product ion scans were collected if exceed-
ing a threshold of 120 counts per second (counts/s) and with a 2+ to 5
+ charge-state. Total cycle time was fixed to 3.3 s. Q2 transmission win-
dow was 100 Da for 100%. Four time bins were summed for each scan at
a pulser frequency value of 11 kHz through monitoring of the 40 GHz
multichannel TDC detector with four-anode channel detect ion. A
sweeping collision energy setting of 35 &+ 5 eV coupled with iTRAQ ad-
just rolling collision energy was applied to all precursor ions for
collision-induced dissociation. Dynamic exclusion was set for 1/2 of
peak width (15 s), and then the precursor was refreshed to the exclu-
sion list.

2.6. Data analysis

Raw data files acquired from the AB SCIEX TripleTOF 5600 were con-
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.mgf files were used for protein identification. Proteins identification
was performed by using Mascot search engine (Matrix Science,
London, UK; version 2.3.02). For protein identification, Gln- > $pyro-
Glu (N-term Q), Oxidation (M), Deamidated (NQ) as the potential vari-
able modifications, and Carbamidomethyl (C), iTRAQ8plex (N-term),
iTRAQ8plex (K) as fixed modifications. The charge states of peptides
were set to +2 and +3. Specifically, an automatic decoy database
search was performed in Mascot by choosing the decoy checkbox in
which a random sequence of database is generated and tested for raw
spectra as well as the real database. To reduce the probability of false
peptide identification, only peptides with significance scores (> 20) at
the 99% confidence interval by a Mascot probability analysis greater
than /identityO were counted as identified. Each confident protein iden-
tification involves at least one unique peptide [ 16]. For protein quantita-
tion, it was required that a protein contains at least two unique
peptides. The quantitative protein ratios were weighted and normalized
by the median ratio in Mascot. We only used ratios with p-values < 0.05,
and only fold changes of >1.2 were considered as significant [16].

2.7. Function analysis of differentially expressed proteins

Functional annotations of the proteins were conducted using
Blast2GO program against the non-redundant protein database
(NCBI). Cluster of Orthologous Groups (KOG) database (http://www.
ncbi.nlm.nih.gov/KOG/), Gene Ontology (GO) and the Kyoto encyclope-
dia of genes and genomes (KEGG) database (http://www.genome.jp/
kegg/) were used to classify and group these identified proteins
[17-19]. KOG is the database for protein orthologous classification.
Every protein in KOG is supposed to derive from a same protein ances-
tor. Gene Ontology (GO) is an international standardization of gene
function classification system and provides a set of dynamic updating
controlled vocabulary to describe genes and gene products attributes
in the organism. GO has 3 Ontologies which can describe molecular
function, cellular component and biological process, respectively.
KEGG pathway is a collection of manually drawn pathway maps
representing our knowledge on the molecular interaction and reaction
networks.

2.8. Reverse Transcriptase PCR (RT-PCR)

Total RNA from different tissues were extracted using TRIzol reagent
(Invitrogen, Carlsbad, USA) according to the manufacturer's protocol.
The genomic DNA in the preparation was eliminated by using RNase-
Free DNase I (Qiagen). Total RNA was reversely transcribed into cDNA
in a reaction primed by oligo deoxynucleotide T (dT) 12-15 primer
using Superscript Il reverse transcriptase (Invitrogen) according to the
manufacturer's instructions. The primer sequences for the respective
genes are shown in Supplemental Table S1. Amplification of the prod-
ucts of expected size was verified by electrophoresis on 3% agarose gel.

2.9. Immunohistochemistry (IHC) analysis of SPACA4 in the testes and
epididymis

The testis and epididymis were fixed in 4% paraformaldehyde (PFA)
and were embedded in paraffin. The embedded tissues were section
into 5 um slices on a microtome. For the IHC staining, the sectioned
slices were subjected to antigen retrieval and were then incubated
with 3% normal goat serum (Abcam, Cambridge, UK) for 1 h at room
temperature. After that, the sections were incubated with primary anti-
bodies against SPACA4 (Biorbyt, Cambridge, UK) or unrelated rabbit IgG
(Abcam) at 4 °C overnight. After 4 x 5 min wash in Tris-buffered saline
with 0.1% Tween 20, sections were incubated with a biotinylated anti-
rabbit immunoglobulin G (Abcam) at room temperature for 1 h. The
slices were then incubated with avidin-biotin-peroxidase complexes
(Abcam). The antigens were visualized after incubation with a 3,3'-di-

aminobenzidine solution (Abcam). % 2 1 5 ﬁ

2.10. Immunofluorescent staining of SPACA4 in the sperm

The localization of SPACA4 in the boar sperm was detected using im-
munofluorescent staining. Briefly, the collected semen was centrifuged
at 2000g for 10 min, and the sperm was collected by re-suspending the
pellet with DPBS. The sperm was fixed by 4% PFA for 20 min followed by
incubating with 0.5% Triton X-100 for 15 min. After blocking with 1% bo-
vine serum albumin for at room temperature for 1 h, the sperm was in-
cubated with SPACA4 primary antibodies (Biorbyt) at 4 °C overnight.
After that, the sperm was incubated with the Alexa Fluor® 568-
conjugated secondary antibodies (Abcam) at 37 °C for 1 h. The localiza-
tion of the stained SPACA4 was examined under a fluorescent
microscope.

2.11. Western blot analysis

Protein samples from the boar tissues were extracted using the
radioimmunoprecipitation assay buffer containing the protease inhibi-
tors (Roche, Basel, Switzerland). The concentrations of the extracted
proteins were determined by the Bradford protein assay kit (Thermo
Fisher Scientific). Equal amount of proteins (30 pg) were resolved by
electrophoresis on a 10% sodium dodecyl sulphate-polyacrylamide gel
electrophoresis gel. The separated proteins were then transferred to
the polyvinylidene difluoride (PVDF) membrane. The PVDF membrane
was then blocked by 1.5% skimmed milk at room temperature for 1 h
and were then incubated with [ZUMO2 antibody (Sant Cruz Biotechnol-
ogy, Dallas, USA) at 4 °C overnight. After overnight incubation, the
membrane was then probed against the horseradish peroxidase
-conjugated secondary antibodies (Abcam) at room temperature for
2 h. The western blot band on the membrane was visualized by using
the enhanced chemiluminescence kit (Thermo Fisher Scientific).

2.12. ELISA determination of SPACA4 and IZUMO?2 protein levels

The protein expression levels of SPACA4 and IZUMO2 were deter-
mined by respective porcine SPACA4 and IZUMO2 ELISA kits (TSZ Bio-
sciences, Shanghai, China) according to the manufacturer's protocol.

2.13. Measurement of sperm motility

Sperm motility was evaluated by using a computer-assisted sperm
analysis system (CASA, TOX IVOS, Hamilton Thorne Research, Inc., Bev-
erly, MA, USA) using the procedures previously described [20]. Aliquots
(8 uL) of a semen sample were pipetted into a pre-warmed sperm-
counting chamber (depth, 20 pm; Leja slides, Spectrum Technologies,
Healdsburg, USA). The CASA was subsequently conducted to evaluate
the sperm motility variables. Each semen sample was measured three
times, and the average value was the final motility value reported.

2.14. In vitro fertilization (IVF) and culture

The in vitro fertilization and culture were performed as described by
Abeydeera et al., [21]. For the antibodies treatment, the boar semen was
incubated with SPACA4 or IZUMO?2 antibodies for different durations (0,
30 and 60 mins) and the rabbit IgG was served as negative controls. The
fertilization rate and cleavage rate were evaluated under a stereomicro-
scope (Nikon, Japan) at 15 h and 24 h after IVF.

2.15. Statistical analysis

All the experimental results were expressed as mean + standard de-
viation. The correlation between protein levels and reproductive perfor-
mance was analysed using Pearson correlation test. Significant
differences between/among different treatment groups were analysed

u unygt S nt's t-test or one-way ANOVA followed by
307 B
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Bonferroni's post-hoc test. P < 0.05 was considered to be statistically
significant.

3. Results
3.1. Identification and analysis of the proteins from boar semen

The spermatozoa from high fertility and low fertility boars were
collected for the iTRAQ analysis. The reproductive performance of

the boars was shown in Table 1. The boars with high reproductive
performance had significantly higher litter size and reproductive

A

efficiency (Table 1). For the protein analysis, the error distribution
of peptides was firstly checked to confirm the quality control, and
there was a small mass error and all the data tend to be normal
(Fig. 1A). A total of 2089 proteins from the boar spermatozoa por-
tion were detected, and >90% of the proteins were with a mass of
10-70 kDa and >100 kDa (Fig. 1B). The peptide length was mainly
detected at 7-14 amino acids (Fig. 1C). The number of proteins
with sequence coverage were demonstrated in Fig. 1D. Proteins
with a single peptide, 2-5 peptides, 6-10 peptides and > 11 pep-
tides consisted of 684, 882, 362 and 321 proteins, respectively
(Fig. 1E).
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3.2. KOG, GO and KEGG analysis of the proteomics from boar spermatozoa

The identified proteins from boar spermatozoa were further sub-
jected to the KOG function classification, and the results showed that
large proportion of proteins involve in the “posttranslational modifica-
tion”, “energy production and conversion” and “carbohydrate transport
and metabolism” (Fig. 2A). In terms of the GO analysis, a large propor-
tion of proteins in the biological process involves in “proteolysis” and
“transport” (Fig. 2B). In the cellular component, the proteins are related
to “integral to membrane”, “cytoplasm”, “extracellular region”, “nu-
cleus” and so on (Fig. 2B). In the molecular function, the proteins were
mainly related to “ATP”, “metal ion binding”, “protein binding”
(Fig. 2B). KEGG pathway classification results showed that the number
of proteins involved in “proteasome”, “oxidative phosphorylation”, “ly-
sosome” and “calcium signalling pathway” is 31, 75, 43 and 26, respec-
tively (Fig. 2C).

As shown in Fig. 3A, the differentially expressed proteins in boar
spermatozoa were shown; 202 proteins are up-regulated and 43 pro-
teins are down-regulated (Fig. 3A; see Supplemental Table S2 for the
differentially expressed proteins). The GO enrichment analysis showed
that “mitochondrion”, “mitochondrial inner membrane”, “keratin fila-
ment”, “ATP synthesis coupled proton transport” and so on were signif-
icantly enriched (Fig. 3B). The KEGG enrichment analysis revealed that
“oxidative phosphorylation”, “Parkinson's disease” and so on were sig-

nificantly enriched (Fig. 3C).

3.3. Identification of SPACA4 and IZUMO2 proteins in the boar reproductive
systems

Among the differentially expressed proteins, we measured the levels
of proteins including SPACA4 and IZUMO?2 in the boar spermatozoa by
using ELISA. The protein levels of SPACA4 and [ZUMO?2 in the spermato-
zoa from high fertility boars were 6.1 + 2.7 and 5.8 + 4.3 times higher
than that from low fertility boars. The RT-PCR results showed that the
SPACA4 gene (~257 bp fragment) and IZUMO2 gene (~505 bp frag-
ment) were detected in the testis of adult boars, but not in epididymis
of adult boars or the reproductive systems of 3-month-old boars
(Fig. 4A). The IHC analysis confirmed that SPACA4 protein was detected
in the testis but not in the epididymis of the adult boars (Fig. 4B). The
immunofluorescent staining found that SPACA4 was located in the
front acrosome and back section of the sperm head (Fig. 4C). The west-
ern blot analysis showed that [ZUMO2 was mainly detected in the testis
of adult boars, but not in the epididymis or ductus derences of adult
boars, or in the reproductive systems of the 3-month-old boars (Fig. 4B).

3.4. Correlation between SPACA4/IZUMO?2 proteins and reproductive per-
formance of the boars

To validate the correlation between SPACA4/IZUMO?2 protein levels
and reproductive performance of the boars, we analysed the protein
levels of SPACA4 and IZUMO2 as determined by ELISA in the spermato-
zoa from 22 adult boars. The relative protein levels of SPACA4 and
IZUMO?2 were 8.27 + 3.08 (x1078) and 11.02 + 4.33 (10~8), respec-
tively. The protein level of SPACA4 was positively correlated with
Sow's farrowing rate (Fig. 5B) and reproductive efficiency (Fig. 5C),
but not litter size (Fig. 5A). In addition, the protein level of ZUMO2
was positively correlated with litter size (Fig. 5D), Sow's farrowing
rate (Fig. 5E) and reproductive efficiency (Fig. 5F).

Furthermore, we ranked the reproductive efficiency of 22 boars from
high to low, and selected the first 8 boars as the high fertility group, and
the last 8 as the low fertility group. The litter size, Sow's farrowing and
reproductive efficiency in the high fertility group were significantly
higher than that in the low fertility group (Fig. 6A-C). Consistently,
the protein levels of SPACA4 and IZUMO?2 in the high fertility group
were significantly higher than that in the low fertility group (Fig. 6D
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3.5. Effects of SPACA4 and IZUMO2 antibodies on the sperm motility, fertil-
ization rate and cleavage rate

In order to confirm the role of SPACA4 and IZUMO?2 on the reproduc-
tive performance of boars, we treated the semen with respective

ﬁecg 0@72%2 antibodies. Treating the semen with SPACA4 or
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Fig. 4. Identification of SPACA4 and IZUMO?2 proteins in the boar reproductive systems. (A) RT-PCR of SPACA4 and IZUMO?2 in the testis, epididymis and ductus deferens. M. Marker; 1.
Testis of adult boars; 2. Epididymis of adult boars; 3. Ductus deferens of adult boars; 4. Testis of 3-month-old boars; 5. Epididymis of 3-month-old boars; 6. Ductus deferens of 3-
month-old boars. (B) Immunohistochemistry analysis of SPACA4 protein expression in the testis and epididymis from adult boars. (C) Immunofluorescent staining of SPACA4 proteins
in the sperms. (D) Western blot analysis of [ZUMO2 proteins in testis, epididymis and ductus deferens. 1. Testis of adult boars; 2. Epididymis of adult boars; 3. Ductus deferens of adult
boars; 4. Testis of 3-month-old boars; 5. Epididymis of 3-month-old boars; 6. Ductus deferens of 3-month-old boars.
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[ZUMO?2 antibodies for 30 min and 60 min failed to affect the sperm mo-
tility (Table 2). Treatment with SPACA4 antibody significantly reduced
the fertilization rate to 37.91% 4 7.64% when compared to the control
group (fertilization rate: 46.16% 4+ 4.97; Table 3). Consistently,
[ZUMO?2 antibody treatment also reduced the fertilization rate when
compared to the control group (Table 3). In addition, SPACA4 and
[ZUMO?2 antibodies treatments both reduced the cleavage rate when

compared to the control group (Table 4 and Table% 2 1 9 F_—I
R

4. Discussion

The prediction of male fertility is essential for the successful breed-
ing and profitable farm management in the animal industry [2]. Due
to the limitations of using conventional semen analysis for male fertility
prediction, more efforts have been made to improve the prediction
using the high-through technologies. Among these technologies, prote-

omjigs h iftely applied to identify the novel biomarkers for
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and ***P < 0.001.

Table 2

Effects of SPACA4 and IZUMO?2 antibodies treatment on the sperm motility.

Group Sperm motility (%)

0 min 30 min 60 min
Control 97.34 £+ 1.11 91.87 4+ 3.94 86.99 £ 5.55
SPACA4 antibody 97.23 £+ 0.94 92.69 + 2.20 90.21 + 2.64
[ZUMO2 antibody 95.65 + 1.03 90.51 £ 2.17 86.99 + 1.58

Table 3

Effects of SPACA4 and IZUMO?2 antibodies treatment on the fertilization rate.

Group Oocytes (n) Fertilized eggs (n) Fertilization rate (%)
Control 280 130 46.16 + 4.97
SPACA4 antibody 268 104 37.91 + 5.64"
1ZUMO?2 antibody 284 98 35.51 £ 233"
* P<0.05

Table 4

Effects of SPACA4 antibody treatment on the cleavage rate.

Group Oocytes (n) Cleavage (n) Cleavage rate (%)
Control 429 221 51.45 + 13.05
SPACA4 antibody 373 162 4529 + 13.20"
* P<0.05

Table 5

Effects of ZUMO2 antibody treatment on the cleavage rate.

Group Oocytes (n) Cleavage (n) Cleavage rate (%)
Control 313 184 58.29 + 12.84
IZUMO2 antibody 304 122 39.88 + 5.67"

* P<0.05

5220

male fertility [7]. In the present study, we employed the iTRAQ technol-
ogy to screen over the boar spermatozoa and to subsequently identify
the potential biomarkers for predicting the boar fertility. Our results re-
vealed that around 2000 proteins from iTRAQ analysis were annotated,
and the bioinformatics analysis of these differentially expressed pro-
teins indicated several biological functions and pathways that may be
associated with male fertility. In the further validation experiments,
we identified two protein biomarkers including SPACA4 and IZUMO2,
and these two proteins were positively correlated with the reproductive
performance of the boars. The present study may provide new evidence
of SPACA4 and IZUMO?2 as potential biomarkers predicting the boar
fertility.

The application of iTRAQ for proteomic analysis has been used in
identifying novel biomarkers for male fertility across different spe-
cies. Xie et al., used the iTRAQ to successfully identify new epididy-
mal luminal fluid proteins involved in sperm maturation in male
rates [22]. Li et al., used the iTRAQ approach to analyse the sturgeon
spermatozoa proteome and identified creatine kinase, mitochondrial
1, ubiquitous and lactate dehydrogenase B as the potential bio-
markers for the prediction of sperm quality [23]. D'Amours et al.,
identified diazepam-binding inhibitor-like 5, tetraspanin-8 and
triosephosphate Isomerase 1 as putative markers of the fully func-
tional sperm subpopulation in the bulls by using iTRAQ proteomic
analysis [24]. In the present study, we used the iTRAQ approach to
analyse the proteomics of the spermatozoa from low and high fertil-
ity boars. In the analysis, a total of 2089 proteins were identified. The
bioinformatics analysis revealed the potential biological functions
and pathways of the differentially expressed proteins. In the KOG
function, proteins were found to involve “energy production and
conversion”; while in the GO analysis, a large proportion of proteins
involved in “ATP binding”; and consistently, KEGG analysis also indi-
cated the involvement of these differentially expressed protein in
“energy metabolism”. In fact, the energy metabolism has been

:E.Emdg)Wscﬁited with the male fertility from previous studies
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[25-27]. These results may imply that proteins related to energy me-
tabolism may be important in predicting male fertility in boars.

Among the differentially expressed proteins, SPACA4 and IZUMO2
attracted our attention, as the SPACA and IZUMO families have been re-
ported to involve in the fertilization of the sperms [28,29]. Thus, we fur-
ther validated the protein expression levels of SPACA4 and IZUMO2 in
the spermatozoa from low and high fertility boars. Our results showed
that both SPACA4 and IZUMO?2 protein levels were up-regulated in the
spermatozoa from high fertility boars. SPACA4 is highly conserved in
mammals and belongs to a type of glycosylphosphatidylinositol anchor-
ing protein. SPACA4 is a transmembrane protein with a transmembrane
region close to the carboxy terminus and a putative transamidase cleav-
age site on the original protein and shares a similar function to the Ly-6
and urokinase plasminogen activator receptor superfamily. SPACA4 is
specifically expressed in the testes, and SPACA4 is located on the
outer, inner and stroma of the sperm acrosome [29]. In addition,
SPACAA4 is also specifically expressed in human and mouse testes [30].
Shetty et al., found that SPARC4 antibody inhibited the fusion between
sperm and oocytes, suggesting that SPACA4 may have certain effects
on sperm-egg interaction [29]. The microarray gene expression analysis
identified SPACA4 as a potential biomarker for non-obstructive azoo-
spermia in men [31]. In our study, the expression of SPACA4 was specif-
ically detected in the adult boar testes and SPACA4 protein was located
in the front acrosome and back section of the sperm head, which was
consistent with previous findings in mice and human [30]. The present
study also showed that SPACA4 protein level in the boar spermatozoa
was positively correlated with the boar reproductive performance,
which was in consistent with the findings by Malcher et al., [31]. Fur-
thermore, our results also showed that treatment boar spermatozoa
with SPACA antibody reduced the fertilization rate and cleavage rate.
In fact, Shetty et al., found that SPACA4 antibody treatment impaired
the fusion between sperm and oocytes in the mice [29]. A later study
by Marvin et al., showed that plasminogen improved mouse fertilization
by interactions with inner acrosomal membrane-bound MMP2 and
SPACA4 [32]. Collectively, these results implied that SPACA4 protein
may play an important role in the interactions between sperm and oo-
cytes. IZUMO2 belongs to the superfamily of IZUMO proteins, and
[ZUMO1, one of the IZUMO family members, has been well-
documented for its role in male fertility [33-35]. However, the role of
[ZUMO2 was less understood, due to the lack of specific antibodies for
[ZUMO2. Clark et al. found that [ZUMO?2 antibodies were detected in
the infertile female reproductive tract fluid, suggesting that [ZUMO2
on normal male sperm could be bound by IZUMO?2 antibodies in the fe-
male reproductive tract with infertility to cause infertility [28]. In the
present study, [ZUMO2 was detected specifically in the adult boar testes.
[ZUMO2 protein levels in the spermatozoa were positively correlated
with the boar reproductive performance. In addition, treatment with
[ZUMO?2 antibodies significantly reduced the fertilization and cleavage
rates. Collectively, [ZUMO2 may exhibit similar effects of [ZUMOT1 to af-
fect the interaction between the sperm and oocytes. Though SPACA4
and IZUMO?2 were correlated with reproductive performance of the
adult boars, the correlation coefficient is not high, suggesting the mod-
erate correlation. The moderate correlation may be due to some varia-
tions in a small sample size, and future studies should include more
samples to consolidate the current findings.

5. Conclusion

In summary, the present study for the first time performed the pro-
teomic analysis of the spermatozoa from high and low reproductive
performance boars by using iTRAQ technology. The bioinformatics anal-
ysis revealed the significantly enriched biological functions and path-
ways of the differentially expressed proteins. Further validation
experiments revealed that SPACA4 and IZUMO2 were distributed in
the testis and sperm of adult boar and involved in the fertilization pro-

cess. The spermatozoa protein levels of SPACA% I?ﬂvm

significantly positively related to the reproductive performance of Land-
race boars. This study provides a theoretical basis for breeding boars
with high reproductive performance by using protein markers.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijpiomac.2020.06.102.
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Cloprostenol sodium improves
reproductive performance of
multiparous sows during lactation

Xuedan Zhu, Xinke Zhang, Yuqing Zhang, Jiahao Li, Siqi Li,
Sigi Zhang, Li Li, Li Meng, Hengxi Wei* and Shouquan Zhang*

State Key Laboratory of Swine and Poultry Breeding Industry, National Engineering Research Center
for Breeding Swine Industry, Guangdong Provincial Key Lab of Agro-animal Genomics and Molecular
Breeding, College of Animal Science of South China Agricultural University, Guangzhou, China

This study aimed to determine the effect of prostaglandin F,, (PGF,,) analog (D-
cloprostenol sodium and DL-cloprostenol sodium) administration on the milk
yield of multiparous sows (MS) and piglet growth performance. In total, 320
LandracexYorkshire parturient MS were randomly divided into three groups on
day 115 of pregnancy: without treatment (N = 50), with 75pug D-cloprostenol
sodium (N =137), and with 200 ug DL-cloprostenol sodium (N =133). After
delivery, the sows treated with D-cloprostenol sodium and DL-cloprostenol
sodium were randomly allocated into three subgroups, respectively: (i) no
additional treatment after farrowing; (ii) administration of cloprostenol sodium at
3h and 5days after farrowing; and (iii) administration of cloprostenol sodium at
3 h, 5days, and 10 days after farrowing. Cloprostenol sodium effectively induced
sows to synchronize parturition approximately 23 h after administration and
increased the daytime delivery rates (p < 0.05). Compared with DL-cloprostenol
sodium, D-cloprostenol sodium shortened the farrowing duration and birth
interval of sows for inducing farrowing (p <0.05). Moreover, we observed that
a single administration of both D-cloprostenol sodium and DL-cloprostenol
sodium a day before delivery significantly reduced the rates of stillborn piglets
type Il in MS (p<0.05). Compared to no treatment and single treatment with
cloprostenol sodium, quartic treatments with cloprostenol sodium significantly
increased the daily feed intake of MS, litter weight after weaning, and average
daily gain of piglets (p <0.05). Cloprostenol sodium improved the 21-day milk
yield, with D-cloprostenol sodium showing the best effect, which increased
lactation ability by 30.30% (176.72kg vs. 135.63kg) (p <0.05). DL-cloprostenol
sodium followed closely, increasing lactation ability by approximately 25.00%
(169.71kg vs. 135.63kg) (p<0.05). During lactation, sows administered with D-
cloprostenol sodium observed increased serum prolactin levels. Compared
to untreated sows, the sows administered with D-cloprostenol sodium and
multiple DL-cloprostenol sodium visibly shortened the weaning-to-estrus
interval (WEI) and weaning-to-service interval (WSI) (p<0.05). Furthermore,
quartic injections of D-cloprostenol sodium resulted in an 18 percentage point
increase in the pregnancy rate of breeding sows compared to controls (82.61%
vs. 64.58%) (p>0.05). In summary, cloprostenol sodium could enhance the
reproductive performance of MS, particularly in terms of lactation performance.
Additionally, the effect of quartic injections of D-cloprostenol sodium was the
most pronounced.

KEYWORDS

D-cloprostenol sodium, DL-cloprostenol sodium, reproductive performance, milk
performance, farrowing induction, multiparous sow
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1 Introduction

The lactation ability of sows is the most crucial factor affecting
piglet growth rate and the number of piglets weaned per sow per year
(PSY). The analysis of the milk yield from a pig farm in Denmark
revealed that approximately 23.5% of colostrum (the milk within 24h
postpartum) yield were less than 5kg, while only 30% of the sow’s
colostrum yield exceeded 7kg (1). The colostrum yield dose was not
equal to the colostrum intake of sucking piglets, and failure to obtain
sufficient colostrum prior to weaning is one of the most important
causes of piglet mortality. Hassan et al. found that 23.5% of piglets had
a colostrum intake below 200 g, while 36% had a colostrum intake
below 250¢g (2). When the colostrum intake of piglets is less than
200g, the pre-weaning mortality rates can reach as high as 43.3%;
however, pre-weaning mortality can be reduced to 7.1% when the
colostrum intake of piglets was more than 200g (3). Induced
parturition may affect colostrum yield in sows. The administration of
oxytocin significantly reduces both the colostrum yield in sows and
the colostrum intake by piglets, while PGF,, analogs compensate for
the deficiency of oxytocins (4). The timing of induced parturition also
affects the composition of colostrum. Early initiation of delivery using
cloprostenol sodium reduces the levels of IgG and total protein in
colostrum (5).

