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Abstract

Traditional Chinese medicinal herbs containing berberine have been historically used to
prevent miscarriage. Here, we investigated whether the anti-apoptotic effects of berberine
on pre-implantation embryonic development are regulated by miRNA-21. Mouse pronuclear
embryos were cultured in medium with or without berberine, and some were then microin-
jected with a miRNA-21 inhibitor. The in vitro developmental rates of 2- and 4-cell embryos
and blastocysts, blastocyst cell numbers, apoptotic rates, and apoptotic cell numbers were
measured in each group. Furthermore, we examined the transcription levels of mMiRNA-21
and its target genes (caspase-3, PTEN, and Bcl-2) and their translation levels. Compari-
sons were made with in vivo-developed and untreated embryos. We found that berberine
significantly increased the developmental rates and cell numbers of mouse blastocysts and
decreased apoptotic cell rates in vitro. Berberine also significantly increased miRNA-21 and
Bcl-2 transcription levels and significantly decreased caspase-3 and PTEN transcription
levels. In embryos treated with a miRNA-21 inhibitor, the results followed the opposite
trend; PTEN and caspase-3 transcription levels increased significantly, while the transcrip-
tion level of Bcl-2 decreased significantly. Additionally, berberine treatment significantly in-
creased the Bcl-2 protein level and significantly decreased the caspase-3 and PTEN
protein levels in blastocysts, but there were no significant differences observed in the levels
of these proteins in 2- and 4-cell embryos. This study revealed that miRNA-21 is important
for pre-implantation embryonic development, especially blastocyst development in vitro.
Berberine elevates miRNA-21 expression, decreases PTEN and caspase-3 levels, in-
creases Bcl-2 levels, and exerts anti-apoptotic and pro-growth effects.

Introduction

In vitro culture of pre-implantation embryos is an important step in human assisted reproduc-
tive technology and animal embryo engineering. In mammals, the majority of embryos
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undergo a development-blocking phenomenon early in the process, resulting in a decrease in
the birthrate of offspring [1]. Therefore, maintenance of an optimal environment to overcome
this blocking phenomenon is essential for in vitro development of pre-implantation embryos.
In our previous study, the Traditional Chinese Medicine (TCM) monomer berberine, an iso-
quinoline alkaloid compound that can be extracted from several Coptis plant species [2-3], was
added to embryo culture medium and found to increase the blastocyst rates of mouse 2-cell
embryos and porcine parthenogenetic and in vitro-fertilized embryos. Berberine treatment also
increased the total cell numbers in the in vitro-developed porcine blastocysts, the cell numbers
within inner cell masses, and the number of trophoblasts, while significantly reducing apopto-
sis. Additionally, berberine increased the level of nitric oxide and inhibited malondialdehyde
formation in culture environments in vitro [4-8]. Last, berberine was shown to significantly
promote clinical pregnancy rates and rates of survival away from the nest in mice following the
transplantation of blastocysts developed in vitro [9]. However, the molecular mechanism re-
sponsible for the ability of berberine to improve embryonic development is not yet clear.

Over the last 10 years, microRNAs (miRNAs) have been identified as molecular markers of
many cellular processes [10]. They are small RNA molecules (20-24 nt) widely found in ani-
mals and plants, which degrade mRNA or hinder its translation, thereby exerting their func-
tions post-transcriptionally. Studies have found that miRNAs play an important role in cancer
[11], diabetes [12], viral infections [13], maintenance of the pluripotency of embryonic stem
cells [14], placental formation [15], fetal growth [16], and generation of induced pluripotent
stem cells [17] [18]. Abnormal expression of miRNAs can lead to aberrations during early em-
bryonic development and cause abortion [19-21]. Many miRNAs have an important regulato-
ry role in cell proliferation, apoptosis, and differentiation [22-23], and miRNA-21 in particular
has been found to exhibit anti-apoptotic effects in many cell and tissue types. Studies have
suggested that miRNA-21 might be a diagnostic marker and/or treatment target for cancer
[24-25].

There is a close relationship between miRNA-21 expression levels and pre-implantation
embryonic development. Through miRNA-21 up-regulation, Shen et al. found that interleu-
kin-6 (IL-6) stimulates the anti-apoptotic IL-6/Stat3 pathway, increases cellular proliferation,
reduces apoptosis, and promotes pre-implantation embryonic development [26]. Additionally,
we found in a previous study that icariin, which is a component from another TCM monomer,
up-regulates miRNA-21 in pre-implantation embryos and exerts anti-apoptotic effects to im-
prove development in vitro [27].