The milk yield of the sows fails to satisfy the energy and protein
requirements of piglets (9-10 pigs/litter) beyond day 8 of lactation,
resulting in a gradual widening of this gap throughout lactation; as a
result, milk production only meets approximately 50% of the needs of
21-day-old piglets for maximum growth (6). Stimulating mammary
gland development represents the most practical approach to enhance
milk yield in sows. Rapid breast development consists of three stages.
The initial stage of rapid development occurs from 90 days of age until
puberty and has received limited research attention to date. The
second stage occurs during the one-third period after gestation and is
the mature stage. The third stage occurs within the first 2 weeks of
lactation, with limited studies available on this phase (7). Lactation
deficiency is caused by both hereditary and acquired endocrine
disorders (8). It has been reported that continuous injection of
recombinant pig prolactin (PRL) for 28 days in prepubertal gilts
weighing 75kg can increase the content of parenchymal tissue, dry
matter, total protein, and total DNA by upregulating the mRNA levels
of PRL receptor (PRLR), STAT5A, and STAT5B in mammary tissues;
thus, this treatment effectively promotes mammary gland development
in gilts (9). An increasing number of studies aim to regulate the
lactation performance of sows by exogenous hormones. The gilts were
injected with 5mg/day of porcine growth hormone on day 89 of
pregnancy, and their mammary glands were collected for analysis on
day 110 of pregnancy. The results showed that the treatment group
exhibited a significant increase in the mass of mammary gland
parenchyma (1,922.2¢g vs. 1,576.1g), and the mammary gland
parenchyma of the treatment group contained more protein, glucose,
DNA, and RNA (10). Furthermore, exogenous hormones such as
estradiol and PGF,, have been demonstrated to induce lactation in
81.3% of non-pregnant sows within 38-59 days after mating (11).

Maternal factors potentially affecting lactation include parity,
preterm birth, dystocia, and residual placental fragments (8). PGF,,
serves as the main luteolytic factor (12), which can dissolve the corpus
luteum and contract uterine smooth muscle. Consequently, PGF,, is
frequently used for estrus and farrowing synchronization in livestock.
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Cloprostenol sodium is one of the most important synthetic analogs
of PGF,,, which is mainly eliminated by the lungs and kidneys with a
half-life of up to 3h (13, 14). Cloprostenol sodium (DL-cloprostenol
sodium) exists as two optical isomers, which can be divided into
D-isomer and L-isomer according to the relative configuration of the
chiral carbon atoms. They are named D-cloprostenol sodium and
L-cloprostenol sodium, respectively. The proportions of the two
enantiomers in cloprostenol sodium are equal (15). DL-cloprostenol
sodium has been widely used in livestock production for many years,
while D-cloprostenol sodium has not been extensively used.
Experimental evidence showed that D-cloprostenol sodium exhibited
approximately three to four times greater efficacy in initiating luteal
dissolution compared to DL-cloprostenol sodium, indicating that
L-cloprostenol sodium may have no effect on luteal lysis or even
demonstrate a reverse effect (15).

In light of the above findings, PGF,, analogs, as uterine contractile
agents, have been shown to accelerate placental discharge, reduce the
incidence of uterine inflammation, and also enhance delivery
performance and colostrum composition in sows. Although
DL-cloprostenol sodium and D-cloprostenol sodium belong to PGF,,
analogs, their effects on lactating performance in sows have not been
reported. The first 2 weeks of lactation are a crucial stage for promoting
breast development and lactation. Meanwhile, as piglets grow, sows’
milk in the middle and late stages of lactation may not adequately
meet their growth and development needs. Consequently, we designed
this experiment to investigate the effects of induced parturition before
farrowing and injection with either 75 pg/time D-cloprostenol sodium
(at the full-recommended dosage) or 200 pg/time DL-cloprostenol
sodium (at the full-recommended dosage) at 3h, 5days, and 10days
postpartum on reproductive performance, milk quality, estrous cycle,
serum lactation-related hormones in multiparous sows (MS), and the
lactation growth performance of offspring piglets during lactation.
These results may provide valuable technical guidance for the
utilization of PGF,, analogs, especially D-cloprostenol sodium, in sow
lactation management.

2 Materials and methods
2.1 Experimental design

This study was conducted in a swine breeding herd consisting of
2,000 sows located in northern Guangdong between June and
September 2022. The average daily minimum and maximum
temperatures during the experimental period ranged from 28.0°C to
35.0°C. The 320 Yorkshire x Landrace MS randomly selected for this
study had the same genetic background, a parity of 2-3, and similar
body weights (approximately 185-250kg), back fat thickness
(approximately 14-23 mm), litter size (6-18 alive piglets), and other
reproductive performance. The experimental MS were obtained from
Guangdong Guanghui Huifeng Farm (Shaoguan City, Guangdong
Province, China). They were reared in a conventional semi-open
housing system. The experimental sows were transferred to the
farrowing house 5-7 days prior to the estimated farrowing date. They
were individually housed in crates until the weaning period, which
occurred 21 + 1 days after farrowing.

The experimental sows were classified into three groups based on
the dose of D-cloprostenol sodium or DL-cloprostenol sodium
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administered via an intramuscular injection in the neck between
11:30a.m. and 12:00a.m. 1day prior to the expected delivery date of
MS: Some sows underwent natural farrowing (N=50), whereas the
remaining received a single administration of 75pg (1mL)
D-cloprostenol sodium (75pg/mL, 1mL/sow, Ningbo Second
Hormone Factory, Zhejiang Province, China; N=137) and 200 pg
(2mL) DL-cloprostenol sodium (100pg/mL, 2mL/sow, Ningbo
Second Hormone Factory, Zhejiang Province, China; N=133)
(Figure 1). Sows that had begun to deliver before 11:30a.m. on day 115
of pregnancy were excluded from the experiment. The original litter
weight and litter sizes of the piglets were assessed immediately after
parturition. The sow injected with D-cloprostenol sodium (n=1) and
DL-cloprostenol sodium (n=1) died due to dystocia during
parturition. The occurrence of postpartum paralysis was observed in
one sow after the injection of DL-cloprostenol sodium, while no
clinical signs were reported in the others.

To evaluate the impact of cloprostenol sodium on lactation in
MS, piglets were appropriately cross-fostered within the group
within 3 h after delivery. However, piglets that were too small (<
0.8kg) and/or too weak (unable to stand or crawl) were swapped
with non-trial piglets (0.8-1.2kg), which ultimately ensured that
the number of piglets per litter averaged approximately 10, with a
balanced gender ratio that was essentially identical. For the milk
performance study, the remaining sows that did not receive any
oxytocin during farrowing with D-cloprostenol sodium (N=136)
were randomly allocated into three subgroups: (i) the sows were not
additionally treated postpartum (n=46); (ii) the sows were
administered double doses of 75 pg/time D-cloprostenol sodium at
3h and 5days after the end of farrowing, respectively (n=42); and

10.3389/fvets.2024.1342930

(iii) the sows were administered triple doses of 75pg/time
D-cloprostenol sodium at 3 h, 5days, and 10 days after the end of
farrowing, respectively (n=48) (Figure 1). In all subgroups, the
number of live piglets per litter and the weight of each litter were
uniformly consistent.

The sows injected with DL-cloprostenol sodium received the
same treatment. The remaining sows (N=131) were randomly
allocated into three subgroups: (i) the sows were not additionally
treated after farrowing (n=43); (ii) the sows were administered
200 pg/time DL-cloprostenol sodium at 3h and 5 days after the end
of farrowing, respectively (n=42), and (iii) the sows were
administered 200 pg/time DL-cloprostenol sodium at 3h, 5 days, and
10 days after the end of farrowing, respectively (n=46) (Figure 1). In
all subgroups, the number of live piglets per litter and the litter weight
were also consistent, respectively. During the pre-weaning growth
period, piglets were unable to undergo cross-fostering among
different subgroups.

2.2 Parturition process monitoring and
postpartum management

Sows gave birth in calm environments. Two research teams,
consisting of a total of six individuals, carefully supervised the
parturition process for 24h and ensured that there was at least one
recording personnel in each farrowing house to record the timing of
each piglets birth and the expulsion of each placenta in the sow.
Parturition duration was defined as the period from the first to the last
piglet delivery, and placental expulsion duration was defined as the

B/BT
[—>] . [ [ | control
— T d ™ T T T T T o %0
N=50 |BT B P P M B B M B B BM w PS
| BT = [
T T single
P w Al PS | L —46
3h|
D- b = ! BT O
cloprosten | B PI P = W o bs triple
ol sodium an n=42
N=137 Il 4 I B/BT il = -
O—r — O T T % T T T T quartic
P MB B M B B BM w Al PS I n=48
BT
[1 - [ ] | single
P Al n=43
- 3h|
DL % | BT O ook
cloprosten |r—0O- 1 " © T I s p
ol sodium |BT B P w n=42
N=133 3h B/BT
i ™T T i T T i T T e S| quartic
P MB B M B B BM w PS | n=46
study day -1 0 0 1 4 5 8 9 10 12 16 20 21 28 63
FIGURE 1
Diagram of activities and protocol for the synchronization of parturition and timed treatment, sampling, examining, weaning, and artificial insemination.
Control, multiparous sows not supplemented with cloprostenol sodium; D-cloprostenol sodium, the sows treated with 75 pg D-cloprostenol sodium;
DL-cloprostenol sodium, the sows injected with 200 pg DL-cloprostenol sodium. The BT in diagram represents the evaluation of sows’ back fat
thickness at 110 days of gestation and 20 days postpartum. The | in the diagram indicates the time of administration of D-cloprostenol sodium or DL-
cloprostenol sodium. The B and M in drawing show the time of blood sampling and milk sampling, respectively. The P, W, Al, and PS in figure depict the
time of parturition, weaning, artificial insemination, and pregnancy testing, respectively. The single, triple, and quartic indicate the frequency of D-
cloprostenol sodium or DL-cloprostenol sodium administration to multiparous sows.
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period from the first to the last placental expulsion. Birth assistance
was provided at an interval of >60min after the parturition of the
previous piglet or when the sows did not give birth to the first piglet
for >4h after breaking the amniotic fluid. Birth assistance included
applying pressure to the sows’ belly and manually extracting the fetus
or placenta. The method of pressing the belly was as follows: First, the
sow’s udders were gently massaged using sterilized bare feet, inducing
a constricted appearance of the sow’s body and resulting in an arched
belly. Subsequently, pressure was slowly applied from the front of the
arch (close to heart) to the back (close to tail), which stimulated
sustained power in the sow and promoted rapid piglet production.
The administration of oxytocin should be avoided during the process
of inducing farrowing. The total number of piglets born, the number
of piglets born alive, the number of piglets born weak, and the number
of stillborn piglets were also recorded at farrowing. Stillbirths can
be classified into two types based on the time of death (16). Stillborn
piglet type I includes deaths that occurs before the sow delivers and is
most commonly attributed to infectious causes. The fetal death
exhibits dull, pale skin without luster or a rotten body. Stillborn piglet
type II is often associated with dystocia and intrauterine and birth
canal asphyxia during parturition. The fetal death is characterized by
a fresh, ruddy skin and an extended tongue in a state of asphyxia, with
the mouth and nose obstructed by mucus.

Daytime was defined as the period of 0800-2,200h based on the
day-shift working time of the midwifery technical personnel, and the
nighttime was defined as the period of 2,200-0800h. If the sow delivered
exactly at 0800 or 2,200h, it would be divided according to the period
when most piglets in the litter were born. At the end of the farrowing
process, all MS were injected with a non-steroidal anti-inflammatory
drug (tolfenamic acid, 2mg/kg, Sivea (Qingdao) Bio pharmaceutical
Co., Ltd., Shandong Province, China), an antibiotics (ceftiofur, 10mg/
kg, Zoetis Suzhou Biopharmaceutical Co., Ltd., Jiangsu Province,
China), and a multivitamin (vitamin A, D and E; 10mL/sow; Hebei
Yuanzheng Pharmaceutical Co., Ltd., Hebei Province, China) through
the neck muscles on days 1-3 postpartum. Piglets received the same
care and supervision according to pig farm regulations, which included
tail docking, tooth clipping on the first day of life, and intramuscular
administration of iron supplement (iron dextran, 1 mL/piglet, Sivea
(Qingdao) Bio pharmaceutical Co., Ltd., Shandong Province, China) on
the third day of life. The sows were provided with the same feed and
drinking water according to the management of the pig farms.

2.3 Collection and determination of serum
hormones and milk components

In the quartic group, which includes the quartic D-cloprostenol
sodium and DL-cloprostenol sodium groups, as well as the control
group, three sows were randomly selected from each group for blood
sample collection via the anterior jugular vein. Blood was collected from
adult sows using the standing fixed method. The breeder lifted the upper
jaw of the sow with a fixed rope to expose both sides of the prethoracic
fossa. Another breeder put a needle in the direction of the low and
vertical concave bottom of the right prethoracic fossa, took the required
amount of blood, pressed the needle site with a cotton ball to stop
bleeding, and relieved the sow. During the course of the study, a total of
seven blood collections were performed on the selected sows, with 3mL
of blood samples being obtained in each instance. The day of delivery
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was designated as day 0. The initial blood samples were conducted at
1,500h on day 115 of the sows gestation (day —1), 3h post-
administration of the first dose. Other blood samples were collected at
0900h on days 1, 4, 9, 12, 16, and 20 after farrowing (Figure 1). After
collection, all blood samples were incubated at room temperature
(30+2°C) for 10min, followed by centrifugation at 4,000r/min for
20min. The serum was immediately sub-packed and transferred to
—20°C for preservation. Serum samples were sent on dry ice to Beijing
North Institute of Biotechnology Co., Ltd. to detect the concentrations
of estradiol-17p (E,), PRL, and cortisol (COR) by radioimmunoassay
and progesterone (P,) using enzyme-linked immunosorbent assay.

Three sows, excluding the sows selected for blood collection, were
randomly selected for milk collection from the quartic D-cloprostenol
sodium group, quartic DL-cloprostenol sodium group, and control
groups (Figure 1). The milk samples were collected three times, with
each collection consisting of 2 mL. The colostrum was collected within
a period of 12h after farrowing, and mature milk was obtained by
administering an injection of 10IU (1mL) oxytocin (101U/1mL,
1 mL/sow, Ningbo Second Hormone Factory, Zhejiang Province,
China) in the neck on 8 and 16 days post-farrowing. Milk samples
were dispatched to Shanghai Enzyme Union Biotechnology Co., Ltd.
under dry ice conditions for the purpose of quantifying fat, protein,
and lactose concentrations through infrared spectroscopy.

2.4 Back fat and daily feed intake
determination in MS

The back fat thickness of all MS was evaluated upon entering the
farrowing house and on 20 days postpartum, utilizing an Abdominal
Convex Probe and a Veterinary B-mode ultrasonic diagnostic
instrument (WED-3000V, Shenzhen Well. D Medical Electronics Co.,
Ltd., Guangdong Province, China). Each pig is measured three times
simultaneously, and the average value was recorded. An ultrasound
probe was placed approximately 6.5 cm from the dorsal midline on the
last rib curve to measure the back fat thickness. The lactational back fat
loss was calculated as the difference between back fat thickness when
entering the farrowing house and on day 20 of lactation (Figure 1).

The daily feed intake of the MS was recorded from delivery until
day 21 of lactation. The farrowing house is equipped with automatic
feeders for each crate, ensuring precise quantification of the amount
of feed for each individual feeding. Postpartum sows were fed twice a
day at 0800 h and 1,700 h. On the day of parturition (day 0), an initial
feeding amount of 0.5 kg was provided, followed by a daily increment
of 1kg until day 5. Subsequently, the feeder scale was adjusted based
on each sow’s previous intake to optimize and maximize ad libitum
feeding until weaning. It is worth noting that the remaining feed in
the tank needs to be weighed and recorded before each feeding. These
feed refusals should be summarized at weaning. Subsequently, a
statistical analysis was conducted to determine the daily feed intake of
each sow from parturition until weaning.

2.5 Statistics of litter weaned weight and
estimation of milk power

We collected the weights of newborn litter and weaning litter on
day 21 of lactation. The average daily weaning gain (ADWG, g/d) of
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TABLE 1 Effect of different cloprostenol sodium on the process of synchronized delivery in parturient sows (Means + SD & Percentage).

10.3389/fvets.2024.1342930

Groups ! Control D-cloprostenol sodium = DL-cloprostenol sodium p-value
Number of sows 50 137 133 /
Gestation length, d 117.02+1.02° 115.91+0.38" 115.95+0.46" <0.001
Administration-to-delivery intervals, h* 48.94+26.68° 22.93+7.58 23.48+8.52° <0.001
Farrowing duration, min® 305.70+£171.88° 182.95+73.16° 217.33+87.94° <0.001
Birth interval, min 31.08+19.61° 17.89+6.49° 21.61+£7.91° <0.001
Placenta expulsion duration, min* 254.56 +87.47* 180.72 £62.08" 194.51+78.02° <0.001
Piglets with birth interval >30 min, % 42.00* 8.00° 14.29° <0.001
Farrowing assistance, % 10.00 8.03 15.03 0.342
Sow mortality at dystocia, % 0.00 0.73 0.75 0.454
Daytime delivery, %’ 42.00° 92.70° 87.22° <0.001

"Multiparous sows underwent natural farrowing (control group), and sows treated with a single dose of 75 pg D-cloprostenol sodium or 200 pg DL-cloprostenol sodium were induced to
undergo parturition. *No additional medication was given in control group, and the time from 1,200h on day 115 of pregnancy to delivery was defined as the administration-to-delivery
intervals. Other groups record according to the actual situation. *The period from the first to the last piglet delivery. “The period from the first to the last placental expulsion. "Daytime was
defined as 0800-2,200 h based on the day-shift working time of the midwifery technical personnel, and the nighttime was defined as 2,200-0800h. If the sow was delivered at exactly 0800 or
2,200, it was divided according to the period when most piglets in the litter were born. **Different superscripts within rows differ significantly (p <0.05).

the piglets from birth to weaning was calculated, as shown in
Equation (1). The lactation ability refers to the algorithm of Lawlor
etal. (17) as shown in Equation (2).

average body weight at weaning (g)

ADWG (g/d)= /21days( |
1

—average body weight at birth (g)

21— day milk yield (kg) = piglets of ADWG (g/d)x 21days
x number of weaned piglets
x4/1000 @)

2.6 Statistics of estrus after 7 days of
weaning

The transfer of all MS from the parturition housing to the mating
housing was completed on day 21 of lactation. According to
regulations for the pig farm, boars were migrated twice daily to the
mating housing for stimulation after weaning to induce sows’ estrus.
Data regarding the timing of estrus and artificial insemination (AI),
the number of estrus and mating events within 7 days of weaning, and
the number of pregnancies from 28 to 35 days after mating in weaned
MS were recorded (Figure 1).

2.7 Statistical analyses

Huifeng Farm procedure data were organized using Excel 2013
software (Microsoft, Redmond, Washington, USA). Statistical analyses
were performed using the GLM procedure of IBM SPSS Statistics 20
software (IBM, Armonk, NY, USA) and a two-way ANOVA of
GraphPad Prism software (Santiago, CA, USA). For the experimental
investigation of synchronized delivery, the GLM procedure included
the different treatments (blank drug, D-cloprostenol sodium, and
DL-cloprostenol sodium) were taken as fixed effects, and back fat
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thickness at 110days of gestation served as a covariate. Farrowing
duration, birth interval, placenta expulsion duration, gestation length,
administration-to-delivery intervals, litter size, and other indicators
were treated as response variables;

Similarly, for the purpose of the lactation experiment, GLM
included different treatments, the number of treatments [zero, single,
triple and quartic injection(s)], and the interaction effects between
them, all of which were taken as fixed effects. The pre-delivery back
fat thickness was utilized as a covariable to examine the response
variables, including daily feed intake, number of weaned piglets, total
litter weight at weaning, average piglet weight at weaning, piglets of
ADWG, 21-day milk yield, weaning back fat thickness, back fat loss,
weaning-to-estrus  interval (WEI), and weaning-to-service
interval (WSI).

In addition, employing back fat thickness at 110 days of gestation
as a covariate, we analyzed binary dependent variables such as estrus
rates, conception rates, daytime delivery rates, rates of piglets with
birth interval > 30 min, farrowing assistance rates, Stillborn Type I and
Type II rates, and weak piglets rates using logistic regression model.
GraphPad Prism software was employed to generate all line charts and
bar charts, and the discrepancies were examined through a two-way
ANOVA. The results were expressed as mean+SD or percentage.
Statistical significance was set at a p of <0.05.

3 Results
3.1 Delivery process

Delivery data were collected from 320 sows during the
experiment (Table 1). In our experiment, oxytocin was not used
to assist with the delivery. The administration of cloprostenol
sodium synchronized the farrowing duration of the sows
(Table 1). Compared with the control sows (from 1,200 h on day
115 of gestation until delivery), the sows induced by
D-cloprostenol sodium and DL-cloprostenol sodium exhibited
more concentrated delivery approximately 23h after
administration, reduced

resulting  in  significantly
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TABLE 2 Effect of synchronized delivery induced by different cloprostenol sodium on litter performance of multiparous sows (Means + SD &

percentage).

Groups! Control D-cloprostenol sodium = DL-cloprostenol sodium p-value
Number of sows 50 136 132 /
Number of piglets 573 1,550 1,500 /
Total number of born piglets 11.46+1.78 11.40+2.20 11.36 £2.29 0.978
Number of born alive piglets 10.28+1.28 10.44+1.26 10.29+1.18 0.510
Number of born strong piglets’ 10.00+1.26 10.13+£1.32 9.77+1.53 0.150
Born weak piglets, %* 3.32 2.52 2.87 0.594
Stillborn piglet type I, %° 297 2.52 3.07 0.638
Stillborn piglet type II, %° 5.76" 1.74¢ 3.13° <0.001
Total litter weight at birth, kg 14.93+2.63 15.35+2.65 15.05+2.64 0.492
Average piglet weight at birth, kg 1.46+0.23 1.48+0.23 1.47+0.23 0.875

"Multiparous sows underwent natural farrowing (control group), and sows treated with a single dose of 75 pg D-cloprostenol sodium or 200 pg DL-cloprostenol sodium were induced to
undergo parturition. *Total number of piglets delivered by sows in each group. *Piglets that are alive, weigh equal to or greater than 800g, and suckle colostrum normally. “Piglets that weigh
less than 800 g or do not suckle colostrum. *Fetal death occurs before the sow delivers and includes mummified piglets. ‘Fetal death, occurring during a sow’s parturition, is attributed to
asphyxia within the birth canal and intrauterine. **“Different superscripts within rows differ significantly (p<0.05).

administration-to-delivery intervals of sows (p<0.05).
Administration started on day 115 of gestation at 1,130-1,200h,
followed by concentrated delivery from 1,000 to 1,100 h the next
day. Additionally, in comparison with the control sows (42.00%),
the sows induced D-cloprostenol sodium (92.70%) and
DL-cloprostenol sodium (87.22%) exhibited significantly higher
daytime delivery rates (p <0.05). The treatment sows exhibited
significantly shortened farrowing duration, birth interval, and
placenta expulsion duration in comparison with the control sows
(p<0.05). The farrowing duration (182.95min vs. 217.33 min,
p<0.05) and birth interval (17.89 min vs. 21.61 min, p <0.05)
were shorter when using D-cloprostenol sodium in comparison
with DL-cloprostenol sodium. However, placenta expulsion
duration induced by D-cloprostenol sodium did not show any
significant differences compared to DL-cloprostenol sodium
(p<0.05).

The incidence of piglets with birth intervals >30min in sows
treated with D-cloprostenol sodium (8.00%) and DL-cloprostenol
sodium (14.29%) was significantly lower than that in the control sows
(42.00%) (p<0.05). Birth assistance was observed for each group
(p=0.342): control group (10.00%), D-cloprostenol sodium group
(8.03%), and DL-cloprostenol sodium group (15.03%). In contrast, the
incidence of birth assistance in sows appeared to be reduced with
D-cloprostenol sodium; however, no statistically significant difference
was observed compared to the treatment of DL-cloprostenol sodium
(p>0.05). One dystocia that resulted in non-survival occurred in each
sow’s induced parturition, one with D-cloprostenol sodium, and one
with DL-cloprostenol sodium. No deaths occurred in the control sows.
However, no significant differences were observed among the groups
(p=0.454).

3.2 Newborn piglets’ characteristics

The litter sizes of sows naturally farrowing compared with those
treated with cloprostenol sodium approximately 23 h before farrowing
(referred to as 24 h before farrowing for convenience) are shown in
Table 2. Compared to the control group (5.76%), the incidence of
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Stillborn Type II was lower in sows treated with D-cloprostenol
sodium (1.74%) and DL-cloprostenol sodium (3.13%) (p<0.05).
Additionally, the rate of Stillborn Type I in the D-cloprostenol sodium
group was less than that in the DL-cloprostenol sodium group
(p<0.05). There were no significant differences observed among all
groups regarding rates of born weak piglets, Stillborn Type I (p>0.05).

After farrowing, the MS treated with D-cloprostenol sodium and
DL-cloprostenol sodium were randomly allocated into three
subgroups (Figure 1). Remarkably, one sow exhibited postpartum
paralysis symptoms in the DL-cloprostenol sodium group; thus, this
sow would be excluded from subsequent trials. On average, there were
no differences observed in back fat thickness on day 110 of gestation,
adjusted litter size, and litter weight (Tables 3, 4).

3.3 Back fat change and daily feed intake of
SOWS

The experiment excluded a total of eight sows due to agalactia,
paralysis, or other diseases during lactation. One in each of the
triple D-cloprostenol sodium, single DL-cloprostenol sodium, triple
DL-cloprostenol sodium, and quartic D-cloprostenol sodium
groups were excluded from the test of lactation ability. Additionally,
two in each of the control and quartic D-cloprostenol sodium
groups were excluded from the test data statistics. Daily feed intake
and back fat loss of the sows in each group during lactation are
shown in Table 3.

There were no significant differences in back fat thickness between
sows on day 110 of gestation and day 20 of lactation (p>0.05), and the
observed back fat loss during lactation was not significant (p>0.05).
Moreover, the feed intake of sows exhibited an increase in proportion
to the number of postpartum administration of cloprostenol sodium
(Table 3). The mean daily feed intake of sows in the experimental
group receiving triple and quartic doses of cloprostenol sodium was
significantly higher compared to that of the sows not treated and
administered with a single drug (p <0.05). Under an identical number
of treatments, no significant correlation was observed between daily
food intake and drug type or dosage (p>0.05).
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TABLE 3 Effects of different injections of cloprostenol sodium on back fat and daily feed intake in sows during lactation (Means + SD).

D-cloprostenol sodium? DL-cloprostenol sodium?® p-values*
Variables Control!

Single Triple = Quartic Single Triple  Quartic  Drug Time
Number of sows’ 50 46 42 48 43 42 46 / / /
Back fat thickness on day 110 of gestation, mm® 17.07+4.53 | 1670+4.86 17484697 | 1731611  1677+530 18.10%6.56 = 17.01+4.81 / / /
Number of weaned sows 48 46 41 46 42 41 45 / / /
Back fat thickness on day 20 of lactation, mm 15194434 | 14.68+4.22 | 1579+5.10  1542+491  1442+3.99 16074541 | 14.94+4.48 0594 0.768 0.986
Back fat loss, mm 203+4.13 | 2014236 | 185+3.27 | 1.88+270 | 2.07+334 | 2124283 | 2.18+174 0594 0.768 0.986
The daily feed intake, kg 507069 | 5.25+0.65° @ 571+057* 583074 5.160.66" 561+0.56° = 564%0.76" 0.121 <0.001 0.630

"**Multiparous sows without any additional treatment (control). Sows were administered a single dose of 75 pg/time D-cloprostenol sodium or 200 pg/time DL-cloprostenol sodium, which
was induced 24 h before delivery (Single); sows were administered a triple dose of cloprostenol sodium, 24 h before delivery, and again 3h and 5 days after delivery (Triple); sows were
administered four doses of cloprostenol sodium, 24 h before delivery, and again 3 h, 5days, and 10 days after delivery (Quartic). ‘p-values include main effects of drugs (control or cloprostenol
sodium) and times of treatments (Time) and the interaction between drug and times (Int). *°After parturition, sows treated with D-cloprostenol sodium and DL-cloprostenol sodium were
randomly divided into three groups based on different postpartum treatment methods. The back fat thickness of sows in each subgroup was recorded before parturition. **Different

superscripts within rows differ significantly (p <0.05).

TABLE 4 Effects of different injections of cloprostenol sodium on litter weight of weaned piglets and milk yield of sows during lactation (Means + SD).

D-cloprostenol sodium? DL-cloprostenol sodium?® p-values*

Variables Control *

Single Triple Quartic Single Triple Quartic  Drug Time Int
Number of sows® 50 46 42 48 43 42 46 / / /
Litter size® 10.34+1.19 10.43+1.36 10.44+1.27 10.48+1.89 10.40+1.43 10.34+1.01 10.21+1.04 / / /
Litter weight, kg’ 15.04+2.51 15.31+2.72 15.42+2.74 15.38+2.56 15.08 +2.46 15.45+3.07 14.68+2.37 / / /
Average piglet weight, kg 1.46+0.22 1.47+0.23 1.48+0.22 1.47+0.23 1.47+0.25 1.51+0.28 1.45+0.24 / / /
Number of weaned sows 48 46 41 46 42 41 45 / / /
Number of weaned piglets 9.00+1.22° 9.35+1.04" 9.59+1.00" 9.80+0.86" 9.36+1.19® 9.37+0.86 9.49+0.97* 0.227 <0.001 0.643
Total litter weight at weaning, kg 47.07+847° | 5155+7.66" | 5523+11.04% | 5883+7.46' | 50.18+803% | 5500+840° | 5583+9.10" 0.192 <0.001 | 0.663
Average piglet weight at weaning, kg 5.26+0.87° 5.53+0.67" 5.75+0.90" 6.00+0.57° 5.37+0.56° 5.88+0.76" 5.90+0.89" 0.678 <0.001 0.668
ADWG of piglets, g’ 180.43+35.72° | 194.80+31.03" 203.24+41.16° | 214.50+26.23" 186.46+25.32¢ | 207.29+31.91® | 213.88+40.84° 0.767 <0.001 0.665
21-day milk yield, kg' 135.63+28.58¢ | 152.67+28.54" 164.02 +39.84% 176.72+26.69* 146.24+25.78 | 163.02+29.01" | 169.71+32.89" 0.264 <0.001 0.818

23 Multiparous sows without any additional treatment (control); sows were administered a single dose of 75 pg/time D-cloprostenol sodium or 200 pg/time DL-cloprostenol sodium, which was
induced 24 h before delivery (Single); sows were administered a triple dose of cloprostenol sodium, 24 h before delivery and again 3h and 5 days after delivery (Triple); sows were administered
four doses of cloprostenol sodium 24 h before delivery and again 3 h, 5days, and 10 days after delivery (Quartic). *p-values include main effects of drugs (control or cloprostenol sodium) and
times of treatments (Time) and the interaction between drug and times (Int). >*”*After parturition, to evaluate the impact of cloprostenol sodium on lactation in MS, piglets underwent
appropriately cross-fostered within the group within 3 h after delivery. However, piglets that were too small (< 0.8kg) and/or too weak (unable to stand or crawl) could be swapped with non-
trial piglets (0.8-1.2kg). The number and weight of piglets suckled by sows in each subgroup were recorded. *Per piglets from birth to weaning daily weight. ADWG, Average Daily Weaning
Gain. "The 21-day milk yield refers to the algorithm of Lawlor et al. (17). ***“Different superscripts within rows differ significantly (p <0.05).

3.4 Weaned piglets’ performances

The lactation capacity of MS was assessed based on body weight
at weaning, and the corresponding results are shown in Table 4. The
number of weaned piglets in the sows treated with quartic doses of
cloprostenol sodium and triple doses of D-cloprostenol sodium was
significantly higher than that in the control group (p <0.05). Similarly,
the total litter weight at weaning in the quartic treatments of
D-cloprostenol sodium groups (58.53kg) and DL-cloprostenol
sodium groups (55.83kg) was significantly higher than that in the
single injection group, which was approximately 51kg (p<0.05).
Additionally, triple doses of cloprostenol sodium resulted in heavier
weights compared to the control group’s weight of 47.07kg (p <0.05).
The administration of a single dose of D-cloprostenol sodium also
resulted in a higher litter weight of piglets (p <0.05).

The average piglet weight at weaning, piglets’s ADWG, and litter
weight at weaning showed consistent outcomes of change with the
increase of the number of cloprostenol sodium treatments. The
average piglet weight at weaning and ADWG in the quartic
cloprostenol sodium treatments were higher than those in the single
drug treatment and not administration (p <0.05). Utilization of
triple cloprostenol sodium also resulted in a significant
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improvement in both average piglet weight and ADWG compared
to the control group (p<0.05). The same trend was observed for
milk yield, which was calculated using Equation (2). All indices
pertaining to weaned piglets are displayed in Table 4. Throughout
the entire lactation period, the repeated quartic treatments exhibited
the most favorable effect on the indicators of piglet weight and
weight gain, followed by triple treatments and single treatment,
respectively, and, finally, the control group without any additional
treatment. In other words, the amount of weight gain in piglets
during lactation was found to be solely associated with the
frequency of administration of cloprostenol sodium (p <0.05) but
showed no significant correlation with its type (p>0.05). Parturition
induced with D-cloprostenol sodium, but not DL-cloprostenol
sodium, had a positive effect on litter weight at weaning and 21-day
milk yield (p <0.05).

Conformably, compared to naturally lactating MS, the milk yield
of sows that received repeated quartic doses of D-cloprostenol sodium
was the highest, which showed a significant increase of 30.30%
(176.72kg vs. 135.63, p<0.05). However, DL-cloprostenol sodium
increased milk yield by 25.13% (169.71kg vs. 135.63kg, p<0.05).
Furthermore, triple treatments of cloprostenol sodium increased the
milk yield by approximately 20% (p<0.05). In addition, induced
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FIGURE 2
Concentration (%) of lactose (A), fat (B), and protein (C) in colostrum from multiparous sows within 12 h after parturition, as well as mature milk on the
days 8 and 16 of lactation in both the control and treatment groups. Multiparous sows did not receive any additional treatment (Control, n = 3) and
received 75 pg/time D-cloprostenol sodium (n = 3) and 200 pg/time DL-cloprostenol sodium (n = 3) quartic treatments, which were administered 24 h
before delivery, 3h and 5days after delivery, and 3 h, 5days, and 10 days after delivery, respectively.

parturition with a single dosage of D-cloprostenol sodium also was
found to significantly increase the yield milk by 12.56% (p <0.05).

3.5 Content of milk components

The administration of cloprostenol sodium appeared to decrease
the tendency of lactose content during the whole lactation period in
sows (p>0.05) (
double doses of cloprostenol sodium 24 h before farrowing and 3h

). Similarly, the sows administered with

after farrowing resulted in a reduction in colostrum milk fat content;
however, this difference did not reach statistical significance (p>0.05).
Nonetheless, the cumulative administration of treatment quartic
injections resulted in an increase in mature milk fat content on day 16
of lactation in sows (p>0.05) (
triple and quartic injections of cloprostenol sodium exhibited a

). As shown in s

non-significant increase in milk protein content during lactation
(p>0.05). In summary, the cumulative treatment of cloprostenol
sodium affected milk components in the colostrum and mature milk
of sows in the early, middle, and late stages of lactation (p>0.05).

3.6 Serum levels of lactation-related
hormones

shows that the injection of D-cloprostenol sodium
(p<0.05) or DL-cloprostenol sodium (p>0.05) on day 115 of gestation
results in an increase in PRL levels in sows 3h after the first
administration. Additionally, the injection of D-cloprostenol sodium

Frontiers in

also led to a significant increase in PRL levels among lactating sows
on day 4 (p<0.05). Notably, both a single prenatal treatment and
multiple postpartum treatments were found to elevate PRL levels
during the lactation stage ( ). Receiving cloprostenol sodium
treatment did not exert any significant impact on the serum estrogen
levels in lactating sows ( ). Although a single dose
cloprostenol sodium before parturition could reduce the levels of P,
in sows 3 h after treatment (p >0.05), multiple doses of the drugs had
no perceptible effect during lactations ( ). The sows treated
with double cloprostenol sodium, especially DL-cloprostenol sodium,
observed the lower COR levels on the first day of lactation. In addition,
utilization of multiple doses of D-cloprostenol sodium exhibited a
propensity to increase serum COR levels throughout lactation;

however, the difference was not statistically significant (p>0.05)

( )-

3.7 Reproductive performance of weaned
SOWS

The effects of cloprostenol sodium treatment on the reproductive
. Although
statistical significances were not observed among treatments

performance of next-parity sows are shown in

(p>0.05), the tendencies toward improvements of estrus rates and
Al rate within 7 days post-weaning were noted with cloprostenol
sodium intervention. It appeared that the weaning-to-estrus interval
(WEI) was not only related to the optical activity (p <0.05) but also
to the number of treatments (p <0.05). Compared to control sows,
the sows treated with D-cloprostenol sodium exhibited the reduction
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FIGURE 3
Effect of D-cloprostenol sodium or DL-cloprostenol sodium on serum prolactin (PRL) levels (A), estradiol-17p (E,) levels (B), progesterone (P,) levels
(C), and cortisol (COR) levels (D) in multiparous sows during lactation (Means + SD). Multiparous sows without any additional treatment (n = 3) and
those treated with 75 pg/time D-cloprostenol sodium (n = 3) and 200 pg/time DL-cloprostenol sodium (n = 3) were induced by quartic treatments 24 h
before delivery, 3h and 5 days after delivery, and 3 h, 5days, and 10 days after delivery, respectively. The | in the image indicates the time of
administration of 75 pg D-cloprostenol sodium or 200 pg DL-cloprostenol sodium. The initial blood collection was conducted 3 h post the initial
dosage, which merits mention. **Different superscripts within the same time point of blood collection differ significantly (p < 0.05).

TABLE 5 Effects of different injection times of cloprostenol sodium on reproductive performance of weaned sows (Means + SD & percentage).

D-cloprostenol sodium? DL-cloprostenol sodium? p-values*
Variables Control!
Single Triple = Quartic  Single Triple Quartic Drug Time

Number of weaned sows 48 46 41 46 42 41 45 / / /
Estrus rate within 7 days after weaning, % 79.17 82.61 85.36 89.13 78.57 90.24 86.67 0.654 0.467 0.836
WEL & 416+1.05° | 355+0.69° | 3.63+0.65* | 3.61+0.67" | 3.97+0.64"  3.76+0.68" 3.85+0.67% 0.037 0.001 0.494
Al rate within 7 days after weaning, %° 68.75 73.91 78.05 84.78 71.43 78.05 82.22 0.487 0.304 0.949
WSI, &’ 52140.89" | 4.62+0.70° | 4.69+0.64° | 4.67+0.58" = 4.93+0.74%  472+05" 4.78+0.75" 0.189 <0.001 0.636
Conception rate sows, %" 64.58 71.74 78.05 82.61 69.05 78.05 75.56 0.650 0.467 0.836

"**Multiparous sows without any additional treatment (control); sows were administered a single dose of 75 pg/time D-cloprostenol sodium or 200 pg/time DL-cloprostenol sodium, which was
induced 24 h before delivery (single); sows were administered a triple dose of cloprostenol sodium 24 h before delivery and again 3h and 5 days after delivery (triple); sows were administered
four doses of cloprostenol sodium 24 h before delivery and again 3h, 5days, and 10 days after delivery (quartic). *p-values include main effects of drugs (control or cloprostenol sodium) and
times of treatments (Time) and the interaction between drug and times (Int). **’WEI, weaning-to-estrus interval; Al artificial insemination; WSI, weaning-to-service interval. *The conception
rate refers to the proportion of pregnant sows among weaned sows, rather than the proportion of mated sows. **Different superscripts within rows differ significantly (p <0.05).

in WEI (p<0.05). Moreover, the sows administered D-cloprostenol ~ (82.61%) were higher than those of the control group (64.58%)
sodium or DL-cloprostenol sodium showed the shorter WSI ~ (p> 0.05). Similarly, other treatments also improved conception
compared to the control group (p <0.05). The conception rates of the ~ rates in sows, but there were no significant difference either
next parity of weaned sows in quartic D-cloprostenol sodium  (p<0.05).
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4 Discussion

There is a divergence of opinions regarding the effects of PGF,,
and its analogs on the milk yield and milk composition in sows.
Monteiro et al. (18) conducted a systematic analysis of eight articles
to explain the effects of PGF,, and its analogs on lactation in sows.
Three of these articles reported the negative effects of PGF,, drugs
on lactation (5, 19, 20), three found that PGF,, drugs had no
significant effect on colostrum yield or piglet intake (4, 21, 22), one
demonstrated that PGF,, drugs could increase or decrease the
content of certain cytokines to affect activity of colostrum (23), and
one observed an increase in serum IgG concentration and weight
gain in 3-day-old piglets (24). Previously, researchers have attempted
to enhance the feed intake and milk yield of sows as well as the
growth rate of piglets by employing various feed additives during the
lactation period (25-27). This experiment aims to explore a novel
pathway utilizing sex hormones to regulate the endocrine system and
improve lactation performance during lactation. The effects of
different injection times of PGF,, analogs (75pg D-cloprostenol
sodium and 200pg DL-cloprostenol sodium) on sows’ lactation
ability are also discussed.

4.1 Sows of synchronous delivery

This study commenced with inducing parturition. The sows were
administered with D-cloprostenol sodium or DL-cloprostenol sodium
in the neck muscle to initiate synchronized delivery at 1,130-1,200h
on the day before the actual expected delivery of sows with a parity of
2-3. The findings showed that it could accelerate the delivery process,
significantly shortening the time from administration to delivery,
farrowing duration, birth interval, and placenta excretion time and
also significantly increasing daytime delivery rates in sows. Kaeoket
et al. (28) used D-cloprostenol sodium to induce parturition in sows
at 0700h on days 113 and 114 of gestation, resulting in the
simultaneous delivery of offspring approximately 25h after
administration (at 0800 h on the following day). In our experiment,
the sows treated with D-cloprostenol sodium or DL-cloprostenol
sodium showed synchronized parturition approximately 23h after
initiation of administration (at 1,000h on the next day). This finding
challenges the previously held perception that starting treatment with
PGF,, drugs at 0700h on the day prior to expected delivery may
be inappropriate.

Farrowing duration is negatively correlated with colostrum yield;
each additional minute of farrowing duration reduces colostrum yield
by 2.2g (2). The delivery interval is defined as the farrowing duration
divided by the total number of piglets born minus one, and the
cumulative birth interval is a significant risk factor affecting piglet
colostrum consumption (29). Although oxytocin can improve the
progress of parturition (30), prevent postpartum vaginal bleeding
(31), and promote rapid milk discharge in lactating sows (32), in the
long run, it may lead to lactation disorders and reduce the birth
vitality of piglets (18, 30). Even when oxytocin analogs and
DL-cloprostenol sodium are employed to induce parturition, both the
colostrum yield of sows and the colostrum intake of piglets are notably
lower than those with DL-cloprostenol sodium alone or natural
delivery (4), which suggests that PGF,, analogs may appear to improve
colostrum yield.
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Our results demonstrate that D-cloprostenol sodium and
DL-cloprostenol sodium can significantly reduce the rates of Stillborn
Type II in MS from 5.76% to 1.74-3.13%, which indicates that
inducing parturients with cloprostenol sodium is able to reduce fetal
mortality within the sow birth canal during deliver and also suggests
that it can effectively shorten farrowing duration. Previous studies
have shown that the induction of parturition using PGF,, and its
analogs can reduce stillbirth rates by 28% (18). Additionally, our
results align with previous studies that have reported stillbirth rates of
3-8% for piglets born naturally (33). Our calculated rate is 8.73%,
slightly exceeding the range, which is the sum of 5.76% (Stillborn Type
II) and 2.97% (Stillborn Type I). The stillbirth rates of piglets account
for 27% of deaths pre-weaning (34). In another investigation,
parturition was induced in 77 sows through the injection of 175 ug
DL-cloprostenol sodium at 0700 h on day 114 of pregnancy, resulting
in a total stillbirth rate of 5.3% (53/1004), with Stillborn Type II
accounting for 79.2% (42/53) (35). Although Nguyen et al’s study
lacked a blank control group, we observed that the Stillborn Type II
in the group with natural farrowing was significantly higher than
those in the group treated with DL-cloprostenol sodium in our
experiment. This finding infers that the proportion of Stillborn Type
IT during natural farrowing was much higher than 79.2%. Therefore,
inducing parturients can effectively decrease the incidence of stillbirth,
thereby enhancing animal welfare.

4.2 Characteristics of sows of lactation and
weaning characteristics of piglets

Lower back fat thickness at the end of pregnancy may potentially
hinder breast development, while thickness in the week before
delivery is positively correlated with colostrum yield and lactation
duration (1, 36). In our experiment, to minimize the effect of back fat
thickness in late pregnancy, the average back fat thickness of each
subgroup was controlled at approximately 17 mm. Additionally, in the
GLM procedure analysis of weaning litter weight and other
parameters, we incorporated pre-delivery back fat as a covariate. Data
show that the difference among groups was less than 2 mm. The back
fat thickness of each group was approximately 15mm on day 20 of
lactation, with a decrease of approximately 2 mm compared to late
pregnancy. In our experiment, multiple doses of D-cloprostenol
sodium or DL-cloprostenol sodium did not affect the loss of back fat
thickness in lactating sows. The research showed that the loss of
2.5-4mm in thickness during lactation does not impair the
reproductive capacity of sows in the following parity as these sows can
regain the lost thickness prior to the next AI (37).

Insufficient feed intake by lactating sows is associated with
increased mortality rates of pre-weaning piglets and prolonged WEI
of sows in hot areas (26). In our experiment, the daily feed intake of
sows exhibited a growth trend with an increased frequency, and as the
injection frequency increased, both the number and weight of weaned
piglets gradually increased. Increasing feed intake enhances the
nutritional level of lactating sows, leading to an increase in the milk
yield of sows and higher weaning litter weight of piglets (26).
Additionally, the absorbed nutrients are primarily utilized by the
mammary glands in sows during lactation (38), and approximately
70% of the total energy requirement and 90% of the absorbed amino
acids are used for milk production and mammary gland development
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(39, 40). Therefore, it is speculated that cloprostenol sodium may
improve lactation performance and mammary gland function by
regulating the central nervous system in lactating sows.

In our experiment, sows injected with quartic doses of
D-cloprostenol sodium observed a significant increase in the weaning
litter weight by 24.98% and an 18.88% increase in the ADWG of the
piglets. Despite an approximate 18% increase in the ADWG observed
with DL-cloprostenol sodium, its impact on weaning litter weight was
only 18.53%, which may be due to a slightly lower number of weaned
piglets, as evidenced by the data. Approximately 4g of milk are
required for each gram of live piglet weight gain, which has not
changed significantly over the last 30 years (41, 42). The algorithm for
milk yield, as described by Lawlor et al. (17), indicates that the milk
yield can be increased by 30.30% with quartic injections of
D-cloprostenol sodium and by approximately 25% with repeated
quartic injections of DL-cloprostenol sodium. Nonetheless, without
considering optical isomers, repeating three injections of cloprostenol
sodium only increased milk production by approximately 20%, which
is lower than the enhancement achieved with four injections.
Multivariable analyses conducted by Quesnel et al. (43) confirmed
that colostrum intake was the predominant factor influencing piglet
survival within 3days after parturition, as well as pre-weaning
survival, growth, and development. Administering dinoprost multiple
times postpartum can increase the milk yield of sows and the
colostrum intake of piglets, leading to increased litter weight of
weaned piglets and improved growth performance of piglets before
weaning (44). The milk yield of artificially lactating non-pregnant
sows can be significantly increased 48h and 108h after the
administration of PGF,, (45). Notably, the chemical structure and
half-life of cloprostenol sodium and dinoprost differ; cloprostenol
sodium is more stable and has a longer half-life than dinoprost.
Another study showed that DL-cloprostenol sodium-induced
parturition tended to increase the colostrum yield of primiparous
sows (4). Colostrum yield was not detected in this experiment.
Nonetheless, our findings also demonstrated that the administration
of D-cloprostenol sodium 24h before delivery led to a significant
increase in weaning weight and milk production within 21 days of
lactation, while DL-cloprostenol sodium did not. These findings
indicate that D-cloprostenol sodium may be more effective at
increasing colostrum production.

Opverall, the combination of inducing parturition before delivery
and injecting multiple doses of cloprostenol sodium during the first
2 weeks of lactation can significantly enhance the growth of piglets and
milk yield of sows. Among them, the administering of quartic
injections (24 h prenatal; 3h, 5 d, and 10 d postpartum) significantly
improved the growth rate of piglets, with D-cloprostenol sodium
proving to be the most effective.

4.3 Milk composition and lactation-related
hormones levels in sows

Although there was no significant difference in lactose, milk fat,
and milk protein between the sows treated with cloprostenol sodium
and untreated sows, it was evident that four injections of two different
types of cloprostenol sodium could lead to an increasing trend in milk
protein and milk fat content during the middle and later stage of
lactation. Other studies have shown that the content of lactose, fat, and
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protein in sows’ milk hardly varies greatly throughout lactation (46).
These findings may also be related to the potential of multiple
cloprostenol sodium in enhancing piglets’ weaning litter weight
and ADWG.

Hormones such as PRL, E,, and P, are involved in regulating
animal estrus and are closely related to mammary gland development
as well as the initiation and maintenance of lactation (40, 47). In this
study, it was observed that multiple injections of cloprostenol sodium
improved the growth performance of piglets, which may also
be attributed to lactation-related hormones. PRL is the most important
hormone involved in lactation in sows. Induced parturition with
D-cloprostenol sodium can significantly increase the PRL levels in
prenatal sows. PRL promotes the synthesis of lactose, milk fat, and
milk protein by activating the JAK2-STAT5 and PI3K-AKT1-mTOR
pathways through the PRL receptor. P, is also essential for mammary
gland development during puberty and pregnancy (48). Sow milk
originates from blood circulation, but elevated serum P, levels can
affect the milk quality of sows and increase piglets’ diarrhea rates
within 7 days (2). A sow that has just finished giving birth with high
P, levels would result in less weight gain or even weight loss on their
first day. For some sows, P, levels remained high even at 48h after
delivery, resulting in the average daily gain (ADG) of these piglets
being below the normal level within 3 days of birth (49). The synthesis
and secretion estrogen are influenced by the hypothalamic-pituitary
axis. E, stimulates the extension of mammary ducts, proliferation of
breast epithelial cells, and lactation (50, 51). High levels of P, before
delivery inhibit the stimulatory effect of E, on PRL (52). In the
experiment, multiple postpartum injections had no effect on E, and
P, levels.

Sows undergo significant metabolic and physiological changes
during childbirth within a short period, and they face heat stress
throughout the entire lactation period. High temperatures and intense
sucking stimulation in piglets both increase COR levels in sows,
resulting in immunosuppression (53). In our experiment, the sows
treated with double cloprostenol sodium showed reduced COR levels
in the first postpartum period. Previous studies have shown that COR
can serve as a marker of stress during lactation and has a positive
effect on sow lactation (54). Martinez-Miro et al. (54) revealed that
high concentrations of COR in sow saliva were associated with
increased piglet mortality within 3 days. When the concentration of
COR in sow saliva is low, the growth rate of piglets increases during
lactation (55). In our experiment, the administration of
D-chloroprostol sodium did not effectively reduce the levels of COR
in the late and middle stages of lactation. However, there was no
negative impact on the ADWG of piglets.

4.4 Reproductive performance of weaned
SOWS

Injecting 75 pg D-cloprostenol sodium before or after farrowing
shortened the WEI and WSI in weaned sows by approximately 0.5 days,
which can be attributed to the effective dissolution of corpus luteum of
pregnancy by D-cloprostenol sodium. Recently, findings indicate that
DL-cloprostenol sodium can dissolve the corpus luteum more
effectively and reduce P, levels more than dinoprostaglandin F,, (56,
57). D-cloprostenol sodium is the dextral enantiomer of
DL-cloprostenol sodium, which serves as the active component. In our
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experiments, the progesterone level-lowering effects were found to
be equivalent when administering 75 pg of D-cloprostenol sodium and
200 pg of DL-cloprostenol sodium. Administration of PGF,, analogs
can induce the expression of endometrial growth factors, promoting
endometrial repair and accelerating the elimination of postpartum
placenta and other foreign bodies, thereby reducing the occurrence of
uterine inflammation (58). Notably, the utilization of quartic dose of
D-cloprostenol sodium showed an increase in conception rates by
approximately 18 percentage points for the weaned sows. Thus, the
multiple administration of cloprostenol sodium during lactation
effectively improves the utilization rate of weaned sows.

This study represents the first demonstration that administration
of cloprostenol sodium during lactation can improve the lactation
performance of sows, which is very important for the health and
welfare of both the sow and the piglets. We acknowledge the small
sample size of blood and colostrum samples and recognize that the
results could have been more robust with a larger number of samples.
We also acknowledge the administration of postpartum antimicrobials
to all sows; however, this practice lacks prudence. Antimicrobials
should only be used in animals that are diseased, and prophylactic
usage should be avoided. The proper use of antimicrobials should be
considered in future studies. Moreover, we did not assess colostrum
yield or immunological parameters of milk or investigate the effect of
cloprostenol sodium on udder development in MS during lactation.

5 Conclusion

In conclusion, the administration of a single dose of
D-cloprostenol sodium and DL-cloprostenol sodium in the prenatal
24h can significantly shorten delivery process and reduce the rates of
stillborn piglets type II in MS. The milk yield of sows can
be significantly increased by inducing delivery with cloprostenol
sodium, especially 75 pug D-cloprostenol sodium. Multiple postpartum
administrations of cloprostenol sodium can significantly improve
weaning litter weight, milk yield, average daily feed intake, and speed
of weight gain in piglets. Furthermore, the sows treated with
D-cloprostenol sodium exhibited enhanced PRL levels. In total,
quartic doses of D-cloprostenol sodium are administered for 24h
prior to delivery and at 3h, 5 d, and 10 d postpartum, yielding the
optimal reproductive performance in sows. However, further
investigations are needed to confirm the underlying molecular
mechanisms for these observed effects.
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Purpose: Epigallocatechin-3-gallate (EGCG) is a major ingredient of catechin polyphenols
and exerts protective effects because of its strong antioxidant properties. As far as we know,
there is still a lack of systematic research on the effects of EGCG on the in vitro maturation
(VM) and in vitro fertilization (IVF) of porcine oocytes. The present study aimed to
determine the effects of EGCG on the IVM and IVF of porcine oocytes.

Methods: Porcine oocytes were treated with different concentrations of EGCG (5, 10 and 20
uM), and the cumulus cell expansion, oocyte maturation rate, reactive oxygen species (ROS),
glutathione (GSH) and malondialdehyde (MDA) levels, total antioxidant capacity were
determined. The mRNA expression levels of oxidative stress- and apoptosis-associated
genes were determined by quantitative real-time PCR. The cleavage rate and blastocyst
rate of oocytes after 10 pM EGCG treatment during IVM and IVF were also evaluated.
Results: EGCG at 5, 10 and 20 puM significantly promoted cumulus cell expansion, and
EGCG at 10 uM increased the oocyte maturation rate. EGCG (10 pM) treatment reduced the
ROS and MDA levels, while increased the antioxidant capacity and GSH concentrations in
the mature oocytes. The qRT-PCR results showed that EGCG treatment up-regulated the
mRNA expression of catalase, glutathione peroxidase and superoxide dismutase in the
mature oocytes. In addition, EGCG treatment also decreased the mRNA expression levels
of Bax and caspase-3 and increased the Bcl-2 mRNA expression level in the mature oocytes.
In addition, the cleavage rate and blastocyst rate of oocytes treated with 10 uM EGCG during
IVM and IVF were significantly higher than those of the control group.

Conclusion: Our results suggest that EGCG promotes the in vitro maturation and embryo
development following IVF of porcine oocytes. The protective effects of EGCG on the
oocytes may be associated with its antioxidant and anti-apoptosis properties.

Keywords: EGCG, porcine oocytes, IVM, antioxidant, anti-apoptosis, IVF

Introduction

The in vitro maturation (IVM) of the oocytes is a key step in the in vitro production
of embryos for the livestock.'*? Oocytes from IVM have the capacity in fertilization
and developing into embryos, while the successful rate for embryo development
from IVM oocytes is lower than that from in vivo-maturated oocytes.> The matura-
tion of the oocytes requires both cytoplasmic and nuclear maturation, and incorrect
cytoplasmic maturation has been suggested to contribute the poor developmental
potential of IVM oocytes.® Based on the previous studies, proper medium composi-
tion and culture conditions are essential for successful oocyte IVM.*
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Epigallocatechin-3-gallate (EGCG) is one of the major
bioactive compounds in green tea and belongs to the catechin
polyphenols.” EGCG has been well-known for its role in
chelating the transition metals and thus to decrease the oxida-
tive stress level.” In vitro and in vivo experimental studies
have shown that EGCG possess various biological functions
including prevention of chromosomal damage by reactive
oxygen species (ROS), antibacterial activities, anti-tumor
activities and inhibition of lipogenesis.” In the IVM oocytes,
Huang et al showed that EGCG in the IVM medium could
reduce ROS level and apoptosis in bovine oocytes and
increase the cumulus cell expansion.® Roth et al showed that
intraperitoneal injection of the antioxidant EGCG improves
developmental competence and the quality of the embryos that
develop from hyperthermia-treated oocytes in mice.” Gadani
et al showed that supplementation of EGCG to thawed boar
sperm improved the in vitro fertilization (IVF).* However,
arecent study by Bucci et al demonstrated that EGCG supple-
mentation to thawing medium failed to improve dog sperm
quality or zona binding capacity.'

As far as we know, there is still a lack of systematic
research on the effects of EGCG on the IVM and IVF of
porcine oocytes. Whether EGCG can be used as an effective
antioxidant for porcine oocytes cultured in vitro remains to
be explored. The effects of EGCG on the IVM and [VF of
porcine oocytes were systematically investigated. In addi-
tion, ROS level, antioxidant capacity, antioxidant- and
apoptosis-associated gene mRNA expression levels in
oocytes were determined by the in vitro assays.

Materials and Methods

Ethics Statement

This work was approved by the Ethics Committee on
Animal Experimentation of South China Agricultural
University.

EGCG Treatment

The EGCG compound was purchased from Sigma-Aldrich
(St. Louis, USA) and was prepared as | mM stock concentra-
tion using M-199 medium (Sigma-Aldrich). To determine the
effect of EGCG on the cumulus expansion index and in vitro
maturation rate of the oocytes, and the ROS production of
oocytes, different concentrations of EGCG (0, 5, 10 and 20
uM) were supplemented to IVM medium (M-199 medium
supplemented with 10% fetal bovine serum, 10% porcine folli-
cular fluid, 0.57 mM cysteine, 10 ng/mL epidermal growth
factor, 10 IU/mL pregnant mare serum gonadotrophin and 10

IU/mL human chorionic gonadotrophin). To determine the
effects of EGCG on the total antioxidant capacity, glutathione
(GSH) content, malondialdehyde (MDA) level and mRNA
expression levels, EGCG (0 and 10 uM) was supplemented to
the IVM medium. To determine the effects of EGCG on the
developmental potential of the oocytes, EGCG (0 and 10 uM)
were supplemented during IVM and/or IVF, or during IVM
and/or IVC.

Oocyte Collection and in vitro

Maturation

Ovaries were obtained from juvenile pigs slaughtered at a local
slaughterhouse (Guangzhou Kongwangji Slaughterhouse,
Guangzhou, China) and transferred to the laboratory in 0.9%
saline at 37 °C within 2 h. Follicular fluid from 3-8 mm antral
follicles was aspirated by a syringe with an 18-gauge needle
attached. As previously described,'! approximately 50 cumu-
lus oocyte complexes (COCs) were cultured in 500 pL of
(IVM) medium, covered with mineral oil and cultured for 44
h at 38.5 °C in a 5% CO, incubator with humidified air.

Assessment of Cumulus Expansion and
IVM of Oocytes

Cumulus expansion was recorded at 44 h of IVM. The
assessment was blinded to eliminate bias. The degree of
cumulus expansion for each COC was assessed according
to a subjective scoring system on a scale of 0—4, where 0
indicates no expansion, 1 indicates the minimal expansion
observable, 2 indicates expansion of the outer cumulus cell
layers, 3 indicates expansion of all cumulus cell layers except
the corona radiata and 4 indicates complete expansion of all
cumulus cell layers.'? The average score (0.0-4.0) for each
group, in each replicate (46 replicates), was then calculated
to obtain a value referred to as the cumulus expansion index.
The extrusion of the first polar body in the oocytes were
determined under a light microscope. Oocytes were classified
as follows: immature (did not reach metaphase), mature
(presented a metaphase II plate and the polar body), and
abnormal (any chromosomal aberrations such as diploid,
abnormal metaphase II, multidirectional spindle, and chro-
mosomal dispersion). The oocyte maturation rate was calcu-
lated as follows: number of matured oocytes/total oocytes
examined x 100%.

Determination of ROS Levels
To determine the intracellular ROS content, 30 mature
oocytes were incubated for 20 min at 38.5 °C in phosphate
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buffered saline (PBS) 10 uyM  2.7-
dichlorofluorescein diacetate fluorescent probe (Beyotime
Biotechnology, Shanghai, China) in the dark. The oocytes
were then washed with PBS supplemented with 1% bovine
serum albumin. Images were captured by a confocal

microscopy system (IX71, Olympus, Japan) with the

containing

same scanning settings among groups. Fluorescence inten-
sity was calculated with ImagelJ software.

Total Antioxidant Capacity Assay

The total antioxidant capacity in the oocytes were analyzed
using Total Antioxidant Capacity Assay Kit with ABTS
method (Beyotime, Beijing, China) according to the manufac-
turer’s protocol. The ABTS test measures the total antioxidant
capacity of a sample and it is based on the ABTSe + radical
discoloration. The cationic radical ABTS ¢ + is a chromophore
that absorbs at a wavelength of 734 nm and is generated by an
oxidation reaction of ABTS (2,2'-azino-bis- (3-ethylbenzthia-
zolin-6-ammonium sulfonate) with potassium persulfate.

Quantification of GSH Content

GSH content was measured using the Total Glutathione
Assay Kit (S0053, Beyotime, Beijing, China) according to
the manufacturer’s instructions. This kit employs a kinetic
enzymatic recycling assay, based on the oxidation of GSH
by 5,5'-dithiobis-(2-nitrobenzoic acid), [DTNB] to measure
the total glutathione (tGSH) content of biological samples.
Glutathione standards or treated samples are added to the
microtiter plate wells, followed by DTNB and glutathione
reductase. Addition of NADPH, to the wells initiates the
progressive reduction of DTNB by GSH, causing a color
increase that is monitored at 405 nm. Briefly, the samples
were seeded into 96-well plates, and then 150 pL of detec-
tion solution was added to each well. After the samples were
equilibrated at room temperature for 5 min, 50 pL of a -
0.16 mg/mL NADPH solution was added. GSH content was
determined by dividing the measured value of 5-thio-2-nitro-
benzoic acid by the number of oocytes in each sample.

Quantification of Malondialdehyde (MDA)

Level

The MDA level in the oocytes were analysed using MDA
assay kit (Beyotime) according to the manufacturer’s protocol.
MDA reacts with thiobarbituric acid (TBA) to give a red
compound which has a maximum absorbance at 532 nm.
TBA reagent was prepared by mixing 0.2 mL SDS (8.1%),
1.5 mL acetic acid (20%, pH=3.5) and 1.5 mL TBA (0.8%)

together, then 100 puL of each homogenized oocyte samples
was mixed with this 200 pL TBA reagent. The mixture was
incubated in a boiling water bath for 15 min and then cooled on
ice. After cooling, the mixture centrifuged at 4000 rpm for 10
mins. The absorbance of supernatant was determined at 532
nm against a blank.

In vitro Fertilization and Embryo Culture
The IVF experiment was conducted as previously reported. '
Briefly, oocytes collected from the local slaughterhouse were
cultured for 44 h and denuded in 1 mg/mL hyaluronidase in
DPBS by mechanically pipetting; then, 10-15 oocytes were
grouped and transferred to the 50 L mTBM fertilization
medium (113.1 mM NacCl, 3.0 mM KCl, 7.5 mM CaCl,-2H,
0, 20.0 mM Tris, 11.0 mM glucose, 5.0 mM sodium pyr-
uvate) containing 2.5 mM caffeine and 2 mg/mL BSA (frac-
tion V) covered with mineral oil. The fresh semen (from the
Duroc pig with ~12 months old and a history of multiple
breeding) provided by the Guangxi Yangxiang Company Co.
Ltd (Guangxi, China) was washed three times by centrifuga-
tion with DPBS supplemented with 0.1% BSA at 1500 rpm
for 4 min. The spermatozoa pellets were resuspended and
diluted to 1x10° sperm/mL with mTBM for capacitation in
the CO, incubator for 30 min. Then, the capacitated sperm
were added to the drop containing oocytes with a final sperm
concentration of 1x10° sperm/mL and co-incubated for 6 h at
39 °C in an atmosphere of 5% CO, in air. After fertilization,
the oocytes were washed 3 times with PZM3 medium and
cultured with PZM3 medium at 39 °C; 5% O,, 5% CO,, and
90% N»; and 100% humidity. Embryonic cleavage and blas-
tocyst formation were assessed at 48 h and 6 days after
insemination, respectively. The formulas for assessing the
cleavage and blastocyst rates were as follow: cleavage rate
=number of cleavage/number of matured oocytes; blastocyst
rate = number of blastocyst/number of matured oocytes.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from the matured oocytes using
Trizol reagent (Invitrogen, USA), and quantified by measur-
ing the absorbance at 260 nm. The RNA was reversely
transcribed into cDNA using the HiScript®IIl RT SuperMix
kit (Vazyme, Nanjing, China). The real-time PCR was per-
formed on an qTOWER?® thermal cycler (Analytik Jena,
Germany) using ChamQ™ Universal SYBR® qPCR
Master Mix kit (Vazyme). The mRNA expression levels of
the detected genes were normalized by GAPDH, and were

Z—AACt

calculated using the method. The sequences of the

primers were shown in Supplemental Table S1.
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Statistical Analysis

All the data analysis was performed using the R Statistical
Software (Version 3.6.3). All the data were presented as
mean =+ standard deviation. Significant differences between
different treatment groups were evaluated using Permutation
tests. P < 0.05 was considered statistically significant.

Results
Effects of EGCG on the Cumulus

Expansion Index

The morphology of the mature oocytes and oocytes with
the first polar body extrusion was shown in Supplemental
Figure S1A and S1B, respectively. Firstly, we examined

the cumulus expansion index in the oocytes after being
treated with different concentrations of EGCG, and as
shown in Table 1, EGCG at 5 and 10 pM significantly
increased the cumulus expansion index when compared to
the control group (5 uM group versus 0 uM group: 2.989
+ 0.068 versus 2.438 + 0.081; 10 uM group versus 0 uM
group: 3.079 £ 0.110 versus 2.438 + 0.081). However,
EGCG at 20 uM had no effect on the cumulus expansion
index when compared to the control group (20 uM group
versus 0 uM group: 2.879 + 0.076 versus 2.438 = 0.081).

Effects of EGCG on IVM Rate of the

Oocytes

The effects of EGCG on the in vitro maturation rate of the
oocytes were further determined. As shown in Table 2, the
oocyte maturation rate was higher in the 5 and 20 pM group
when compared to the 0 pM EGCG control group; while the
difference was not statistically significant (Table 2). On the
other hand, 10 pM EGCG treatment significantly increased
the oocyte maturation rate when compared to the 0 pM
EGCG control group (10 uM group versus 0 pM group:
58.63 £ 2.79% versus 46.27 + 3.25%; P<0.05).

Table 1 Effects of EGCG on the Cumulus Expansion Index

EGCG Number of Cumulus Expansion
(M) Oocytes Index

0 221 2.438 + 0.081°

5 220 2.989 + 0.068°

10 231 3.079 £ 0.110°

20 226 2.879 % 0.076™°

Notes: The experiments were repeated for four times, and each group had ~50
oocytes for each replicate. Different superscript letters in the same column indi-
cates statistically significant difference (P < 0.05).

Table 2 Effects of EGCG on the in vitro Maturation Rate of the
Oocytes

EGCG | Number of Extrusion of the Oocyte
(nM) Oocytes First Polar Body Maturation
Rate
568 262 46.27 + 3.25°
5 604 328 54.43 & | .85°
10 621 364 58.63 + 2.79%
20 579 300 51.85 + 2.64°

Notes: The experiment was repeated for 6 times, and each group had 50-150
oocytes for each replicate. Different superscript letters in the same column indi-
cates statistically significant difference (P<0.05).

Effects of EGCG on Oxidative Stress of

the Oocytes
The ROS production of the EGCG-treated oocytes was
determined by the ROS production assay. The representa-
tive images of the ROS fluorescent signals in oocytes after
treatment with different concentrations of EGCG were
shown in Figure 1A. The quantification of the immuno-
fluorescent staining showed that EGCG at 5 uM failed to
affect the ROS production in the oocytes when compared
to 0 pM control group (Figure 1B). EGCG at 10 and 20
uM significantly reduced ROS levels of the oocytes when
compared to the 0 pM EGCG control group (Figure 1B).
As EGCG at 10 uM could increase the cumulus expan-
sion index and oocyte maturation rate, and also reduce the
ROS level in the oocytes, EGCG at 10 uM was chosen for
the subsequent studies. As shown in Figure 1C, EGCG at
10 uM significantly increased the antioxidant capacity of
the oocytes when compared to the 0 uM control group
(Figure 1C). In addition, the level of glutathione was
increased while the level of MDA was decreased in the
oocytes treated with 10 uM EGCG (Figure 1D and E).
Furthermore, the qRT-PCR was performed to the deter-
mine the mRNA expression levels of the oxidative stress-
related genes including catalase (CAT), glutathione peroxidase
(GPx) and superoxide dismutase (SOD). EGCG at 10 uM
significantly up-regulated the mRNA expression levels of
CAT, GPx and SOD when compared to the 0 uM control
group (Figure 2A-C).

Effects of EGCG on the mRNA
Expression Levels of Apoptosis-Related

Genes in the Oocytes
The qRT-PCR was performed to the determine the mRNA
expression levels of apoptosis-related genes including
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Figure | Effects of EGCG on the oxidative stress in the matured porcine oocytes. (A) The representative images of the ROS fluorescent signals in oocytes after treatment
with different concentrations of EGCG. (B) The effects of EGCG on the ROS production of oocytes. The effects of EGCG on the antioxidant capacity (C), glutathione
concentration (D) and MDA concentration (E) in the matured oocytes were determined by respective in vitro assays. N = 3; significant differences were indicated as
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Figure 2 The effects of EGCG on the oxidative stress-related genes. (A) CAT, (B) GPx and (C) SOD mRNA expression levels of the matured oocytes after EGCG
treatment were determined by qRT-PCR. N = 3; significant differences were indicated as *P<0.05.

Bax, Bcl-2 and caspase-3. EGCG at 10 uM significantly
decreased the mRNA expression levels of Bax and cas-
pase-3, and increased the mRNA expression level of Bel-2
when compared to the 0 pM control group (Figure 3A-C).

Effects of EGCG Used During IVM and
IVF on the Developmental Potential of
the Oocytes

The representative images for the embryos and blastocysts
were shown in Supplemental Figure SIC-S1E. EGCG

treatment during IVF significantly increased the cleavage
rate and blastocyst rate when compared to the control
group (Table 3). EGCG treatment during IVM signifi-
cantly increased the blastocyst rate, but not the cleavage
rate when compared to the control group (Table 3).
Moreover, EGCG treatment during both IVM and IVC
significantly increased the cleavage rate and blastocyst
rate when compared to the other three groups (Table 3).
These results indicated that EGCG during IVM and IVF
could promote the developmental potential of oocytes.
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Figure 3 The effects of EGCG on the apoptosis-related genes. (A) Bax, (B) Bcl-2 and (C) caspase-3 mRNA expression levels of the matured oocytes after EGCG treatment
were determined by qRT-PCR. N = 3; significant differences were indicated as *P<0.05.

Effects of EGCG Used During IVM and
IVC on the Developmental Potential of

the Oocytes

EGCG treatment during IVC significantly reduced the
cleaved rate and blastocyst rate of the oocytes when com-
pared to the group without EGCG treatment (Table 4). On
the other hand, EGCG treatment during [IVM significantly
increased the cleavage rate and blastocyst rate of the
oocytes when compared to the group without EGCG treat-
ment (Table 4). EGCG treatment during IVM and IVC
significantly decreased the cleavage rate and blastocyst
rate of the oocytes when compared to the group without
EGCG treatment and group with EGCG treatment during
IVM (Table 4). Collectively, these results indicated that
EGCG treatment during IVM increased the oocyte devel-
opmental potential while EGCG treatment during IVC
attenuated the oocyte developmental potential.

Discussion

The IVM technique for the COC has been developed and
applied to produce offspring in mammals including pigs,
however, the rate of blastocytes formation following IVF
is still low using IVM oocytes compared with that of
in vivo-matured oocytes such as pigs."”> In pigs, the
COCs are usually collected from medium size antral folli-
cles (>3 mm diameter) where the oocyte has the ability to
induce oocyte maturation, whereas follicular somatic cells
do not acquire the ability to respond to ovulation stimuli.
In addition, in vitro environments usually increase cell
production of ROS, which has been implicated as a main
cause of cell damage.'® Therefore, optimizing the culture
conditions to mimic the in vivo environments is essential
for the normal growth and maturation of oocytes. In the
present study, different concentrations of EGCG were
added to the culture medium of IVM, IVF and IVC to

Table 3 Effects of EGCG Used During IVM and IVF on the Developmental Potential of the Oocytes

EGCG (uM) EGCG (uM) Number of Mature Number of Cleavage Number of Blastocyst
During IVM During IVF Oocytes Cleaved Oocytes Rate (%) Blastocysts Rate (%)
0 0 214 90 4234 = 1.76° 48 22.01 * 2.66°
0 10 241 108 56.58 + 4.19 61 3091 + 1.24°
10 0 122 55 45.37 + 3.40° 33 26.81 +228°
10 10 144 86 59.76 + 3.96” 51 3529 + 1.72°

Note: Different superscript letters in the same column indicates statistically significant difference (P < 0.05).

Table 4 Effects of EGCG Used During IVM and IVC on the Developmental Potential of the Oocytes
EGCG (uM) EGCG (M) Number of Mature Number of Cleavage Number of Blastocyst
During IVM During IVC Oocytes Cleaved Oocytes Rate (%) Blastocysts Rate (%)
0 0 199 84 4098 + 2.71° 52 25.37 £ 3.58°
0 10 223 72 3146 £ 5.72° 44 19.63 + 2.23¢
10 0 165 82 48.28 + 2.13* 52 30.23 + 3.05%
10 10 172 52 28.02 * 4.60° 33 17.96 + 2.46°

Note: Different superscript letters in the same column indicates statistically significant difference (P < 0.05).
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observe the maturation quality of oocytes. EGCG at 10
UM significantly improve the IVM of porcine oocytes. In
this study, the supplementation of EGCG during IVF and
IVC produces two different effects. Supplementation of 10
uM EGCG during IVF can promote the cleavage rate of
oocytes, which was consistent with findings from Spinaci
et al, showing that supplementation of 10 pM EGCG
during IVF but not IVM significantly increased the fertili-
zation rate.'” The effect of the addition of EGCG during
IVF could be due to its action on the sperm not on the
oocyte.

In the process of in vitro culture, oocytes and embryos
are inevitably exposed to light and higher oxygen concen-
tration than in vivo, which may lead to enhanced produc-
tion of ROS (superoxide anion, hydrogen peroxide and
highly reactive hydroxyl). A large number of studies
have shown that the supplementation of antioxidants to
the IVM medium can improve the developmental ability of
the embryo. EGCG acts as antioxidant has been found to
moderate the deleterious effects of maternal hyperthermia
on follicle-enclosed oocytes in mice.” Barberino et al
demonstrated that EGCG attenuated apoptosis of preantral
follicles through the phosphatidylinositol-3-kinase/protein
kinase B signaling pathway after in vitro culture of sheep
ovarian tissue.'® Huang et al suggested that 50 yM EGCG
can improve the bovine oocyte maturation, and the protec-
tive role of EGCG may be correlated with its antioxidative
property.® In combination with previous studies, our
results indicated that the effects of EGCG on the IVM of
porcine oocytes may be related to the antioxidant and anti-
apoptosis effect, which was further explored in the present
study.

Excessive accumulation of ROS can lead to oxidative
stress, and our results showed that EGCG can increase the
total antioxidant capacity and reduce the level of ROS and
MDA in the porcine oocytes. This may be due to that EGCG
can directly eliminate ROS and/or EGCG can act synergis-
tically with the antioxidant system.’ Non-enzymatic systems
rely on molecules to directly quench ROS, while enzymatic
systems are composed of specific enzymes that detoxify
ROS. In the latter, the SOD family is important in the
regulation of oxidative stress. SOD is the only known
enzyme that directly scavenges free radicals by catalyzing
the dismutation of superoxide anion to hydrogen peroxide.
SOD enzyme regulates the levels of superoxide and hydro-
gen peroxide produced by cells, and then regulates cell
signal transduction.'’ Catalase is an important antioxidant

and a marker enzyme of peroxisomes. It accounts for 40% of
the total peroxisome enzymes. It is an antioxidant oligomer-
ase with four identical subunits arranged in tetrahedrons, and
is an important enzyme that protects cells from ROS oxida-
tive damage.?® Glutathione is a tripeptide composed of glu-
tamic acid, cysteine and glycine containing y-amide bonds
and sulfhydryl groups. It can maintain the normal immune
system function and has an antioxidant effect. Glutathione
peroxidase (GPXs) combines GSH oxidation with H,O,
detoxification.”’ Studies demonstrated that heat stress
could produce oxidative stress in bubaline oocytes, which
triggers the elimination of ROS by the antioxidant enzyme
defense system.”? Our studies consistently showed that
EGCG reduced the ROS level and MDA content of the
oocytes, while increased the intracellular GSH content and
total antioxidant capacity.

The apoptosis process can affect the quality and sur-
vival rate of the oocytes and thus to influence the
embryonic development.”> Bcl-2 family proteins play
a key role in regulating cell death through the balanced
interaction between pro-apoptotic and anti-apoptotic pro-
tein members.>* The pro-apoptotic protein Bax is the
core of mammalian mitochondrial-dependent apoptosis.
Caspase-3 also plays an irreplaceable role in cell apop-
tosis. Caspase-3 is the most important terminal splicing
enzyme in the process of cell apoptosis, and activated
caspase-3 is the key executor of cell apoptosis. Our
results showing that EGCG up-regulated the Bcl-2
mRNA expression level, but decreased Bax and cas-
pase-3 mRNA expression levels. Collectively, these
results implied that the antioxidant and anti-apoptotic
effects of EGCG in porcine oocytes are largely related
to the regulation of SOD1, CAT and GPX as well as the
apoptosis-related genes.

In summary, our results suggest that EGCG promotes
the in vitro maturation and embryo development following
IVF of porcine oocytes. The protective effects of EGCG
on the oocytes may be associated with its antioxidant and
anti-apoptosis properties.
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Abstract

The specific expression profile and function of circular RNAs (circRNAs) in mammalian ovarian follicles, especially during the
atresia process, are unclear. In this study, we verified and explored the expression and function of circc:ANKHD1 in granulosa
cells. Our results showed that abundance of circ-:ANKHD1 was significantly lower in the granulosa cells than that of ANKHDI.
The expression of ANKHD1 was highest in the granulosa cells from follicles with a diameter of 5-6 mm and lowest in that with a
diameter of 3—4 mm. Furthermore, the expression level of circ-ANKHD1 in the ovarian tissue of 1-day-old piglets was signif-
icantly higher than that of 17-month-old multiparous sows. The luciferase reporter assay showed the potential interaction
between circ-ANKHD1 and miR-27a-3p/miR-142-5p. Furthermore, circc:ANKHD1 overexpression up-regulated SFRP1 expres-
sion, while miR-27a-3p overexpression suppressed SFRP1 expression in granulosa cells. Circ-ANKHD1 overexpression signif-
icantly decreased the cell apoptotic rates of the granulosa cells and repressed the cell population at GO/G1 and S phases but
increased cell population at G2/M phase. Finally, circ-cANKHDI1 overexpression increased the mRNA expression levels of Bcl-2
and cyclin D1 in the granulosa cells, while there are no effects on the mRNA expression levels of caspase-3, pS3, Bax, and
proliferating cell nuclear antigen. In conclusion, our study for the first time identified a novel circRNA, circ-:ANKHDI1 that may
be associated with the biological functions of granulosa cells. Circ-cANKHD1 may promote the granulosa cell proliferation, but
attenuate apoptosis, and these effects may be associated with modulation of miR-27a-3p/SFRP1.

Keywords Atresia - Granulosa cells - circ-ANKHDI - miR-27a-3p - SFRP1 - Cell apoptosis
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Introduction

With the rapid development of pig industry in China,
improving the reproductive performance of sows has been
the focus of animal husbandry workers (Xie et al. 2020;
Yang et al. 2020). The reproductive performance of sows
is affected by many factors including low rate of estrus,
non-estrus, and delayed ovulation (Moreira et al. 2020;
Roszkos et al. 2020). The estrus of sows depends on the
development of follicles. In mammals, follicular atresia
occurs at any stage and is a widespread physiological
phenomenon (Cox 1997). Understanding underlying
mechanisms of follicular atresia can improve the quantity
and quality of ovulation, which is of great significance to
the field of reproduction. Atresia and degeneration of fol-
licles are triggered by granulosa cells, which play an im-
portant role in the development and atresia of follicles
(Guthrie et al. 1995; Inoue et al. 2011). However, granu-
losa cell apoptosis is a complicated process, and its un-
derlying mechanism is still unclear.

Unlike traditional RNA, circular RNA (circRNA) is a type
of covalently closed circular structure RNA (noncoding RNA,
ncRNA) without 5" and 3’ structures and is processed by al-
ternative splicing of precursor RNA (pre-mRNA) (Prats et al.
2020). CircRNA is widely and conservatively expressed in
various species. CircRNA is relatively stable, as it is resistant
to the degradation by RNA exonuclease (Prats et al. 2020).
CircRNA has an important regulatory effect on genes via dis-
tinct mechanisms. Recent studies showed that circRNA plays
a very important role in neurodevelopment, immunity, cancer,
and economic traits of livestock and poultry (Huang et al.
2020, Li and Chen 2020, Rajappa et al. 2020). It has been
reported that circRNAs mainly function as the miRNA
sponges, thereby reducing the inhibitory effect of miRNAs
on the targeted genes. For example, the overexpression of
circ-EGFR promoted the production of estradiol and the
growth of granulosa cells, and the down-regulation of circ-
EGFR promoted the production of progesterone and inhibited
the E2 secretion of granulosa cells. Circ-EGFR can regulate
the Fyn gene expression by competitively binding with miR-
125a-3p (Jia et al. 2018). Circ-PRMTS5 has been identified as
an oncogene in bladder cancer. Studies also showed that circ-
PRMTS5 was an oncogenic circRNA in non-small cell lung
cancer (NSCLC) and regulated the progression of NSCLC
by targeting the miR-377/382/498-EZH2 signaling axis
(Wang et al. 2019). CircINHA could act as a sponge for
miR-10a-5p to inhibit granulosa cell apoptosis in pig ovarian
follicles (Guo et al. 2019). Wu et al. showed that circular RNA
aplacirc_13267 up-regulated duck granulosa cell apoptosis by
the apla-miR-1-13/THBSI1 signaling pathway (Wu et al.
2020). However, the studies regarding the role of circRNA
in reproductive sciences are still limited, which may need
further exploration.

@ Springer

In our previous studies, the differentially expressed
circRNAs were screened from healthy follicles and atretic
follicles in the early stage (Meng et al. 2020). Among these
circRNAs, we identified a novel circc:ANKHD1 in the granu-
losa cells. In this study, we validated the expression of circ-
ANKHDI in the granulosa cells and further explored the reg-
ulatory mechanisms of this novel circRNA in the proliferation
and apoptosis of granulosa cells.

Materials and methods
Ethics statement

This work was approved by the Ethics Committee on Animal
Experimentation of South China Agricultural University.

Cell culture

The isolation of granulosa cells from the pig ovaries was per-
formed according to our previous methods (Meng et al. 2020).
The 293FT cells were purchased from Thermo Fisher
Scientific (Waltham, USA). For the cell culture, isolated gran-
ulosa cells or 293FT cells were seeded into 6-well or 12-well
plates and cultured in Dulbecco’s Modified Eagle Medium/
Nutrient Mixture F-12 supplied with 10% FBS and 1%
penicillin-streptomycin (Gibco, Thermo Fisher Scientific,
Waltham, USA). All the cells were kept in a humidified incu-
bator with 95% CO, at 37 °C.

Immunofluorescence staining

The cells were seeded on the glass slides and were then fixed
with 4% paraformaldehyde for 30 min followed by washing
with phosphate buffered saline (PBS) for 3 times. The cells
were permeabilized with 0.2% Triton X-100 in PBS for
15 min and then blocked using 1% bovine serum albumin
(BSA) in TBS (10 mM Tris-HCI, 150 mM NaCl, and 0.1%
Tween 20; pH 7.5) for 1 h at room temperature. The cells were
incubated with anti-follicle-stimulating hormone receptor
(FSHR) polyclonal antibody (1:100; #Absin-abs120271,
Absin Biotechnology Co. Ltd., Shanghai, China) in 1%
BSA in TBS overnight at 4°C. The slides with the cells were
washed twice for 5 min each time, followed by incubation
with goat anti-rabbit IgG Alexa Fluor 568-Conjugated
(Invitrogen, Carlsbad, USA) for 60 min. Phosphate buffered
saline was used as the negative control for primary control to
exclude non-specific staining. The nucleus was stained with
Hoechst33342 (Hoechst AG, Frankfurt, USA). The slides
were imaged using a Nikon E800 fluorescent microscope
(Nikon, Tokyo, Japan).
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MiRNAs, plasmids, and transfection

The miRNAs including the miRNA mimics (see Table 1 for
the miRNA sequences) and the negative control miRNAs
(mimics NC) were purchased from RiboBio company
(Guangzhou, China). The circ-ANKHD1-overexpressing vec-
tor was generated using the pcDNA3.1 plasmid (GenePharma,
Shanghai, China), and empty pcDNA3.1 vector was used as
the negative control. For the cell transfections, the granulosa
cells were seeded to the 6-well plates. When the confluence
reached ~80% confluence, the cells were transfected with dif-
ferent miRNAs or plasmids by using Lipofectamine 3000 re-
agent (Invitrogen, Carlsbad, USA) according to the manufac-
turer’s protocol.

RNA extraction

Total RNA samples from granulosa cells and tissues were
extracted separately using TRIzol reagent (Invitrogen,
Carlsbad, USA) according to the manufacturer’s protocol.
RNA integrity and quantity were assessed using standard de-
natured agarose gel electrophoresis and a NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific, Waltham,
USA), respectively.

RNase R treatment

The RNase R digestion was performed following previous
protocols. Total RNA was incubated for 20 min at 37°C with
RNase R treatment at 3 U/mg (Sigma-Aldrich, St. Louis,
USA) to remove linear RNA. Reverse transcription was then
performed on RNase R-treated RNA following the normal
procedure.

Quantitative real-time PCR (qRT-PCR)

Reverse transcription for circRNAs and mRNA was imple-
mented using Super-Script II (Takara, Dalian China) follow-
ing the manufacturer’s instructions. PCR was performed with
a 1:5 dilution of cDNAs, and PCR products were used for
electrophoresis in a 2% agarose gel. Direct PCR product

Table 1 Sequences of miRNA mimics

MiRNAs Sequences (5'-3")

miR-34a-5p UGGCAGUGUCUUAGCUGGUUGU
miR-424-5p CAGCAGCAAUUCAUGUUUUGAA
miR-486-5p UCCUGUACUGAGCUGCCCCGAG
miR-27a-3p UUCACAGUGGCUAAGUUCCGC
miR-142-5p CAUAAAGUAGAAAGCACUACU
miR-143-5p GGUGCAGUGCUGCAUCUCUGGU

52471, 307

Sanger sequencing was performed by LGC Genomics
(Berlin, Germany) Ready2 Run services. Quantitative RT-
PCR was performed with a ChamQTM Universal SYBR®
qPCR Master Mix (Vazyme, Nanjing, China) and a
qTOWERS touch detection system (Analytik Jena AG, Jena,
Germany). The primer sequences for PCR were summarized
in Table 2. The relative gene expression level was calculated
using the comparative Ct method, and {3-actin was used as in
the internal control.

Western blot assay

The proteins (20 pg) of cells were separated by SDS-PAGE
using 12% (v/v) gels and transferred onto PVDF membranes
(Millipore, Billerica, MA, USA). After blocking with 5% non-
fat milk for 1 h at room temperature, the membranes were
incubated with primary antibodies against SFRP1 (1:1000;
D260294, Sangon Biotech, Shanghai, China) or (3-actin
(1:1000; AF0003, Beyotime, China) overnight at 4 °C. The
membranes were washed 3 times for 10 min each with TBST
(0.1% Tween 20, 20 mM Tris/HCI, 150 mM NaCl; pH 8.0)
and incubated for 1 h with horseradish peroxidase (HRP)-con-
jugated goat anti-rabbit (1:5000; D110058; Sangon Biotech)
or goat-anti-mouse (1:1000; Beyotime) secondary antibodies
at room temperature for 1 h. The membranes were incubated
for 5 min with the enhanced chemiluminescence (ECL) detec-
tion reagent in the dark. 3-actin was used as the internal con-
trol, and the relative protein expression levels of SFRP1 were
analyzed by using ImagelJ software (https://imagej.nih.gov/ij/
index.html).

Prediction for circRNA/miRNA/mRNA pathways and
dual-luciferase reporter assay

The relationship between circRNAs and miRNAs was pre-
dicted by using RegRNA2.0 (http://regrna2.mbc.nctu.edu.
tw/), and predicted miRNAs were summarized in Table 3.
The relationship between miR-27a-3p and its targeted genes
were predicted by using TargetScan tool.

The full sequence of the circ-:ANKHD1 was amplified
from the genomic DNA and was subcloned into
psiCHECK?2 vector (Promega, Madison, USA). For the
luciferase reporter assay, 293FT cells were seeded onto
the 12-well plates. After culturing for 12 h, cells were co-
transfected with luciferase reporter vector and the different
miRNAs by using Lipofectamine 3000 reagent (Invitrogen,
Carlsbad, USA) according to the manufacturer’s protocol.
At 48 h after co-transfection, the luciferase activities in the
293FT cells were determined by Dual-luciferase reporter
assay kit (Promega, Madison, USA) according to the man-
ufacturer’s protocol.

@ Springer
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Table 2 Primer sequences for

PCR Primers Forward (5'-3") Reverse (5'-3")
AhR AGAGAGTGGCATGATAGTGTTC GCCTAGGTGTTTCATAATGTTG
Ero AGGGAGAGGAGTTTGTGTG TCTCCAGCAGCAGGTCATCG
Erf GCTTCGTGGAGCTCAGCCTG AGGATCATGGCCTTGACACAGA
circ-ANKHD1 GGAGGCTCGCATGGTTGAAT GCTTCTAGTCGTGCCTGTGT
ANKHDI CGAGGTGTCCGAGGTTGAAT ACCTCAGGATCTGCAAAGGC
caspase-3 GGATTGAGACGGACAGTGGG CCGTCCTTTGAATTTCGCCA
Bcl-2 GGATAACGGAGGCTGGGATG TTATGGCCCAGATAGGCACC
Bax GCCCTTTTGCTTCAGGGTTTC CAATGCGCTTGAGACACTCG
PCNA GCAGAGCATGGACTCGTCTC TTGGACATGCTGGTGAGGTT
cyclin D1 CTGGTGCCAACTGGTGTTTG CGTACTGGCCTTACGAGCAT
cyclin D2 AAGAGACCATTCCGCTGACG TTCTCATTGGGCTGAGGCAG
p53 AAGGGAATTTACGGGCCGAG CACGCACCTCAAAGCTGTTC
{3-actin CCGTGAGAAGATGACCCAGATCATG CGTGATCTCCTTCTGCATCCTGTC

Flow cytometry to detect cell apoptosis and cell cycle

The apoptosis of granulosa cells was assessed by flow cytom-
etry using an Annexin V-fluorescein isothiocyanate (FITC)/

Table 3  Predicted miRNAs targeted by circ-:ANKHD1

Motif name Position  Score  Sequence

ssc-miR-135 395418 133 acacggaggaaggagaaagcctge
ssc-miR-27a 535-560 149 gtggaggctatttagatattgtgaa
ssc-miR-107 336-357 144 agatgggoatgtgaatgctgtt
ssc-miR-34a 894-919 166 caaaacagatgagatgcacactgcect
ssc-miR-221 727-750 130 gcagccagtgcaggtcatgtggaa
ssc-miR-503 236-259 137 gtgcactggatgaagetgctgcetg
ssc-miR-30e-5p 528-551 130 agcatccagtggaggctatttaga
ssc-miR-499-3p 321-348 134 ggcagaggcttgttcagatggggatgtg
ssc-miR-143-5p 241-263 143 ctggatgaagctgctgetgeact
ssc-miR-143-5p 901-920 137 gatgagatgcacactgectt
ssc-miR-486 721-741 151 atggaagcagccagtgcaggt
ssc-miR-27b 637-659 149 ggaggatttgttgacattgtgaa
ssc-miR-664-3p 431452 137 gttcggcetgggtattatgaatt
ssc-miR-34c 894919 159 caaaacagatgagatgcacactgcct
ssc-miR-142-5p 852-874 149 tatggttcgctttctacttgatg
ssc-miR-424 237-259 156 tgcactggatgaagetgcetgetg
ssc-miR-196b-5p  597-625 136 gtctgcaacaggaaatactgcactaactt
ssc-miR-324 324-348 134 agaggcttgttcagatggggatgtg
ssc-miR-769-5p 191-211 133 ttgcagatcctgaggtactce
ssc-miR-194-3p 517-539 134 cccctaatggeagceatccagtgg
ssc-miR-1271 763-784 140 cttctagatcacggggcaggea
ssc-miR-187 106-129 144 gtggatccagagacacaggeacga
ssc-miR-187 250-270 138 getgetgetgeactgacacgg
ssc-miR-218b 872-896 148 atgctggtgcagatcaagagcacaa
ssc-miR-2476 759-779 153 agttcttctagatcacgggge

@ Springer

propidium iodide (PI) kit (Keygen, Nanjing, China). Briefly,
cells with different treatments were harvested and suspended
in Annexin V binding buffer. Then, cells were double-stained
using FITC and PI for 15 min in the dark at room temperature,
and cell apoptosis was assessed by a BD FACS Calibur
(Beckman Coulter, USA).

For the cell cycle analysis, cells with different treatments
were washed twice with cold PBS followed by incubating
with 200 pg/mL RNase A for 30 min at 37°C. After that, cells
were stained with 100 pg/mL PI for 30 min at room temper-
ature. Cell cycle was assessed by a BD FACS Calibur
(Beckman Coulter, USA).

Statistical analysis

The statistical analysis was performed using the GraphPad
Prism version 7.00 (Graphpad, Software, San Diego, USA).
Data were expressed as mean + standard deviation. The un-
paired Student’s t-test or one-way ANOVA followed by
Bonferroni’s multiple comparison tests was used to assess
the significant differences between/among experimental
groups. P-values < 0.05 were considered statistically
significant.

Results
Characterization of the granulosa cells

The freshly isolated granulosa cells were in round or oval
shape (Fig. 1A), and after culturing for 4 days, the morpholo-
gy of the granulosa cells was mainly in spindle or irregular
polygon shape (Fig. 1B). The reverse transcriptase PCR anal-
ysis showed that the expression of estrogen receptor alpha
(ER«), aryl hydrocarbon receptor (AhR), and estrogen
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C Marker B-actin  ERa AhR ERP

603 b 610 bp

305 bp 262 bp

Fig. 1 Characterization of the granulosa cells. A Freshly isolated
granulosa cells. Scale bar = 100 wm; magnification: x100. B Isolated
granulosa cells after culturing for 4 days. Scale bar = 100 um;
magnification: x200. C Gel electrophoresis of (3-actin, ERx, AhR, and

receptor beta (ER[3) was detected in the granulosa cells (Fig.
1C). Further immunofluorescent staining detected the expres-
sion of FSHR in the granulosa cells (Fig. 1D).

Validation and characterization of circcANKHD1 in the
granulosa cells

Firstly, we designed the divergent primers and convergent
primers for circ-:ANKHDI1 and linear transcript. The cDNA
and genomic DNA from granulosa cells were amplified and
analyzed using agarose gel electrophoresis (Fig. 2A). Circ-
ANKHDI1 was further amplified by PCR, and the agarose
gel electrophoresis identified a 936 bp product (Fig. 2B).
Sanger sequencing of the PCR product indicated that the 2,
7 exon of ANKHD1 gene was back-spliced (G-G) to form the
closed loop construction (Fig. 2C).

The homology of circ-:ANKHD1 among different species
was further analyzed. The percent identity and divergence
matrix and phylogenetic tree among different species were
constructed using the MegAlign software (Fig. 2D). The se-
quence of circc:ANKHDI1 showed high sequence homologies
with other species (100%, 95.3%, 95.3%, 91.3%, and 84.2%
with Sus scrofa, Homo Sapiens, Bos, Mus, and Gallus, respec-
tively; Fig. 2D).

Expression of circ-ANKHD1 in the granulosa cells and
ovarian tissues

Firstly, qRT-PCR was performed to detect the expression of
circcANKHD1 and ANKHDI1 in the granulosa cells, and the
results showed that abundance of circ-:ANKHD1 was

52491, £ 307

ERf genes as determined by RT-PCR in the isolated granulosa cells. D
Hochest33342 staining of the granulosa cells. Scale bar = 100 um; mag-
nification: X200. E The immunofluorescent staining of FSHR in the
granulosa cells. Scale bar = 100 um; magnification: X200

significantly lower in the granulosa cells than that of
ANKHDI1 (Fig. 3A). The expression of circ-:ANKHDI in
the granulosa cells with different size was further detected
by qRT-PCR. As shown in Fig. 3B, the expression of
ANKHDI1 was highest in the granulosa cells with a diameter
of 5-6 mm and lowest in the ones with a diameter of 3—4 mm.
Furthermore, the expression level of circ-:ANKHDI1 in the
ovarian tissue of 1-day-old piglets was significantly higher
than that of 17-month-old multiparous sows (Fig. 3C).

Validation of the interaction between circ-ANKHD1
and its targeting miRNAs

The potential miRNAs targeted by circ-:ANKHDI1 was pre-
dicted by using RegRNA2.0 (http://regrna2.mbc.nctu.edu.
tw/). The parameters are set as follows: species for RNA-
RNA interaction region, Sus scrofa; score > 130 and free
energy < —20 J. A total of 25 miRNAs were predicted to be
targeted by circ-ANKHD1 (Table 3). Among these miRNAs,
6 miRNAs with highest scores and reported to be associated
with cell proliferation and apoptosis were chosen for further
validation studies. The luciferase report assay showed only
miR-27a-3p mimics, and miR-142-5p mimics transfection
significantly reduced the luciferase activities of psi-
CHECK2-circ-ANKHDI1 in 293FT cells when compared to
their respective mimics NCs (Fig. 4), while the other miRNA
mimics had no effects on the luciferase activities of psi-
CHECK2-circ-ANKHDI1 (Fig. 4). These results implied that
circ-cANKHDI1 could potentially interact with miR-27a-3p
and miR-142-5p.

@ Springer


http://regrna2.mbc.nctu.edu.tw/
http://regrna2.mbc.nctu.edu.tw/

57464

Environ Sci Pollut Res (2021) 28:57459-57469

150 bp

circ-ANKHD1

M circ-ANKHD1

C

Divergence
N & W N -

2000 bp
1000 bp

Percent identity
2 3 4 5 6
80.3 82 82.2 81.7 84.2 1 Gallus
23.1 89.8 90.9 894 913 2 Mus
20.7 11.1 93.9 95.3 3 Bos
205 9.8 64 4  Homo sapiens
21.2 11.6 5.7 5  Sus scrofa

18.0 9.3 49 6 circ:ANKHDI

NM_001203267.1 Sus scrofe
[—r:xm_ozasgsmm Bo
NM_017747.3

Homo sapiens
NM_175375.3 Mus

11.0

NM_001204097.1 Ganu

10

Fig. 2 Validation and characterization of circ-:ANKHDI in the granulosa
cells. A The agarose gel electrophoresis was performed using the diver-
gent primers and convergent primers to verify the existence of circ-
ANKHDI in granulosa cells. M = marker. B Representative examples
of PCR products purified and sequenced to confirm circRNA junction

Effects of circcANKHD1 and miR-27a-3p overexpres-
sion on the expression of SFPR1 in the granulosa cells

Furthermore, we constructed the circ-:ANKHD1 overex-
pressing vector to transient overexpress circ-ANKHDI
in granulosa cells, and pcDNA3.1-circ-ANKHDI1 trans-
fection significantly up-regulated the circ-cANKHD1 ex-
pression in the granulosa cells when compared to that
transfected with pcDNA3.1 (Fig. 5). As the potential
interaction between circ-:ANKHD1 and miR-27a-3p has
been detected by luciferase reporter assay, we further

T T T T 1

8 6 4 2 0
Nucleotide Substitutions (x100)

sites by Sanger sequencing. C The amplified PCR product of circ-
ANKHDI1 was shown by the agarose gel electrophoresis. M, marker. D
Percent identity and divergence matrix and phylogenetic tree and of the
circ-ANKHDI1 sequence

predicted the binding sites between miR-27a-3p and its
targets. As shown in Fig. 6A, the bioinformatics
predicting results showed that both secreted frizzled-
related protein 1 (SFRP1) 3’ untranslated region and
circ-ANKHD1 harbored the binding sites for miR-27a-
3p. Further qRT-PCR and western blot results showed
that circ-:ANKHDI1 overexpression significantly up-
regulated SFRP1 mRNA and protein expression in the
granulosa cells (Fig. 6B and C), while miR-27a-3p over-
expression down-regulated SFRP1 mRNA and protein
expression in the granulosa cells (Fig. 6D and E).

Az B C
2 = 2.0 *% -« 157
S o_ vy 1 o_
2 I o — o *kk
I X > 454 X >
g E L *% E 2 1.0
= T T c
g 88,00 | ge
L sgt 53
2 ¢Q 2 2 0.5
4 £ 2 0.5 =
g e 3 °
E € g0l € g0l
& circ-ANKHD1 ANKHD1 S M L Day 1 17 months

Fig.3 Expression of circ:ANKHDI in the granulosa cells. A The expres-
sion of ANKHDI and circ-:ANKHDI in the granulosa cells was deter-
mined by qRT-PCR. B The expression of circ-ANKHDI in granulosa
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cells with different sizes was determined by qRT-PCR. C The expression
of circ-ANKHDI in the ovarian tissues from 1-day piglets and 17-month-
old pigs. N = 3. **P < 0.01 and ***P < 0.001
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Fig. 4 Validation of the 0.20-
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ANKHDI and its targeting ‘E
miRNAs. Luciferase activities of % 0.15-
the pGL3-circ-ANKHD1 were :
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>
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@
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Effects of circc:ANKHD1 on the cell apoptosis, cell cy-
cle, and the mRNA expression levels of apoptosis-
related mediators

Furthermore, granulosa cell apoptosis and cycle were deter-
mined by flow cytometry. As shown in Fig. 7A, circ-
ANKHDI1 overexpression significantly reduced the cell apo-
ptotic rates of granulosa cells when compared to that
transfected with pcDNA3.1. Consistently, circ-ANKHDI1
overexpression repressed the cell population at GO/G1 and S
phases but increased the cell population at G2/M phase (Fig.
7B). In order to further determine the effects of criccANKHD1
were on the granulosa cell proliferation and apoptosis, we
determined the mRNA expression levels of key mediators
associated with cell proliferation and apoptosis. The qRT-
PCR results further showed that circ-cANKHD1 overexpres-
sion increased the mRNA expression levels of Bcl-2 and cy-
clin D1 in the granulosa cells, while there were no effects on
the mRNA expression levels of caspase-3, p53, Bax, and pro-
liferating cell nuclear antigen (Fig. 7C).

A

Fig. 5 The expression of circ-:ANKHDI in granulosa cells after being
transfected with pcDNA3.1 or pcDNA3.1-circ-ANKHDI. A and B The
cell morphology of the granulosa cells transfected with pcDNA3.1 (A) or
pcDNA3.1-ANKHDI1 (B). Scale bar = 100 um; magnification: x200. C
and D The fluorescent imaging of the granulosa cells transfected with
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Discussion

The reproductive activities of sows are associated with the
changes of hormones. Reproductive hormones are regu-
lated by hypothalamus-pituitary-ovarian axis in the body.
Although hypothalamus plays a dominant role, the main
factors affecting reproduction are the reproductive hor-
mones secreted by the ovary and the pituitary gland.
The follicles in the ovary secrete estrogen that can regu-
late the estrus of the sows and play an important role in
animal reproduction. In each estrus cycle, follicles mature
through three stages: recruitment, selection, and domina-
tion. Animals have many primordial follicles before birth,
but most of them are atresia and degenerated (Inoue et al.
2011). The disappearance of follicles before birth is main-
ly caused by the apoptosis of oocytes, and the atresia of
follicles after birth is mainly due to the apoptosis of gran-
ulosa cells (Guthrie et al. 1995). In our previous studies,
the differentially expressed circRNAs were screened from
healthy follicles and atretic follicles in the early stage

E *k%*

Relative circ-ANKHD1
expression level

pcDNA3.1

circ-ANKHD1

pcDNA3.1 (C) or pcDNA3.1-ANKHDI1 (D). Scale bar = 100 pm; mag-
nification: X200. E The expression of circ-:ANKHDI in granulosa cells
transfected with pcDNA3.1 or pcDNA3.1-ANKHD1 was determined by
qRT-PCR. N = 3. **P < 0.01
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Fig. 6 SFRPI was a target of miR-27a-3p. A The predicted binding sites
between miR-27a-3p and SFRP1 3'-UTR/circ-ANKHD1. B and C The
mRNA and protein expression of SFRP1 in granulosa cells after being
transfected with pcDNA3.1 or circ-:ANKHDI was determined by qRT-

(Meng et al. 2020). In this study, we verified and explored
the expression and function of circ-ANKHDI1 in granulo-
sa cells.

Studies have shown that circRNAs play an important role
in the occurrence of diseases (Prats et al. 2020). CircRNA 1is
an important regulatory factor in the gene expression network
and participates in a variety of biological processes (Prats et al.
2020), while little is known about the role of circRNAs in the
process of follicular development and atresia. Studies have
shown that circ-INHA was down-regulated in the process of
follicular atresia and exerted anti-apoptotic effects on granu-
losa cells through targeting miR-10a-5p (Guo et al. 2019).
Through high-throughput sequencing, differentially expressed
circRNAs have been detected between healthy porcine follic-
ular granulosa cells and atretic follicular granulosa cells
(Meng et al. 2020). Among them, the expression level of
circ-:ANKHD1 in atretic follicles was ten times lower than that
in healthy follicles. According to the results of sequencing, we
first designed two sets of primers (convergent primers and

5 252
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PCR and western blot assay, respectively. D and E The mRNA and
protein expression of SFRP1 in granulosa cells after being transfected
with mimics NC or miR-27a-3p mimics was determined by qRT-PCR
and western blot assay, respectively. N = 3. **P < 0.01 and ***P < 0.001

divergent primers). RT-PCR forward primers can amplify
the products in both gDNA and cDNA templates, and reverse
primers can amplify the products in cDNA but not in gDNA
and are resistant to RNase R, which verified that the gene
ANKHDI can be spliced into a circle. It has been verified that
circ-:ANKHD1 is widely expressed in pig tissues. The expres-
sion abundance of circ-:ANKHD1 in ovarian granulosa cells is
lower than that of linear ANKHD1. The expression level of
circ-cANKHDI in 1-day-old ovaries is extremely significantly
higher than that of adult sows. The homology analysis of circ-
ANKHDI1 showed that ANKHD1 genes of several different
species were highly conserved. However, the ring formation
of circ-:ANKHD1 in different species needs further
verification.

It has been reported that circRNAs mainly function as the
miRNA sponges, thereby reducing the inhibitory effect of
miRNAs on the targeted genes (Zucko and Boris-Lawrie
2020). By using the RegRNA2.0 (http://www.targetscan.
org) tool, we found that circ-:ANKHD1 could potentially
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Fig. 7 Effects of circtANKHD1 overexpression on the cell apoptosis and
cell cycle of granulosa cells. A The cell apoptotic rates and B cell cycle of
the granulosa cells after being transfected with pcDNA3.1 or circ-
ANKHDI1 were determined by flow cytometry. The mRNA expression

interact with 25 miRNAs, and 6 miRNAs with highest scores
and reported to be associated with cell proliferation and apo-
ptosis were chosen for further validation studies. Among the 6
miRNAs, miR-27a-3p has been found to play an important
role in the development of ovarian follicles (Zhang et al.
2018). In addition, miR-142-3p could inhibit the expression
of protein tyrosine phosphatase non-receptor type 23, which
subsequently affected the formation of testicular germ cell
tumor (Tanaka et al. 2013). In the present study, miR-27a-3p
mimics and miR-142-5p mimics transfection repressed the
luciferase activity of psiCHECK2-circANKHDI, suggesting
the potential interaction between circ-ANKHD1 and miR-
27a-3p/miR-142-5p. Studies have shown that miR-27a-3p
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levels of caspase-3, p53, Bax, Bcl-2, PCNA, cyclin D1, and cyclin D2 in
the granulosa cells after being transfected with pcDNA3.1 or circ-
ANKHDI1 were determined by qRT-PCR. N = 3. *P < 0.05

exerted tumor-suppressive effects on liver cancer by targeting
dual specificity phosphatase 16 (Li et al. 2018). In the study of
colon cancer, SFRP1 was a downstream target gene of miR-
27a-3p and exerted inhibitory effects on cell proliferation (Ba
et al. 2017). The expression of SFRP1 mRNA and protein in
human breast cancer cells and tissues was significantly lower
than that of normal breast tissues and MCF10A cells.
Inhibition of SFRP1 enhanced the proliferation, migration,
and invasion of human breast cancer cells (Kong et al. 2017)
, and inhibition of miR-27a-3p increased SFRP1 mRNA and
protein expression. In addition, miR-27a could regulate the
proliferation, migration, and invasion of glioma cells via
targeting Wnt/(3-actin signaling (Kong et al. 2017). To verify
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whether circ-:ANKHD1 can regulate miR-27a-3p by acting as
a sponge and regulate its downstream targeting genes, circ-
ANKHD1 and miR-27a-3p were overexpressed in
granmulosa cells. We found that circcANKHD1 overexpres-
sion up-regulated SFRP1 expression, while miR-27a-3p over-
expression down-regulated SFRP1 expression in granulosa
cells. SFRP1 is a gene that suppresses the Wnt signaling path-
way. Studies have shown that the Wnt pathway plays a key
role in the development of follicles, ovulation, and luteiniza-
tion. Wnt4 was up-regulated and Wnt3 down-regulated in
luteinizing granular cells in vitro. (3-catenin is a core compo-
nent in the Wnt pathway and is a multifunctional protein that
plays a vital role in proliferation, growth, differentiation, and
survival (Wu et al. 2017). Survivin and bone morphogenetic
protein 4 (BMP4), as the downstream effector of 3-catenin,
are the survival factors of ovarian follicles and inhibit the
apoptosis of granulosa cells (Johnson et al. 2002). BMP4
and bone morphogenetic protein 7 were found to inhibit the
apoptosis of granulosa cells (Shimizu et al. 2012). However,
there are also reports showing that miR-27a-3p mimics re-
duced the expression levels of Wnt3a and (3-catenin in
MRC-5 cells, suggesting that miR-27a-3p may repress
Whnt3a/3-catenin signaling pathway (Lv et al. 2019). Our re-
sults showed that circ-cANKHD1 overexpression up-regulated
cyclin D1 expression in the granulosa cells, suggesting that
the circ-:ANKHDI positively regulates cyclin D1 via spong-
ing miR-27a-3p.

In the present study, we evaluated the effects of circ-
ANKHDI on the cell apoptosis and cell cycle of granulosa
cells. In terms of cell cycle, circ-cANKHDI1 overexpression
reduced cell population at the G1/GO and S phases and in-
creased cell population at the G2/M phase. This may be ex-
plained by that the overexpression of circ-ANKHD1 induced
an increase in the up-regulation of cyclin D1, a G1/S-specific
cyclin, promoting the transition of cell cycle from G1 phase to
S phase, thus promoting cell division. In addition, circ-
ANKHDI1 overexpression attenuated the cell apoptosis, which
was in agreement with our previous findings showing that
circ-:ANHKDI1 was up-regulated in the healthy follicles when
compared to that in atresia follicles.

There are limitations existing in the present study. The
present study only focused on the effects of circ-cANKHDI1
on the cell proliferation and apoptosis of granulosa cells, while
the effects of miR-27a-3p and SFRP1 on the cell proliferation
and apoptosis have not been examined, which should be con-
sidered in our future study. Though miR-27a-3p could repress
the expression of SFRP1, how miR-27a-3p regulates SFRP1
expression should be further examined. Though circ-
ANKHDI1 overexpression may promote the cell proliferation
and attenuate apoptosis of granulosa cells, further studies may
examine if circ-:cANKHDI silence could exert the opposite
effects in granulosa cells. The mechanistic investigations of
circ-:ANKHD1 on the miR-27a-3p/SFRP1 were at the

@ Springer

preliminary stages, and more detailed mechanistic studies
should be considered in the future plan. Moreover, our data
has been limited to in vitro studies, and the functional role of
circ-:ANHKDI1 should be explored in vivo studies in further
experiments.

Conclusions

In conclusion, our study for the first time identified a novel
circRNA, circ-:ANKHDI1 that may be associated with the bi-
ological functions of granulosa cells. CirccANKHD1 may
promote the granulosa cell proliferation, but attenuate apopto-
sis, and these effects may be associated with modulation of
miR-27a-3p/SFRP1. Further studies are warranted, in order to
fully decipher the mechanistic role of circ-cANKHD1 in regu-
lating granulosa cell proliferation and apoptosis.
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1 | INTRODUCTION

Perfluorooctanoic acid (PFOA) is a perfluorinated com-
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Abstract

Background: Perfluorooctanoic acid (PFOA) is widely used in the manufac-
ture of household and industrial products. It has certain toxicity and leaves
many residues in the environment. Numerous studies have shown that PFOA
exhibits endocrine disrupting properties and immunotoxicity and induces
developmental defects. However, there is very little information regarding its
toxicity on oocytes.

Methods: We cultured denuded oocytes in maturation medium supplemented
with 0, 300, or 500 PFOA during IVM and evaluated the maturation of oocytes
from the aspects of ROS(DCFH-DA), mitochondria(MitoOrange and JC-1),
DNA damage(P-H2AX), and cytoskeleton(f-tubulin).

Results: Compared with the control group, the PFOA treatment group
exhibited significantly reduced proportion of oocytes matutation. Furthermore,
the DCFH-DA test showed that PFOA significantly increased reactive oxygen
species (ROS) levels. PFOA disrupted mitochondrial distribution and
decreased mitochondrial function as assessed using MitoOrange and JC-1. In
addition, PFOA-treated oocytes exhibited a significantly higher percentage of
P-H2AX, defective p-tubulin, abnormal chromosome alignment, lower expres-
sion of the anti-apoptotic gene Bcl-2, and higher expression of the apoptotic
genes caspase3 and Bax.

Conclusion: In summary, PFOA could negatively and directly affect oocyte
maturation in vitro and cause oxidative stress, mitochondrial function disrup-
tion, DNA damage, cytoskeleton damage, and apoptosis.

KEYWORDS
cytoskeleton, mitochondria, oocytes, PFOA, ROS

and biodegradation. Because of its stability, PFOA is
widely used in consumer goods and in the manufacture
of antifouling agents—for carpets and furniture—paints

pound (PFC) that is resistant to hyd si§2151601ﬁ :H’prB@p?r ﬁd cloth—cosmetics and household
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detergent auxiliaries, polytetrafluoroethylene products,
and fire extinguishing foams (Bach et al., 2016; Giesy,
Kannan, & Jones, 2001; Koskela et al., 2016). PFCs usu-
ally contain 4-14 carbon atoms arranged in long carbon
chains. They have a long half-life and exert significant
toxicity (Pevny, Bitter, Krueger, & Thorsten, 2015). PFOA
contains eight fluorocarbon bonds and has been widely
studied due to its toxic effects. It has been shown that
PFOA can enter and exert toxicity in different tissues
of the human and other animals body through
diet, drinking water, and inhalation (Lam et al., 2014;
Lunardi et al.,, 2016; Rashid, Ramakrishnan, Fields, &
Irudayaraj, 2020).

It has been reported that PFOA can enter the follicu-
lar fluid through the blood-egg barrier, causing reproduc-
tive toxicity (Kang et al.,, 2020). Newborn rats injected
with PFOA or perfluorooctane sulfonate (PFOS) showed
reduced number of growing follicles and secondary folli-
cles, thus reducing the number of oocytes and resulting
in long-term inhibition of oocyte growth (Guizhen et al.,
2018). PFOA can inhibit ovarian hormone secretion,
damage follicular development, and lead to the loss of
ovarian function (Suyun et al., 2018). Furthermore,
PFOA can act on steroid-producing ovarian cells and
affect sex hormone-dependent functions (Chaparro-
Ortega et al., 2018).

Animal studies have shown that exposure to PFOA
generates oxidative stress and apoptosis in vitro and
in vivo; it can significantly inhibit the luteal function in
pregnant mice through oxidative stress and apoptosis
(Chen et al., 2017). Meanwhile, PFOA exposure has also
been shown to increase the expression of apoptotic pro-
teins p53 and Bax, and significantly decrease the expres-
sion of anti-apoptotic protein Bcl-2 in pregnant mice,
resulting in the apoptosis of ovarian cells (Huang et al.,
2013). In addition, exposure of in vitro cultured ovarian
tissue to PFOA has been shown to result in excessive
ROS generation in the ovaries (Lopez-Arellano
et al., 2019).

Although the effects of PFOA on the reproductive sys-
tem have been reported, and PFOA and other PFCs can
affect the gap junction intercellular communication
(GJIC) between oocytes and granulosa cells, both in pig
and mouse(Dominguez et al., 2016; Dominguez, Sala-
zar, & Bonilla, 2019; Lopez-Arellano et al., 2019). While,
it remains unclear whether the PFOA directly affects
oocytes or indirectly affects oocytes through granulosa
cells. Therefore, the denuded oocytes were used to inves-
tigate the direct effect of PFOA on the maturation of
mouse oocytes in vitro and to reveal the underlying
mechanism. Cellular changes in oocytes exposed to
PFOA were evaluated by measuring the ROS levels,

mitochondrial function, spindle asserr% ?@?sﬁ
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arrangement, and apoptosis. This study will further help
uncover the mechanism by which PFOA exerts toxic
effects on oocyte maturation and would draw attention to
the safety of PFOA substitutes.

2 | MATERIALS AND METHODS

2.1 | Animals

The 6-week-old female Kunming strain mice were
obtained from Guangdong Medical Laboratory Animal
Center and were bred at the experimental animal center
of South China Agricultural University under a 12 hr
light/dark cycle with water and food ad libitum. The ani-
mals were maintained in accordance with the regulations
of the Animal Ethics Committee of South China Agricul-
tural University.

2.2 | Oocyte collection and in vitro
maturation

The mice were euthanized 48 hr after the intraperitoneal
injection of 10 IU pregnant mare serum gonadotropin
(PMSG); their bodies were dissected and the ovaries were
collected. The germinal vesicle (GV) oocytes were col-
lected in M199 medium (LIFE, 11150-059) after the ova-
ries were punctured with a 1 ml disposable syringe and
the granulosa cells were blown out. For in vitro matura-
tion (IVM), each aliquot of 50 naked oocytes was placed
inside a droplet of 50 pl maturation medium (M199 with
10% fetal bovine serum (FBS), 1 IU/ml follicle stimulat-
ing hormone (FSH), 1 IU/ml human chorionic gonado-
tropin (HCG), 1 pg/ml estradiol (E,), and 0.04 mg/ml
sodium pyruvate) and incubated for 16 hr at 37°C in a
humidified atmosphere of 5% CO,. Oocyte excretion of
the first polar body is regarded as oocyte maturation.

2.3 | PFOA treatment

To evaluate the effect of PFOA (Sigma, 171,468) on IVM, a
100 mM stock solution was prepared by dissolving PFOA
powder in 10% dimethyl sulfoxide (DMSO, Sigma). At the
beginning of the 16-hr maturation period, aliquots from
the PFOA stock solution or DMSO were added to the mat-
uration medium to obtain 0 (DMSO, control), 300, and
500 pM concentrations in each droplet containing the
denuded oocytes. The selection of micromolar concentra-
tion was based on the in vitro toxicity of PFOA toward
mouse ovaries and that of other PFCs to oocytes (Lopez-

dila%?l.,ﬁ% Martinez-Quezada et al., 2021).
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2.4 | Intracellular ROS level
measurement

The oocytes cultured for 16 hr after maturation were col-
lected and incubated in a maturation medium containing
1 pM DCFH-DA (Beyotime, S0033) for 30 min. After
incubation, the oocytes were washed three times with
DPBS-PVA, and fluorescence was observed under a fluo-
rescence microscope (Olympus HT4-200) using the same
exposure parameter. Fluorescence intensity was analyzed
using Image] after normalization by subtracting the
background intensity from each oocyte size (Wendan
et al., 2018).

2.5 | Mitochondrial distribution and
membrane potential assessment

The oocytes were stained to determine the distribution of
active mitochondria after IVM for 16 hr. Oocytes were
incubated in a maturation medium containing 1 pM
MitoOrange (Abbkine, KTC4004) for 30 min or JC-1
(Meilunbio, MA0038) for 20 min at 37°C in a humidified
atmosphere containing 5% CO2 (Jeong, Lee, Park,
Kim, & Kim, 2020). Then, the labeled oocytes were
washed with DPBS-PVA three times (1 min each). To
quantify the fluorescence intensity, oocytes treated with
PFOA or vehicle (DMSO) and stained using the same
immunostaining procedure were photographed by
employing the same fluorescence microscope parameters.
Fluorescence intensity was analyzed wusing Imagel]
software.

2.6 | Immunofluorescence staining

After culture for 16 hr, the denuded oocytes were fixed
with 4% paraformaldehyde for 30 min and then washed
with washing buffer (PBS containing 0.01% Triton X-100,
0.01% Tween, and 2% BSA). After that, the oocytes were
sealed in washing buffer at 37°C for 2 hr and incubated
overnight at 4°C with mouse anti-p-Tubulin antibody
(1:1,000 Sigma, T5293) or phospho-histone H2A.X anti-
body (1:200, Santa Cruz, sc-51748). The next day, oocytes
were washed with washing buffer (three times, 10 min
each), and then incubated with goat anti-mouse second-
ary antibody (1:100, LIFE, A11029) at 37°C for 1 hr. After
that, the cells were washed with washing buffer three
times in the dark (10 min each). DNA staining was per-
formed using Hoechst 33342 (LIFE, H3570) at room tem-
perature for 5 min. Finally, oocytes were mounted on
glass slides and observed under a fluorescence micro-

scope (Olympus, HT4-200). % 2 5 8 ﬁ

2.7 | RNA extraction and quantitative
real-time PCR

Oocytes (n = 50) were collected after 16 hr of culture and
total RNA was extracted using RNeasy Micro Kit
(QIAGEN, 74004) according to the manufacturer's man-
ual. The first strand cDNA was generated using the
HiScript III first Strand cDNA Synthesis Kit (+gDNA
wiper, Vazyme, R212-01). The apparatus (QTOWER®,
Germany) was used in combination with a real-time PCR
detection system. The relative gene expression (normal-
ized to p-actin) was calculated using the 2~ 2" method.
The following primer sequences were used: p-actin F: 5'-
CCACCATGTACCCAGGCATT-3'; p-actin R: 5-CGGAC
TCATCGTACTCCTGC-3'; Prdx2 F: 5-TGTCCCAGAATT
ACGGCGTGTTG-3'; Prdx2R: 5-CGTCTACAGAGCGTC
CCACAG-3; SOD2 F: 5- GGGGGCCGGCCGAGAGCAG
CGGTCGTGTA-3’; SOD2 R: 5-GGGGGCGCGCCATGTG
GCCGTGAGTGAG-3'; Bcl-2 F: 5-CTGTGCCACCATGT
GTCCATCTG-3"; Bcl-2 R: 5'-TCTCTGCGAAGTCACGAC
GGTAG-3; Bax F: 5-CGTGAGCGGCTGCTTGTCTG-3';
Bax R: 5-ATGCTGCAAAGGGACTGGATGGC-3'; Caspase3
F: 5-AGTGGGACTGATGAGGAGGAGATGGC-3'; Caspase3
R: 5-ATGCTGCAAAGGGACTGGATGAAC-3'; Beclin-1
F: 5-AGGCAGTGGCGGCTCCTATTC-3'; Beclin-1 R: 5'-T
GAGGACACCCAGGCAAGACC-3; LC3B F: 5-TGTGTC
CACTCCCATCTCCGAAG-3’; LC3B R: 5-CCATTGCTGT
CCCGAATGTCTCC-3'; ATG5 F: 5-TGCGGTTGAGGCT
CACTTTATGTC-3'; ATG5 R: 5-GCTCCGTCGTGGTCAT
TCTGC-3'.

2.8 | Statistical analysis

Independent experiments were repeated at least three
times and the data are presented as mean =+ standard error
of the mean (SEM). Differences among groups were tested
statistically using one-way ANOVA with GraphPad Prism
analysis software, and p <.05 was considered significant.

3 | RESULTS

3.1 | PFOA treatment reduced the
extrusion rate of the first polar body from
mouse oocytes

To evaluate the effect of PFOA on meiotic progression,
we cultured denuded oocytes in maturation medium sup-
plemented with 0, 300, or 500 pM PFOA during IVM and
investigated oocyte maturation. As shown in Figure 1a,
treatment with 300 pM PFOA significantly decreased the

ﬂgtpoBi@?fﬁytes maturation.(p <.05), and 500 pM
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PFOA extremely significantly reduced the rate of oocyte
maturation (p <.01; Figure 1b). The mortality of 500 pM
PFOA-treated oocytes was significantly higher than that
of oocytes treated with other concentrations (p <.01),
while the mortality of 300 pM PFOA-treated oocytes was
almost the same as that of the control oocytes (p >.05;
Figure 1c).

3.2 | PFOA causes oxidative stress

Environmental pollutants and toxins tend to increase ROS
production in cells, eventually inducing intracellular oxida-
tive stress. To investigate how PFOA affected the develop-
mental competence of oocytes, we firstly examined the
levels of intracellular ROS. The 300 pM PFOA was slightly
higher than that in the control group (p >.05), and treat-
ment with 500 pM PFOA in a significant increase com-
pared to the control (p <.05; Figure 2a,b). Then, we
examined the expression of ROS-related genes. Treatment
of oocytes with 500 pM PFOA resulted in a significant
increase in the levels of Prdx2 (p <.05) SOD2 (p <.01).
Treatment of oocytes with 300 pM PFOA resulted in a sig-
nificant increase in the expression of SOD2 (p <.05), but
not in the expression of Prdx2 (p >.05; Figure 2c).

3.3 | PFOA treatment interferes with
mitochondrial organization and function

Mitochondria are important organelles that produce cel-

lular energy through oxidative metabol% d?i@oﬁ

I

maturation, fertilization, and embryonic development.
Therefore, the organization and function of mitochondria
are key indicators of oocyte cytoplasmic maturation.
Therefore, we evaluated mitochondrial distribution and
activity in oocytes. The rate of aberrant mitochondrial
distribution, such as the semi-peripheral and clustered
distribution, was significantly higher in the 300 and
500 uM PFOA-treated groups (p <.01), while in the con-
trol group, most oocytes exhibited a homogeneous mito-
chondrial distribution (Figure 3a,b). Furthermore, there
was no significant difference between oocytes treated
with 300 and 500 pM PFOA (p >.05). In addition, a sig-
nificantly reduced J-aggregate (high membrane poten-
tial)/J-monomer (low membrane potential) ratio was
observed following treatment with 300 pM (p <.05) and
500 uM PFOA (p <.01). There was no significant differ-
ence between the groups treated with different concen-
trations of PFOA (Figure 3c,d). Thus, PFOA negatively
affected mitochondrial organization and function during
oocyte maturation.

3.4 | PFOA treatment triggers DNA
damage and apoptosis

As ROS is associated with the occurrence of DNA dam-
age, we next investigated whether PFOA exposure
induces DNA damage in mouse oocytes. P-H2A.X
staining marks DNA double-strand break sites, so it can
be used as a marker of DNA damage (Ding et al., 2017).
Bright P-H2A.X foci were commonly observed in

AB@?dﬁytes (Figure 4a). The frequency of P-

7N



R e Society for

GUO Er AL.

e - s
173 | WILEY-—| T gﬁ'e's‘é‘a?ﬁfeé“

= Prevention

(a) Control

300 uM

(b)

—_
%]
—

= Control

w300 pM PFOA
209  mm S00 pM PFOA

. 0,08+

0.06-

0.04-

d

0.02- jﬁ

0.00 T T

Control 300 500
PFOA(pM)

ROS fluorescence intensity

Relative mRNA expression

Prdx2

H2AX-positive oocytes was significantly higher in
oocytes treated with 300 pM (p<.05) and with 500 pM
PFOA (p <.01) (Figure 4b). This evidence indicates that
PFOA induces DNA damage. In addition, we investi-
gated the expression of apoptosis-related genes and
autophagy-related genes. The results revealed that the
500 pM PFOA-treated oocytes showed a significantly
lower expression of Bcl-2 and higher expression of Bax
and Caspase3 compared to the control (p <.05). There
was no significant difference between the 300 pM
PFOA-treated and the control groups (p >.05;
Figure 4c). The expression of autophagy-related genes
Beclin-1 and ATGS5 was not significantly different
between the PFOA-treated and control groups (p >.05).
The expression of LC3B was significantly lower in the
500 uM PFOA-treated group compared to that in the
control group (p <.05; Figure 4d). This evidence sup-
ports the hypothesis that PFOA exposure may induce
apoptosis but not autophagy.

3.5 | PFOA treatment resulted in
defective spindle morphogenesis and
abnormal chromosome alighment in
mouse oocytes

As the meiotic spindle plays an important role in the pro-
cess of first polar body excretion, we hypothesized that
the decrease in the first polar body expulsion rate of
oocytes caused by PFOA treatment is related to
abnormal spindle assembly. Therefore, we examined

FIGURE 2  Effects of PFOA
exposure during IVM on intracellular

500 uM

ROS levels. (a) Fluorescence images of
oocytes treated with DCFH-DA for the
measurement of intracellular ROS levels
in the PFOA-treated and control groups.
Bar = 50 pm. (b) Quantification of the
fluorescence intensity in the PFOA-
treated and control groups. (n = 50 per
group). (c) The expression of ROS-
related genes in the PFOA-treated and
control groups. (Con; n = 50, PFOA;

{e

n = 50). Data were obtained from three
independent experiments, and the
values are presented as the

mean + SEM. The values marked by the
different superscripts differ

significantly (p <.05)

SOD2

immunofluorescence. It was found that in the control
oocytes, the spindle was typical barrel-shaped, and the
chromosomes on the equatorial plate were arranged
neatly, whereas the spindle of PFOA-treated oocytes
showed abnormal shapes with misaligned chromosomes.
The spindle structure following treatment with 300 pM
PFOA was scattered and following treatment with
500 pM PFOA depolymerized, and the chromosomes
were messy or condensed. (Figure 5a). The proportion of
abnormal spindles in PFOA-treated oocytes was signifi-
cantly higher than that in the control group. (Figure 5b).
Therefore, we revealed that PFOA induced the loss of
spindle in a dose-dependent manner, which can lead to
the failure of chromosome segregation and cytokinesis
during oocyte maturation.

4 | DISCUSSION

Although PFOA can abundant in humans and the envi-
ronment and exert harmful effects in humans or animals,
it is still widely used in industrial products of daily life in
developing countries. (Noureddine, Branislav, Maria,
Martine, & Vassilios, 2000) (Bartell, 2017). (Tsuda &
Tsuda, 2016). Studies have shown that PFOA negatively
affects female reproductivity by inducing loss of ovarian
function, damaging follicular development, and causing
primary ovarian insufficiency (Li, Bao, et al., 2018). In
the present study, we demonstrated that PFOA
negatively and directly affected the viability and matura-
tion of mouse oocytes and identified mechanisms that

spindle morphology at metaphase I%VIQ %r)ﬁr iy 3@17\/0531 in oocyte injury, including ROS,
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Effects of PFOA exposure during IVM on mitochondrial distribution and activity. (a) Fluorescence images of oocytes stained

with MitoOrange from the PFOA-treated and control groups. Bar = 100 pm. (b) Percentage of oocytes with aberrant mitochondrial
distribution in the PFOA-treated and control groups. (n = 100 per group). (c) Fluorescence images of oocytes stained with JC-1 in the PFOA-
treated and control groups. Bar = 100 p. (d) Quantification of the fluorescence intensity (red/green) in the indicated groups (Con; n = 25,
PFOA; n = 25). Data were obtained from three independent experiments, and the values are presented as the mean + SEM. The values

marked by the different superscripts differ significantly (p <.05)

mitochondrial defects,
changes, and apoptosis.

ROS is a natural by-product of cell metabolism and
plays an important role in cell signal transduction
and homeostasis. One of the known disruptors of
oocyte developmental competence in vitro is oxidative
stress, owing to the imbalance between the production
and neutralization of ROS (Soto-Heras & Paramio,
2020). Excessive accumulation of ROS can induce lipid
peroxidation, protein degradation, and DNA damage,
which may lead to meiotic arrest. Previous studies have
shown that the levels of ROS in mouse ovaries cultured
in vivo or in vitro are positively correlated with PFOA
concentration (Lopez-Arellano et al., 2019). In this

DNA damage, cytoskeletal

and Prdx2 increased significantly in the PFOA-treated
oocytes, which may be caused by increased ROS levels.
However, these antioxidant enzymes can only neutral-
ize a small portion of free radicals, so the overall ROS
content in cells remains increased. This suggests that
PFOA induces oxidative stress during oocyte matura-
tion. Furthermore, oxidative stress can disrupt mito-
chondrial function (Yang, Lim, Bazer, & Gwonhwa,
2018), In our study, PFOA-treated oocytes exhibited sig-
nificantly higher aberrant mitochondrial distribution
and membrane potential disruption, which indicated
that PFOA compromised mitochondrial function and
activity. Well-organized, evenly distributed mitochon-
dria in the cytoplasm, and high mitochondrial mem-

study, the expression of the antioxi% @16515% 3@2719??% considered to be important factors
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oocytes in the PFOA-treated and control groups (Con; n = 50, BP; n = 50). (c) The expression of apoptotic-related genes in the PFOA-treated
and control groups. (Con; n = 50, PFOA; n = 50). (d) The expression of autophagy-related genes in the PFOA-treated and control groups
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in oocyte cytoplasmic maturation (Brevini, Vassena,
Francisci, & Gandolfi, 2005). Taken together, PFOA can
cause oxidative stress and mitochondrial dysfunction
during oocyte maturation in vitro.

ROS-related oxidative stress can also reduce the qual-
ity of oocytes by inducing DNA damage (Yu, Cui,
Niedernhofer, & Wang, 2016). P-H2A.X has been used as
a biomarker of DNA damage because the occurrence of
P-H2A X is closely related to DNA double-strand breaks
(Ding et al., 2019). Previous studies have reported that
cytotoxic chemicals such as bisphenol AF and
butylparaben can induce DNA damage (Ding et al., 2017;
Jeong et al., 2020). So, we examined oocytes treated with
PFOA and found that the proportion of P-H2AX-positive

higher than that in the control group, indicating that
PFOA may attenuate oocyte maturation by inducing
DNA double-strand breaks. In addition, it was also found
that a large proportion of PFOA-treated oocytes showed
abnormal spindles and dislocated chromosomes. In
eukaryotes, microtubules are one of the main compo-
nents of the cytoskeleton that consist of a- and p-tubulin.
Microtubules, actin filaments, and chromatin not only
interact to regulate chromosome segregation, but also
cooperate to establish cell asymmetry (Azoury, Verlhac, &
Dumont, 2009; Bennabi, Terret, & Verlhac, 2016). The
abnormal localization of f-tubulin in PFOA-treated
oocytes may be one of the causes of spindle defects and
subsequent abnormal chromosomal alignments. Thus,

oocytes in the PFOA-treated group %s 28?@1@ o o rgﬂysuﬁst that PFOA treatment can interfere
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with spindle formation and abnormal chromosome align-
ment of oocytes.

In this study, it was found that treatment with
<300 uM PFOA did not significantly decrease the oocyte
maturation rate. However, PFOA >500 pM significantly
increased oocyte mortality. Previous studies have reported
that a PFOA concentration greater than 50 pM affects
fetal mouse oocyte viability, and a concentration greater
than 150 pM causes death (Lopez-Arellano et al., 2019).
The median lethal concentration (LCsq) of
perfluorohexane sulfonate (PFHxS) to prepubertal porcine
oocytes was 329.1 pM and the half-mature concentration
(MICsp) was 91.68 uM. The LCs, of PFOS for prepubertal
porcine oocytes has been found to be 32 pM and the
MICso was 22 pM (Dominguez et al., 2016). The LCsq of
PFDA for prepubertal porcine oocytes was found to be
7.8 UM and the MICs, was 3.8 uM (Dominguez et al.,
2019). This indicates that different species, different ways
of administration, and different kinds of PFCs have differ-
ent toxicity. The toxic effects on the same species have
also be shown to be different in different age periods;

fetuses and young children are more li% t%gfeﬁ

by the toxicity when compared to adults (Haug, Huber,
Becher, & Thomsen, 2011). In this study, 6-week-old sexu-
ally mature mice were selected. The various organs of the
its body gradually mature and have certain resistance, so
the effective concentration of PFOA is higher. Further-
more, PFOA has a cumulative effect and a half-life as long
as 3-4years in humans and 16-22 day in mice (Li,
Fletcher, et al., 2018; Wambaugh et al., 2009). Therefore,
the toxic effects of PFOA should not be underestimated.

5 | CONCLUSION

This study evaluated the negative effects of PFOA on the
maturation of mouse denuded oocytes in vitro. Our find-
ings provide evidence that PFOA exposure during meiotic
progression impairs oocyte quality by inducing ROS gen-
eration, aberrant mitochondrial distribution and func-
tional impairment, DNA damage, defective spindle
formation, abnormal chromosome alignment, and early
apoptosis. These findings provide an opportunity to raise

Mrega@ ?gﬁg the toxicity of FPOA with respect to
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oocyte maturation and to determine how PFOA detri-
mentally affects oocyte maturation. Further studies are
needed to adequately characterize the molecular mecha-
nisms underlying PFOA-mediated damage in mamma-
lian oocytes.
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Eukaryotic expression and bioactivity verification of porcine prolactin
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Abstract: [ Objective] Prolactin (PRL) has a wide range of physiological regulatory effects, but its pleiotropic
mechanism is still unclear. In order to investigate the pleiotropy of porcine PRL, we obtain porcine PRL

eukaryotic recombinant protein and verify its biological activity. [Method] The porcine PRL gene was cloned
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into the lentiviral vector pCDH-CMV-MCS-EF1-GFP+Puro by molecular cloning technology, and the PRL-
lentivirus carrying porcine PRL gene was obtained by lentivirus packaging. CHO-K1 cells were infected by the
concentrated PRL-lentivirus solution, and the positive cell line named CHO-K1-PRL, which could secrete
recombinant PRL protein, was obtained after purinomycin screening. The recombinant protein was purified by
nickel column affinity chromatography, and identified by LC-MS/MS mass spectrometry. The biological activity
of recombinant PRL was verified by adding recombinant PRL into HC11 cell culture system in vitro. [Result]

The recombinant expression vector pPCDH-CMV-6His-PRL-6His-EF 1-GFP+Puro carrying porcine PRL gene
was successfully constructed. The titer of PRL-lentivirus after concentrating was 9.9x10° TU/mL, and the
positive cell line CHO-K1-PRL was obtained after puromycin screening. The recombinant protein with the mass
concentration of 50 pg/mL was successfully purified from the supernatant of CHO-K1-PRL cells. The
recombinant porcine PRL protein was identified as porcine PRL by LC-MS/MS mass spectrometry, and the
coverage rate of recombinant PRL was 94%. The recombinant PRL had the biological activity of promoting the
proliferation and casein expression of HC11 cells. [ Conclusion] The cell line CHO-K1-PRL constructed in this

study can stably express porcine recombinant PRL with biological activity, which lays a foundation for the

45 %

functional research, production and application of porcine PRL.

Key words: Porcine; Prolactin; CHO-K1 cell; Eukaryotic expression; Lentiviral vector; Recombinant protein

1 F % (Prolactin, PRL) X FL 2, & A
i PG TR I A 5 B 5 A W ) — Fh R B R, T
RAFE T Z AL, RSN A TE S U BRI 7L
AKKE . N WA S T K L
7 ARk I AR s AT o A i 55 7 T B A B
PWHEAE R, RIHE ) Z A 2 20k, (HIE 23
PERLEA A5 2

PRL 1F % i) AR A I 2 T a9 2 Wi i 458
W IR E, AT LAE Y 40 DR ) BRI K
B AR R o £E S GR A B LIS, PRL F0E 3R
K23 TR, =K PRL 2 it #06)  B i fie
PR RS R B O Z (GnRH) 153304 1717 B#AR T A4 14
RIE (Gn) B 51, BETTA0H] ORI AR FP PRL ££
Y S8 b Tk [ 2 WA R 55 43 WA I AR SR U T BN B 1)
AE™, PRL i1l 5 93t b (7L R % /& (PRLR) 45
A REME 52 M S [ BE VR (40 By A1 Py) MY A, A
T 5 M 2 6 90 Ve 1 250 AN HE BRI 8] . 4K PRL 1)
SR BN AR R AR T AR AR
FRAS . BT RS 2 M R = R, B ik
BN IIHE 5, 1EH PRL Rk PR O i L AN B £
Dieei 2 E T ERY . fEIRIR b, PRL #0| 14
YRS T 51K Sk L ER IIUGE (Hyperprolactinemia,
HPRL)™, Al il otk H AR E B L AZA
B FLE MR, I BT RS AT,

PRL J2& £ 7 BE 51 1L 5P 96 )y i 1Y) B B2 A= 2O

2T, B WY JE PRL 7K¥B%T¥ﬂ§g$ﬁ%

kel R, RS LiE A RS BT 1) PRL 7K
-, BefE SCILUR I K B AR R AN TR
], PRL-PRLR RZA77E T4 Omiferh, Jf H 90 i o
() PRL W] H BURL A0 A ™ A= s PRL AR F T-OP 88, M
YRR FSHR A3 /40 il LHR 1) %35, i
IR K B AR ON 5 Bl A R, IR T AR B
RO T- ORI N PRL FER KP4k, BRVER
B FE A2 45 A i, PRL 1] BEAE AR50
VAT DR 5 i DY I A PN S 4 P A R

PRL B A BEM T 28, UEARE S
L 1 8 2 40O X, X AT RS2 PRL 2 AU 1) A&
filit PRL P8 56 A48 20T AR B 2 1 70 F0 38 7 1)
I PRS2 AE o B2, SR, 4 AT g B E A
PRL Z N GEZRIE =), 6B IAGAZ 1, M DAOR
WEFH AW M, X E ARG T PRL 2 &M B HL ]
i FE AN R N o Rk, A B 50 0] FH A% 3R R 4k
T R G B RE S AR e RIS R PRL EEA B H 1
[ 6 i, U 2 (Chinese hamster ovary, CHO) 41 ff &,
FEESUEFE JR PRL 20 85 B9 AR M 1, DABAON
¥ PRL I T Re Wi 70 S A 77 2 FH 4 4 3800 T 2 2%
AR -

1 RS

1.1 G4
AN BB 40 (HEK-293T). H [ 6 B3 5 5240 ity

‘_-EEK;I@L? ‘%%%@J‘i%ﬁﬁi pCDH-CMV-MCS-

I 7N



2 W

ARG S R FLR UL R IE S A ) P BIE 181

EF1-GFP+Puro Fl4f# Bl i Fi psPAX2. pMD2.G ¥JH
MR O K S BN R 5 2 Bt S ) B A L 3 AR AT
N BRFL IR B B 4 M (HC 1) 1 E R 38 4 f B
Hi A IR~ 7] DHSa B2 2541 B AT Stbl3 Jik sz 2541 i
T H B RHEM R A PR A R B R SUREH
JTARA AN R B S R (B A0 BT =0
T b RS

DMEM = b5 75 3. DMEM/F 12 1 97 3 |
RPMI 1640 £3:3L, PBS 220 IG5 4 L35 (FBS)-
JERE-EDTA(% 2.5 g/L ). FHEH R ) W
H Gibco /A #]; Premix Taq™. DNA Loading Buffer.
DNA Marker. pMD18-T. B il 14 N VI EcoR 1 il
BamH 1 W HFAY TR (OKIE) BRAF]; T4 H8
4 H Thermo Fisher 2 &) 5 1299 7 & H #% 441557
LentiFit™ & @ W E A YR H R A A
HiScript“III1st Strand cDNA Synthesis Kit(+gDNA
wiper) ¥ 53,7 & HiScript® I Q RT SuperMix
for gPCR(+gDNA wiper) & ¥ 3% 7| & ChamQ™
Universal SYBR" qPCR Master Mix 4 H 74 5 % M
BAYIE IR AT SIS RNA SREGRT & 4
e RNA $EHGRFI & Jo N 28 3 iR/ &k
R B R AEFH (dbn) ARA R BER
DNA fft & [T & B T M 2 3 AR R A B
AFEs AR ARBURT G BAC & A& EA R
&I B YA AR A G PR A A ; SDS-PAGE #E
Jiz e ) ) 0 B AL T B R AR BR A R Bt
RN T, A 2K, R His-Tag B oa DR, Fuls
a-tubulin £ 7% FEPLAA. HRP—Fric 1l £ /N B 1gG-
HRP-FRiC 1L FE P15 1gG. CCK-8 &I H 2 =
RAEVMFEARGIR A R p-EEEH (CSN2) £ 5%
BE P IE B 1 B ARED B AR AR A A 4R Cyclin
D1 2w BRI [ IEREAE W HoARH R A F
Western-blot Marker ) H Fermentas A& . 5% H
A TAYIRAR A IR A F & .
1.2 RWHE
1.2.1 PRL % B #5]#i%it A GenBank # i
FErhgE PRL ZER 741 (635 NM_213926.1), fi
H Premier 5.0 ZAF it 1 %3514 Sus-PRL-F: 5'-
ATCACCGCCATGGACAACAC-3', Sus-PRL-R: 5'-
GACGTGGGCTTAGCAGTTGC-3', ¥ 14 i & g il
PRL [ (CDs J741)) 15 1 B (708 bp)s AR 4
5 PRL & A 587 41 B 1E 55 1 %) 514 HPH-F-
EcoR I1:5'-CGG/AATTCCGATGCATCATCA

(WATGGACAACAC%(‘?%C#
R

AGA-3', HPH-R-BamH I: 5'-CGG/GATCCCGTT
AATGGTGATGGTGATGAT(GCAGTTGCTGTCGT
AGATGATTCGG-3', 7 AlfE %51 ¥+ 5l N 6His-
Tag. EcoR 1 1 BamH 1 BEVIAL i (7 : TR B L kb 55
N EcoR 1 #1 BamH 1 BgVIAL AL, HorR «/” SHgY)
WU s N RIBEIRZE AL 6His-Tag [751), LAY 1
% EcoR I-6His-PRL-6His-BamH 1 3 H 5 71
(749 bp).

1.2.2 pMDIS-T-PRLAKH Ky MELE 5% X
SEEE AR, BB A 2L RNA F2 BT
B BAREL RNA, X RNA R HEAT R 0 I %
M HiScript®IIl 1st Strand cDNA Synthesis
Kit(+gDNA wiper) 2 %% 38075 & vt B 4 e % 55 Bl
cDNA. PIETEARHL cDNA NIEH, 514 Sus-
PRL-F Al Sus-PRL-R ¥ 34w t% PRL & [ [ 5E K
Bto. ¥k R 4:20 pL 2x Premix Taq™, 4 puL
cDNA(500 ng/uL), b FiE514 (10 pmol/L) % 2
uL, 12 pL ddH,0. PCR & MNFEF H: 98 ‘C FAR P
30s; 98 C A2 105, 57 ‘C iBK 30s, 72 °C ZEAHf 1
min, 3t 35 MEI; 72 C KL 2 min. K1Y E
YyIel 2tk J5 2 ) pMD18-T 34K, AR (10
uL): 4.5 uL H %K, 0.5 uL pMD18-T #4%k, 5 uL
Solution I; 16 C ##% 16 h. B 5 K& 8= M4k
3| DHSa A2 AS2HM0, 22 PCR 4 58 N PHYE F B W%
2 FigAE T AV AR AR #4700, DNA I
JT J5 > 30 B T 1) e B 24 iy 44 28 pMD18-T-
PRL.

1.2.3 pCDH-CMV-6His-PRL-6His-EF1-
GFP+Puro A M kA B4k eg#E UL pMDI18-T-
PRL i B # A AR, FH 519 HPH-F-EcoR T I
HPH-R-BamH 1 ¥ ¥4 EcoR 1 B§V) 4Ly -6His-PRL-
6His-BamH 1 VI 557 I F v B 3 31k R
N:20 uL 2x Premix Taq™, 4 uL pMD18-T-PRL 7
FE#AR (500 ng/uL), b RS54 (10 pmol/L) % 2
uL, 12 pL ddH,0. PCR M FEFF: 98 C FAZ 1 30
s; 98 ‘C 4EE 10s, 72 ‘C 1Bk 30s, 72 “C FEffi 1
min, 3£ 35 MEI; 72 C KL 2 min. HH G
MRl ifh 5, @it N YIRS EcoR 1 F1 BamH T XU
VI JE ¥ 6His-PRL-6His & [K 1% 5] pCDH-CM V-
MCS-EF1-GFP+Puro 185 7 Rk &k . XU 14
Z:1puL EcoR 1, 1 uL BamH 1, 2 uL 10x K Buffer, 1000
ng cDNA BUF L, IIA ddH,0 £ 20 pL, 37 C /K%
1) 2 h; 32 SONAK & (20 pul): 2 pL 10x T4 DNA

E&as%ﬁ?rﬁ uL T4 DNA Ligase, 10 uL H ¥ F

I 7N
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45 2%

Bt (40 ng/uL), 0.53 pL 24K (190 ng/ul), A
ddH,0 % 20 uL, 16 C %z 16 h. M fE¥ &R
AL F Stb13 JKAZEYIM, £ PCR %58 N BH M A B
Wik 2 g T A A PR A = 3470,
DNA Wl 7 & 7 51 b kst 1 B 117 25 2H 0895 55 R I8 B ik
fir % A pCDH-CMV-6His-PRL-6His-EF1-
GFP+Puro. XJ /3 51 1E4ff ¥ B V& B 24T 7 35 I 4% 18
TG N B 2 R/ H R B Ul B H ik $¢ pCDH-
CMV-6His-PRL-6His-EF 1-GFP+Puro Jii i, 3%}
BEAT XU U] % 5E

1.2.4  Bymaey R 2R M E BUN R K
() HEK-293T 20/ T T75 £53% i, 5 45
774 (DMEM H:fili s 77 5 FBS FUBBTHIARFR 73 51
3N 89%. 10% F1 1%) 7E 37 C £ 748 Hok 4 i
Bt B AERKE X 70%~80%, 1% IR 18 5% & & Fl i
Gk LentiFit™ 1 B F544F, K 60 pL % Geik7)
516 pg pCDH-CMV-6His-PRL-6His-EF1-
GFP+Puro & 41 Jfi #i 5 pCDH-CMV-MCS-EF1-
GFP+Puro Z# A K 1 12 pg psPAX2. 8 pg
pMD2.G #liBhi ki 78 40 A, EiRFE 20 min f5 5%
YL T75 B3 i HEK-293T 400, ¥53% 12h J5 5
oy eIk, AREEREIF 48 h e, WA AN 3% 7%
T R HHTIN E A IR AL, 72 h Ak 2RISR A i
TR AR IS R I8 B 0 ik 4615 1) PRL-187
FIRYEW, T-80 'C 14 F1RAF.

V1200 BR IR AR 10 500 BE R R, 2 6
PR (IR FERE FEAE 100 pl BB 2 301 5 93
AR 104 1, 0.1, 0.01. 0.001 F10.000 1 pL), 7
96 fLiRk W HEFRIE, 73 AN N 6 DU FERREZ I 100
uL 1595 55 B B, B 96 FLAR A HEK-293T 4
M1, 24 h J5 BB R FRI, AR SRR R 48 h 5
AR E A (GFP) RIAE ML, THTE B2
9 30% [)FLAE A0 MK, e B DL A Ut 2T
£ R FE (TU/mL)=40 B 202 Y6 H 43 Ebx 10°/9
B IR
1.2.5 CHO-K1-PRL e mfg el &5 %52 B
XPEAE R HART CHO-K1 i fu ek T T25 Bi i,
Fl 56408955 (DMEM/F12 Rl 553 FBS XL
UIARFL 35055 5N 89%. 10% F1 1%) 7 37 C 1%
FrAH R Al R IR B AR K R IA 50%~70%, TR F
JREEFRIE, NN 2 mL DMEM/F12 58 415985 (A
EXPT)~ 12 pL Polybrene Fl 200 pL ¥ 45 1895 75 7
FHRA, 5598 4 h 54585972 4 mL, 24 h )5
FHA TE AR TR 48 h J5 M EE GFP RIEXUE, 7

YIiiiiE 7 d, B 2~4 d ¥ 1K, 1S RIBEMEGE R,
fir4y CHO-K1-PRL.

Sy $REL_E IR 25k J5 ) CHO-K1-PRL 4
J . AR GB35 FE Y CHO-K 1 2 i FH R e 25 24418
T CHO-K1 41 5 RNA 5 R E A, Ak
£ CHO-K1-PRL 4 il A /B 41895 # CHO-K1 41
i AU G 2% AR AR 180 B CHO-K 1 40 Y 1 5% 77 W
Yl RNA 555N cDNA, FIH 514 HPH-F-
EcoR 1 /HPH-R-BamH 1 #t417 RT-PCR &l (B-
actin NWZIEH, 5|4 p-actin-F: 5'-CCACCATGTAC
CCAGGCATT-3', f-actin-R: 5'-CGGACTCATCG
TACTCCTGC-3"); LA IR His-Tag 55 BEPLIA (FH
TBST Z& Pl % AR AR LE 1:1 000 Fisk) ~A—bt, 7
PL HRP—Fric 1l 240/ B IgG(F TBST 25 vyl 42 18
AR 1:1 000 F) =40, %4 [ A 40
FE 3R 3547 Western blot % 5E .
1.2.6 FTaZkawsits%w YHEKE CHO-
K1-PRL [H 4 f 5 783, F 0.45 pm JE IS I,
FH K 2 22 IRAE MR BR B4 2w R 84T 5%
HZ M0 B 92 0GB I His-Tag & A BT A 40
s X aidb 8 B AR R BN 12% B8 E B
17 SDS-PAGE HLIKAGM, ¥4 H 26w VIR, I8 2
RN g SEAE M H R A IR A w317 LC-MS/MS
JoR B 3 BT 4 5E
1.2.7 %28 PRL *F HC11 48038 74 B 8 5 & & ik
. SREESE 07, DO EAE KRR
HC11 40 ARFFL 1x10° 1% B B2/ T 96 FLAR, 5K
PAREAL 2x10° (I RN T 6 FLIR, JoHH sE a4 97
= (RPMI 1640, FBS Fl XU 44 FH 43 H 43 1l N
89%- 10% F1 1%) ¥ 40 M 85 9% £ 4E K% ik
80% Zc A, PTG IME TR & WPt ) RPMI 1640
B IR AT YV AL TR 16 h, 525 IHES 9238, B0
5 (96 FLIR): FH& AWK E HA PRL RIS S
R 775 (RPMI 1640, FBS FIXUHT A4 FR 73 H 5 )
N 89%- 10% 1 1%, 5 pg/mL %X, 1 ng/mL ik
AJ HIFA, 0/100/300/500 ng/mL E4H PRL) £5 7% 20 h,
FFLINA 10 uL CCK-8 ik, k45557 4 h J5, F
FRACT 450 nm KOG E; 35 S0 & 0 RIE K
5 (6 FLIR): F & A AR FE 40 PRL MR 15 555
FRIE (A BAI0) 55 9% 24 h 5 UCEE 4N i, $ H 4
MRS RNA 5EEA, g8 RNA KFEEN
c¢DNA, qRT-PCR #ll PRLR. CSNI1SI1. CSN2,
CSN3. Cyclin D1, PCNA 25 3R B M X RIE &,
GAPDH AW Z I, 5IWF I W3R 1, &3 FFAH

Bl & A 6 ng/mL ﬂ?ﬁ%%@%ﬁ’]%%}%%§1% %ﬁ%%&%ﬁ_—l’\““ AR LRI p-HE A
I 7N
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#&1 qPCR3IHFFI
Table 1 Primer sequence for gPCR
B LA SFPFI(5— 3") RIS FI(5'— 3") PR/ bp
Gene Forward primer sequence Reverse primer sequence Product length
GAPDH GAGCGAGACCCCACTAACATC GCGGAGATGATGACCCTTTT 134
PRLR GTGGAATCCTGGGTCAGATG GGGCCACTGGTTTTGTAGTC 108
CSNIS1 CCTTTCCCCTTTGGGCTTAC TGAGGTGGATGGAGAATGGA 193
CSN2 GCAATCCCGTCCCACAAAAC GGGGCATCTGTTTGTGCTTG 138
CSN3 CCTTTTTGTGCCGTGGTGAG GGCTGGAGACCTAAGCAGAA 197
Cyclin D1 TGGCTAAACAAGGACCCCC ATGTCCACATCTCGCACGTC 203
PCNA AAAGATGCCGTCGGGTGAAT TGGTTACCGCCTCCTCTTCT 179

(CSN2) Z w[EHiiA B AR Cyclin D1 2 o K
(H TBST Z2 4 AR L 1:1 000 #ke) A—Hi,
T LL HRP—Fric Ll 25t % 1gG(FH TBST 25 i i 44 18
AFRAEL 1:1 000 FRE) A = 3t, x4 el 25 E AL ik
1T Western blot £, 31 Image] AR H#E47 K
2047, 5 CSN2 Ml Cyclin D1 & A A X R4
KF.

o1 P 438 B 06 B A AL (S T B, % 77
W) STIE A (To ) AR IS 41 (1004 300, 500
ng/mL HE4 PRL), MAK SANEE, BAER 14
fL, 50 T 3 IR, 4 M AH X3 5 2% (Relative
growth rate, RGR)=D,5¢ nm(RE L)/ D yso 0 (O
#1); i FEEE AR E IR W IR (B ER) Ak
340 (100. 300, 500 ng/mL F 4 PRL), 4% 3 4
HE, BAEL 1ML, RRES 3 K.

1.3 SitFESHh
TRIGHHE K SPSS22.0 #HE47 BN 5 7 2 4 Mt

A

bp
2000

B
bp
2 000

1000
750
500

250
100

M

1 000
750
500

250
100

708 bp

(One-way ANOVA), X H LSD %17 £ H L 77
Mr, s 45 R AP EEFR R R IR .

2 FERE5SH

2.1 pMDI8-T-PRL RIEHAMWMESERE
DA% HEA ¢cDNA AR, H 5% Sus-PRL-
F/Sus-PRL-R #3455 PRL R K B B (& 1A), [H]Uk
EHE| pMDI18-T #i Ak J5 ¥ 4k B DHS o B2 3540
M, B PCR % €45 R UK 1B Fros, 43 ml#&H 5.
6~ 9~16 5 W BRI E4T DNA W7 %€, -5
DNA i 745 1 4 Blast ELXR I 5. 6+ 11 5 BH U
BN BINE 1AM RAR (A RN G), 7
BRI (ATG 228 GTG, MAMKE 13 &
F R Met A28 Val), 1 A 3 K A B4 5
PRL A B2 F R 7 %5 PRL WA (XP_
005665681.1) — %, pMD18-T-PRL 7 [ i 4A ¥y
jDaziR
1 2 3 4 5

6 7 8 9 10 11 12 13 14 15 16

708 bp

A: PRL 2 [Hf] PCR /4, M ;y DL 2000 DNA Marker, 1~4 LLR}JE TR 4141 cDNA N ; B: pMD18-T-PRL B PCR /44, M > DL 2000 DNA

Marker, 1~16 735 LA#bi%& 1R [ pMD18-T-PRL 12 ¥4 ] i B4R

A: PCR products of PRL gene, M is DL 2000 DNA Marker, 1—4 use sow pituitary tissue cDNA as template; B: PCR products of pMD18-T-PRL colonies, M

is DL 2000 DNA Marker, 1-16 respectively use different pMD18-T-PRL colonies as template
1 pMDIS-T-PRL ZEHFHHWES PCREE
Fig. 1 Construction and PCR identification of pMD18-T-PRL cloning plasmid

2.2 pCDH-CMV-6His-PRL-6His-EF1-GFP+
Puro @HRERIAHANWESLEE

LA pMD18-T-PRL ¢ Fi # Ak i, M 514
HPH-F-EcoR I/HPH-R-BamH 1 § 1§id, 6Hj
570"

PRL-6His-BamH 1 J# 51 )7 Bt (K] 2A); H EcoR 1 Al
BamH 1 W JIEg 5 56 ai L E i B i v B S
pCDH-CMV-MCS-EF 1-GFP+Puro 18475 2 1k 4 4

ﬂfﬂé%t} %ﬁﬂﬁ%u 6His-PRL-6His /B (& 2B)

I 7N
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Pps:/]
A M 1 B b M 1 ¢ M 1
bp p bp
2000 15 000
2 000 10000 8 179 bp
7500
1000
1000 5000
750 749 bp 750 739 bp
500
300 2500
250
250 100
100
1000
D E
M1 2 3 45 6 7 8 91011 12 p ML p M2 2
bp 15 000
2000 10 000 8179 bp
5000
1000 2500
750 749 bp 1500
500
250 1000 1000
750 739 bp
100 500
250 250
100

A: EcoR 1-6His-PRL-6His-BamH 1 J¥ 41|}y Bt PCR 7=4%, M 24 DL 2000 DNA Marker, 1 4 EcoR 1-6His-PRL-6His-BamH I /741l }i Bt; B: EcoR 1-6His-
PRL-6His-BamH 1 F¥ 51| BOWEEY) 740, M 25 DL 2000 DNA Marker, 1 24 6His-PRL-6His A B{; C: pCDH-CMV-MCS-EF 1-GFP+Puro Ji ki XUEE) 74,
M 4 DL 15000 DNA Marker, 1 J pCDH-CMV-MCS-EF1-GFP+Puro £ % i B¢; D: pCDH-CMV-6His-PRL-6His-EF 1-GFP+Puro i PCR /4, M 25
DL 2000 DNA Marker, 1~12 43 5l EAFb i A AS 7 86 5 74 10 B AR ;s B: E 415k pCDH-CMV-6His-PRL-6His-EF 1-GFP+Puro FXUEE 145 5, M1 A
DL 15000 DNA Marker, M2 4 DL 2000 DNA Marker, 1 1 2 >y 25 5 ki B ) A B

A: PCR product of EcoR I-6His-PRL-6His-BamH I sequence fragment, M is DL 2000 DNA Marker, 1 is EcoR I-6His-PRL-6His-BamH I sequence
fragment; B: Double digested product of EcoR I-6His-PRL-6His-BamH 1 sequence fragment, M is DL 2000 DNA Marker, 1 is 6His-PRL-6His sequence
fragment; C: Double digested product of pPCDH-CMV-MCS-EF1-GFP+Puro plasmid, M is DL 15000 DNA Marker, 1 is pPCDH-CMV-MCS-EF1-GFP+Puro
plasmid linear fragment; D: PCR products of pPCDH-CMV-6His-PRL-6His-EF 1-GFP+Puro colonies, M is DL 2000 DNA Marker, 1—12 respectively use
selected bacterial solutions from different single colonies as templates; E: Double digested product of recombinant vector pPCDH-CMV-MCS-EF 1-GFP+Puro,
M1 is DL 15000 DNA Marker, M2 is DL 2000 DNA Marker, 1 and 2 are double digested products of recombinant vector

2 pCDH-CMV-6His-PRL-6His-EF1-GFP+Puro 18FERAHAFNHES PCREE
Fig.2 Construction and PCR identification of pCDH-CMV-6His-PRL-6His-EF1-GFP+Puro lentivirus expression plasmid

ML pCDH-CMV-MCS-EF1-GFP+Puro Jii kL 2.4 185 B CHO-K1 4AB6E X FA14 4A A8 R 89
B (B 2C), JFREAT 8 5 H AL B Stb13 K2 ik

Jf, BRECER B VA 33547 IR PCR %552 (& 2D), FHME B FH 45 12 05 55 TR 4 CHO-K 1 41 72 b J5,
@ DNA WP R 2 Blast WX, BT BUS g fa) 8 9% b & BB 02 B0 e 9% 7 ) CHO-
pMDI8-T-PRL IR F 155 — B0 W EARINE oy o 5 0,95 5628 1 26 1A A5 00 B 47 (& 4), Jeije
T XY G, 129 739 bp b — kb 260, 5 WML 30%~50%, W15 JEVE PRL 3 R 1 5
H B BRI /D 21 (B 2E), %jﬁ PCDH-CMV-6His- "o k1 4k . PRL—17 % B U iy CHO-
PRL-6His-EF 1-GFP+Puro 12 75 3 ik £ 4 #4 K1 0 FE I 2 22 AT MR 7 d 25 S ek

B v i z
é} I A é 1 0() [) y ‘/%‘El ! é 2N
23 18 s 3 S €008 6B IR 95% LA b, 515 FH P40 i

W 155 7 HE 21 B B8 A A S B R S
L 293T 4 M, fL3% 5 6His-PRL-6His i B
PRL-18% %, LY 24 h J5, fEVOLEIE BME T
AT UL 293T 4 o 4 7 e B A IR E L R 4T (B 3),
RN 30%~50% . % PRL—MS95 85 iR 45 a4
T LD 2, P2 B 298 9.9x10° TU/mL, i &2 )5

SRR F 2711

Jf4ir 4y CHO-K1-PRL.
2.5 CHO-K1-PRL ZHfIRY4AE

LA B G 1897 75 1) CHO-K 1 40 g Fl i e 25 4%
A2 95 55 19 CHO-K 1 40 g Xt i, % CHO-K1-
PRL 40 134T RT-PCR(B-actin YE NN ZFEH) Al
Western blot £F. &5 £ Ex, i CHO-KI1-

H&Léﬁﬁl?a i 5 TN 5 16 % W (749 bp)

I 7N
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Fot 7 Rl
White light Fluorescence Merge
H
Control
300 um 300 pm
Empty vector
300 um 300 um
PRL
300 pm 300 um

25 RMAC TR 293T AMAE; 25980 FE e 18RRI IN 293T 41MH; PRL: $%2% pCDH-CMV-6His-PRL-6His-EF 1-GFP-+Puro 157 75 I B4 ] 293T 41
Control: Untreated 293 T cells; Empty vector: 293 T cells transfected with empty lentiviral vector; PRL: 293T cells transfected with pPCDH-CMV-6His-PRL-
6His-EF1-GFP+Puro lentiviral vector

3 IBREHAEES 293T 4 24 h WARIKER

Fig. 3 Fluorescent expression of 293T cells transfected with lentivirus plasmid for 24 h

Fot 7t M
White light Fluorescence Merge
EHE|
Control
300 um 300 um
Empty vector
300 um 300 pm
PRL
300 um 300 pm
PRL
(Zhi )
(After drug
screening)
300 pm 300 um

251 KAL) CHO-K1 4R 258 B 2 B9 % B CHO-K 1 41 ; PRL: /& 4% PRL—189% BE8 /1) CHO-K1 4Nl PRL(Z 517 ): B Y
PRL-M&JR A K] CHO-K1 AL AN B R iM% 7 d )

Control: Untreated CHO-K1 cells; Empty vector: CHO-K1 cells infected by the concentrated empty lentivirus solution; PRL: CHO-K1 cells infected by the
concentrated PRL-lentivirus solution; PRL (after drug screening): CHO-K1 cells infected with PRL-lentivirus solution and then screened by purinomycin for
seven days

4 BRERAERRS CHO-K1 HAR 72 h RZ5TE 7 d FIOERIKER
Fig. 4 Fluorescence expression of CHO-K1 cells infected with concentrated lentivirus solution for 72 h and seven days after

drug screening % 272 ﬁ , :/I:I\: 307 ﬁ
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(B 5), I H R CHO-K1-PRL [t 48 fifd fr 40 o 25 AR

NN . 2H  Empty CHO-KI-
H5 872 %A HA R 2] His-Tag £ (K 6), Control vector ~ PRL
UK 43 B 2009 25 000(H PRL A 43T 5 p RO TE
23 000). 5000
2.6 &R PRL EEERMANLS LC-MS/MS & 1900 749 bp

ife 500

e ﬁ’*ﬁ' 550

100 98 bp

4 CHO-K1-PRL 41 5 759, I FH A 5= Fl
JEMT X B IR OB I His-Tag #EAT 44k, $R154040 1
HARA FEIKRE N 50 ug/mL), X4tk 5 [T
SDS-PAGE(K 7), - UTHCH B % 7 217 LC-
MS/MS Jii i 73 #r, 225 8 B 5T 38040 B Lot 23, B
HE A5 RRRE PRL(XP_005665681.1) Lbxf 78 5
IR 94%, Ui FRIE =Y R PRL AR H .

A
M, M 1 2 3
35000
PRL-6His
25000
75 000
60 000
a-tubulin

M >y DL 2000 DNA Marker; 1. 3. 4. 6 f1 7 24 749 bp [ EcoR 1-6His-
PRL-6His-BamH 1 Ji B, 2+ 5 F1 8 2 98 bp ] p-actin
M is DL 2000 DNA Marker; 1, 3, 4, 6 and 7 are the 749 bp EcoR I-6His-
PRL-6His-BamH I fragments; 2, 5 and 8 are the 98 bp f-actin fragments
5 CHO-KI1-PRL £HAfIf9 RT-PCR ¥E
Fig. 5 RT-PCR identification of CHO-K1-PRL cells

M,

T

35000

25 000 PRL-6His

15000

A: AR B: A3 IR M 9 Western blot marker, 1 AARMAEHEK) CHO-K1 411, 2 /e #4187 28 1) CHO-K1 4Mffl, 3 29 CHO-K1-
PRL; PRL-6His B4 H AP Z a-tubulin A% 4375 & 43 512124 25 000 F1 55 000
A: Cell lysate; B: Cell culture fluid; M is Western blot marker, 1 is untreated CHO-K1 cells, 2 is CHO-K1 cells infected by the concentrated empty lentivirus
solution, 3 is CHO-K1-PRL; The relative molecular weights of PRL-6His recombinant protein and a-tubulin are about 25 000 and 55 000 resprectively
6 CHO-K1-PRL #ffich His-Tag 59 Western blot £ &

Fig. 6 Western blot identification of His-Tag protein in CHO-K1-PRL cells

M. M 1

180 000
140 000

100 000
75 000

60 000
45 000
35000

25000 PRL-6His

15 000

10 000

M: Protein marker (PM2510)
7 #E{L3EIR PRL EHE B SDS-PAGE £7E
Fig. 7 SDS-PAGE identification of purified porcine PRL
recombinant proteins

2.7 %R PRL EHEERN HC11 fREIETE R B E

SREYd:0EA

fE HC11 A4S FRAE 5 43 AINNAS [F) 5T 2k
) E 40 PRL(0. 100, 300, 500 ng/mL) AbFH
24 h )5, RIEINELH PRL GEMEHE HC11 4 i 4%
JE (P<0.05)(E 8A), I H 5 21 g 3 58 AH L 1Y
Cyclin D1, PCNA 3£ X } Cyclin D1 & (4 3£k K F
B3 BT (P<0.05)(& 8B, 8C. 9A), 5 4 Jitd 4 X} 184
B ()45 FAH— 5

JEIT qPCR 1 Western blot #5, &5 B EIR, ¥
T 300, 500 ng/mL 4 PRL A2 3% il T PRLR
1R IEKF (P<0.01)(KE 8C); %M 100, 300
ng/mL 4] PRL 4bFEXF HC11 # CSNISI. CSN2 %
DRI I 7K P 0 5 35 5], T CSN3 PR Rk 7K1 i
% L (P<0.05) (K] 8C), 1H CSN2 & H KL K-
T4 (P<0.05) (1 8B. 9B); ¥l 500

% 273 ﬁ , g‘é%%Pﬁﬁ%iﬁT@%%E%(csmsz\
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mm X Control 3 100 ng/mL PRL @ 300 ng/mL PRL @ 500 ng/mL PRL

C A 2.5-B

—_
wn

a

1

._.
o
T
—_
W
T

—_
(=)
T

HC11 2 A o 4 5

Relative growth rate of HCI11 cells
MRk
Relative expression

o
n

S
(=)

0 100 300 500 CSN2 Cyclin D1
p(PRL)/(ng-mL™") £ [ Protein

mRNA X ik &
Relative mRNA expression

Cyclin D1 PCNA PRLR CSNIS1 CSN2 CSN3
A Gene

BT (B A) HFREA (B B) 82k H (K C) BT L A E/NG FRER IR 7] 2 7 35 (P<0.05, LSD ¥2%), AN A K S FRER R 40 22 7 i i
¥ (P<0.01, LSD ¥5)

Different lowercase letters on bars (figure A), or bars of the same protein (figure B) or gene (figure C) indicate significant differences among groups
(P<0.05, LSD method), different capital letters indicate highly significant differences among groups (P<0.01, LSD method)

8 A EFRZREELH PRL X HC11 A0S KX EEE A FRIEMFN

Fig. 8 Different mass concentrations of recombinant PRL on proliferation and casein expressions of HC11 cells

Xt Control 100 ng/mL PRL 300 ng/mL PRL 500 ng/mL PRL
A 1 2 3 4 5 6 7 8 9 10 11 12 M

T

34000 (Cyclin D1)

50 000 (a-tubulin)

24000 (CSN2)

50 000 (a-tubulin)

9 Western blot &R EKEELE PRL xf HC11 449 Cyclin D1, CSN2 FEHRIXHFNT
Fig.9 Effects of different mass concentrations of recombinant PRL on expressions of Cyclin D1 and CSN2 proteins in
HC11 cells detected by western blot

CSN2, CSN3) [NFRIEKF (P<0.05) (K 8C), 11 A, WA G 7 L b B L, X ] ez
CSN2 T AFBACE 50 R 2 B A3 (K1 8B 9B).  PRL £ R4k A FEAEUY . AT i L2 MR R &
(1] PRL B H A, 6= 5 AR R &M, Rikm

i 54E]
3 wWiesHEk EEAEA BT IEMIT S, AR AL, JEH
PRL FE &M EAF MW —REATE 8% b T s Em DL E R AR (A 7w, &
#, BATIZ0AEYENE . PRL BER 28 4 = k4 gl 52 PR, B T AR A 1 DR

EI7AT , #H307'H !

(C)1994-2024 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net
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45 2%

WE. N T3R5 KRG IR PRL AR (0 2 A 15 1
(WA, AWFFEFIH CHO 1B %R ILE R4
AN T AR PRL B2 .

CHO Hi%RILERGMUEAEO B EEE
WiThae, 1 HRE M E A A BN EDEI)
AEUS) AL R B A R R R B R B
—, R m EHE O AR, fetE Bk
FAE ) 35 LR R (B8 2 AR 3 /) %
A g2 J )T 15 BE A A DA B Y i TR A
DR, H )35 DR A s 1 2 R 245 A A
— REARTY, GRS I K B AMIREE R, O B
K5 R AR g B, B EE R AR H
(1) B ] o RO A B AR e b, HOAR 5 51
ECtE N AL, BRI b REAE TE A M N 7K A SRIL FFRAE T
AR A R IARY; T H ok f5 118 05 75 2 (R 2,
BHERIGE ), &R A A, & —
AR B DR A AR P20 TRk, AT 32k FH 8 5 23 48044
RAWATHERERIEEIPRLEHAEAN
CHO-K1-PRL 4Hjifl %

H AR 2 2012 15 8 A i 4 HIV-1 5 K 4H 2
BT OR, 1B FE LTS NS, RE RS B g
DRI 26 2115 F= 40 B, AT A 40 305 26 R B 08 7 1 3240
IS RIS P Pres: S v A il S - k53 T
I T2k AN PRL 4L (™. EAW 5T,
TAE IS ¥4 PRL B K v Beadi A 2] pCDH-CM V-
MCS-EF1-GFP+Puro {2 8 £k 84k, &80 50
ARG A MG PRL ZEH 1) PRL-12 05 B, /e
CHO-K 1 2028 1 M4 85 2 25 W) i ik s 15 B AR e
[1)%% PRL K1k R4, HH A G/ ZEHrizaith
3% PRL B 207 . Western blot %5 K 1% B 41 &
FRe 5 His-Tag PuiASE &, 0 AHX 70 7l E 2
79250005 HhAh, XFAE401S 2 PRL B4 8 H i
17 LC-MS/MS Jin#T, S RE N ZEHAEAE K
848 PRL Hx (0 bE 7 55 220K 94%, ] DL &
CHO-K1-PRL 4035 78 & A %6 PRL HE H »
RARME PRL FHX 275 A 23 000, I AHT FL 1A
) PRL £& (1 #5747 His-Tag £ [, PRL-6His AHX} 4>
TRELIN 25 000, {55 K38 5 AL T8 & Rk Bt
(N i, — R 15~30 AN IEER IR LA AL, W55
52 B N R A R R O R RS B I S A s F)
YR A5 5 K7 FILEAS [R]85 1 o ) m LA A, AR
T B R AMR R IA I8 I B A S E AR
WAERIK (PS5 KT 21 8 4 2 1 o AR & (45 5 KB
AR FEAER RS B R IL AR, fRE T PRL 3

gl AR S AP AV walll IR - S PR R S
(1) PRL 2 8 A i R N 50 pg/mL, Ui AW
FUHIH PRL R RGE A RBEIL, JFEAEERG
B AL PRL RIE R G, v LL# @ B #
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Effects of L-carnitine on oocytes in vitro maturation lipid metabolism and

parthenogenetic embryos development in porcine

FENG Meiying LI Guihuan XU Zhenpeng BAI Yinshan WANG Wencong
LI Li  ZHANG Shouquan WEI Hengxi
(College of Animal Science South China Agricultural University/National Engineering Research Center for Breeding Swine Industry/
Guangdong Provincial Key Lab of Agro-animal Genomics and Molecular Breeding Guangzhou 510642 China)

Abstract [Objective ] This study was conducted to explore the effect of different concentrations of
L-carnitine on the maturation of porcine oocytes the development of parthenogenetic (PA) embryos in
vitro and the lipid metabolism in pig oocytes. [Method ] Different concentrations of L-carnitine were add-
ed into mature medium to observe the influence on porcine oocytes maturation and parthenogenetic embry—
os development. Oil red staining triacylglycerol kit and quantitative RT-PCR were used to detect the lip—
id metabolism and the key hydrolase expression level in oocytes. [Result and conclusion] The rates of oo—
cytes maturation and the subsequent PA blastocysts increased significantly when supplemented with 100

ng/mL L-carnitine to the IVM medium (P <0.05) and the oocytes lipid metabolism also increased sig—
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nificantly (P <0.001). The addition of 100 ng/mlL L-carnitine into embryo culture medium significantly
increased the cleavage rates (P <0.05) and contributed to the PA blastocyst rates and qualities. Further
analyses of quantitative RT-PCR revealed that the mRNA expression levels of adipose triglyceride lipase
gene (ATGL) and hormone-sensitive triglayceride lipase gene (HSL) both decreased significantly with
100 ng/mlL L-carnitine treatment which indicated that the L-earnitine could affect the lipid metabolism
by regulating the key lipases gene expression. In conclusion these results demonstrated that L-carnitine
can improve porcine oocytes maturation and enhance the PA embryos developmental ability through lipid

metabolism regulation.

Key words:porcine oocytes; L-carnitine; parthenogenetic activation; lipid metabolism; embryo develop—
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S 0.1 mg/mL  L-
. (In vitro (Polyvinyl alcohol-Dulbecco’s phosphate buffered sa—
maturation VM) line PVA-DPBS) DPBS 1 g/L
N (Polyvinylalcohol PVA); 0.25 mol/L
2 0.10 mmol/L CaCl, 0.10 mmol/L MgCl,
0. 05 mmol /L 4 - (HEPES) 0.1
g/L PVA; (PZM3 porcine zygote medi—
4 um 3) 100. 00 mmol/L NaCl. 25. 10 mmol/L
NaHCO;-10. 00 mmol/L KCI. 0.35 mmol/L KH,PO,.
0. 40 mmol /L. MgSO, + 7H,0.2.00 mmol/L N
2. 00 mmol /L +1.00 mmol/L L - N
5. 00 mmol /L, N 2 %
s (BME EAA) . 1 % (MEM
NEAA) 3 ¢/L (BSA);
458 0.15 ¢ 0.30 mL 20
mL H,O0. RT-PCR
1
N 1 PCR
Tab.1 The primers of real-time fluorescent quantitative
N PCR
(539 by
1 Hel TCCAAATCCCACGAGCCTTA 159
GAGGAGACCGCAGTGCTTGA
1.1 ATGGAGCCCACGGACCTG
DPBS(Dulbecco’ s phosphate buffered saline) Atgl CTGCCTGTCTGCTCCTTTATCC 179
(MEM NEAA) . Acth AGGGCAGTAGCATCGCTTTAGT 18
GIBCO Heclone AAGGGGATTGTGATGGCTGA
Sigma . 1.2
: 1.2.1
TCM 199 (Tissue culture medium 199) .
10% <10 ng/mL . 3 ~8 mm
10 1IU/mL <10 IU/mL . 3 -
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(Cumulus oocytes complexes COCs). (BIO RAD-680)

4 3
(0.10.100.1 000 ng/mL) mRNA
( 100 pL 20 ~30 ) (HSL) (ATGL)
42 ~46 h. (1 mg/mL) 100 0 100 ng/mL
COCs Tiangen RNAprep pure
100 V/em < / RNA 2
60 ps . RNA PrimeScript® 1st Strand ¢DNA
PZM3 2 7 Synthesis Kit cDNA 1
5 pg/mL Ho— (40 pL/ ). 1 pL cDNA B-actin
echst 33342 RT-PCR
HSL  ATGL  mRNA 3
( B ( / 1.2.3
)~ ( / )
(0 .10 100 +1 000 ng/mlL)
1.2.2 48 h \7d
0 ng/mL .
1.2.4 3
+ SPSS 17.0
P <0.05
2
4% 20 2.1
min PVA-DPBS 3 5 ~6 min
50% DPBS . 2 1 000 ng/mL
2 PVA-DPBS 100 ng/mlL
(P <0.05).
(P>0.05)
300 0 100 ng/mL 100 ng/mL
40 pL 1% Triton X100 ( 2 1).
PBS 4 <C 40 min Dongou
( ) 100 ng/mlL.
2 D
Tab.2 Effects of different mass concentrations of L-carnitine on porcine oocytes maturation and PA embryos development in
vitro
/ / /
p((ng . le)) /% 1% 1% /
0( 193 56.65 +1.68a 178 73.02 +£4.78a 17.60 +4.44ab 33.67 £11.79a
10 199 63.13 +£3.30ab 177 68.32 £3.97a 21.35 £6.22ab 43.67 +9.94a
100 200 69.76 £2.31b 188 77.37 £4.11a 29.15 +4.22h 40.33 +3.71a
1 000 204 56.60 +£3.27a 189 66.05 £5.70a 13.06 +£2.73a 27.67 £6.69a
1) (P>0.05 Duncan’s ).
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N 11
0 ng/mL (100 x ) ;B: 100 ng/mL (100 x);C: 0 ng/mL (200 x);
D: 100 ng/mL (200 x).
1
Fig. 1 The influence of blastocysts quality and developmental ability of PA embryos derived from IVM medium supplemented with
L-carnitine
2.2 100 ng/mL
100 ng/mL
2 « 2 0
100 ng/mL
0
A: 0 ng/mL (200 x ) ;B: 100 ng/mL (200 x) ;C: (s
0. 001 Duncan’s ).
2 o0
Fig.2 Fat staining by oil red O and triglycerides content detection of mature oocytes
2.3 H_1-4 r [0 ng/mL
212 1 B100ng/mL
HSL ATGL mRNA ol
firgs
¢ 3) 208
Zo6r
100 ng/mL HSL =
ng/m S 1] I
ATGL mRNA Zo2f
E 0.0
(0 ng/mL). " HSL  ATGL
2.4 JiB A S SR M IR
“x 0.01 “odokok 0. 001
3 (Duncan’s ).
3 HSL  ATGL mRNA
(P <0.05) 100 ng/mL
Fig.3 Effects of L-carnitine supplementation on HSL and ATGL
10 ng/mL
mRNA expression levels of porcine oocytes
(P >0.05).
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Tab.3 Effects of different concentrations of L-earnitine in embryo culture medium on porcine PA embryo development

p((ng'mL'l) ; 1% 1% /
0 161 78.75 +1.88a 29.14 +8.70a 44.97 £3.19a
10 129 91.80 +£2. 16¢ 30.33 +4.44a 50.58 +2.18a
100 155 92.92 +1.23¢ 37.38 +5.66a 46.86 £0.69a
1 000 174 85.19 +0.44b 27.55 +6.37a 44.19 £2.10a
1) (P >0.05 Duncan’s ).
3 CoA
II
CoA B -
i n ATGL
Lonergan ° HSL
Soom 10 1243
( ATGL . ATGL
)
. HSL
14
100 ng/mL
HSL  AT-
 Wu 8 GL mRNA
(0.0.25.0. 50+ HSL ~ ATGL mR~
1. 00 mg/mL) NA )
0.50 mg/mL ATGL mRNA
. ATGL
(0.0.25.0.50.1.00.2. 00 mg/mlL)
Somfai ~ *
0.6 ~5.0 mg/mL
1
100 ng/mL 1. 2007(6) : 89.
2
’ J .
10,100 1 000 ng/ml 2011(20) = 1222942230.
3
J. 2006
(3) : 361364
4 SOMFAI T KANEDA M AKAGI S et al. Enhance-
ment of lipid metabolism with L-carnitine during in vitro
maturation improves nuclear maturation and cleavage abil—-
B - ity of follicular porcine oocytes J . Reprod Fertil Dev
2 2011 23(7): 912-920.
I 3 - ( 18 )
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