MiRNA-21 directly regulates PTEN, PDCD4, TPM1, maspin, and many other genes, as well
as affecting the expression of members of caspases and the Bcl protein family, which are associ-
ated with apoptosis and cell proliferation. PTEN inhibits tumorigenesis by regulating apopto-
sis, and its mRNA expression is regulated by promoter methylation and a variety of miRNAs
[28]. Caspase-3 is considered to be the main inducer of apoptosis among caspase family mem-
bers, while Bcl-2 is directly involved in several anti-apoptotic effects. However, the regulatory
role and mechanisms of miRNA-21 in pre-implantation embryonic development are not yet
clear. In this study, we found that mouse embryos cultured in vitro from pronuclear embryos
to blastocysts in medium supplemented with berberine exhibited an increase in miRNA-21 ex-
pression and a decrease in apoptosis rates. To further explore the effect of berberine on the pro-
motion of embryonic development and reduction of apoptosis, we microinjected a miRNA-21
inhibitor into the pronuclear embryonic cytoplasm and then observed the development of pre-
implantation embryos with reduced levels of miRNA-21. This approach allowed us to explore
the regulation of miRNA-21 and berberine in an environment with very little miRNA-21 dur-
ing pre-implantation embryonic development.
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Materials and Methods
Reagents and animals

All reagents used were from Sigma Chemicals (St. Louis, MO, USA) unless stated otherwise.
Kunming white mice, 6-8 weeks old and specific pathogen-free, were from the Chinese Acade-
my of Military Sciences. Our experiments complied with the provisions of the Chinese Acade-
my of Military Sciences for experimental animal care and use. The protocol was approved by
the Committee on the Chinese Academy of Military Sciences (Permit Number: scxk-jun-2012-
0004), and all efforts were made to minimize suffering. Mice had free access to water and food,
and were subjected to a light-dark cycle of 14/10 h.

Embryo collection and in vitro culture

Collection of blastocysts and 2- and 4-cell embryos in vivo. Superovulation was induced
in female mice via intraperitoneal injection with 10 IU of pregnant mare’s serum gonadotropin
(PMSG:; Ningbo second hormone factory, Ningbo, China) and 10 IU of human chorionic go-
nadotropin (hCG; Ningbo second hormone factory) at 48 h intervals and were caged with male
mice. The 2- and 4-cell embryos were obtained from oviducts, after 47 and 56 h, respectively,
and the blastocysts were collected from mice after 96 h. All samples were rinsed with phos-
phate-buffered saline (PBS; Gibco) and stored at —80°C. These in vivo embryos were designated
as the “vivo group”.

In vitro collection and culture of pronuclear embryos. Superovulation of mice was exe-
cuted as described above. After the female mice were placed in cages for 25-26 h following the
induction of superovulation, pronuclear embryos were released from the oviduct. Granulosa
cells were removed using 0.1% hyaluronidase and washed three times with PBS followed by
three washes with basic culture medium (mCZB) [29]. Pronuclear embryos were placed in
50 pL droplets of mCZB medium for the control group and mCZB medium supplemented
with 0.1 ug/mL water-soluble berberine (Ber, 99.97% pure; Standardherbs, Beijing, China) for
the Ber group. The droplets were covered with mineral oil and then cultured at 37°C in 5%
CO; and 100% humidity. The media was replaced with 1 mg/mL glucose-containing medium
after 48 h. The 2- and 4-cell embryos were collected after 24 and 48 h in culture, respectively,
and blastocysts were collected after 96 h, with all samples stored at —80°C until further use.

Microinjection of a miRNA-21 inhibitor

Mouse pronuclear embryos were randomly selected and placed in 50 uL. mCZB medium droplets
that were covered with mineral oil. The 50 nmol/L miRNA-21 inhibitor (AUC GAA UAC UCU
GAC UAC AAC U, GenePharma, Shanghai, China) or a negative control fragment of the miRNA
inhibitor was microinjected into the cytoplasm of pronuclear embryos in a volume of approxi-
mately 10 pL using a micromanipulator. Each microinjection session comprised 50 embryos and
was completed in 40 min. Embryos microinjected with the miRNA-21 inhibitor (inhibitor group)
or a negative control fragment of the miRNA inhibitor (negative control (NC) group) were cul-
tured with mCZB basic medium. Similarly treated embryos in the experimental group (inhibitor-
Ber group) were microinjected with the miRNA-21 inhibitor and cultured in mCZB medium sup-
plemented with berberine. Embryos in the 2- and 4-cell stage and blastocysts were collected after
in vitro culture for 24, 48, and 96 h, respectively, and stored at —80°C until further use.

Blastocyst cell count and apoptosis detection

Fresh blastocysts collected for each group were washed three times with PBS, fixed in 4% para-
formaldehyde for 1 h, and incubated in 0.5% TritonX-100 for 1 h. Samples were subjected to a
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TUNEL assay using an in situ Cell Death Detection Kit (Roche, Basel, Switzerland) for 1 h,
then stained for 15 min with 10 pg/mL Hoechst33342. Samples were washed three times with
PBS after each of the above steps. Embryos were mounted on glass slides and analyzed using a
laser-scanning confocal microscope (Leica Microsystems GmbH, Wetzlar, Germany) to deter-
mine the number of total and of apoptotic cells, and the apoptotic cell rates (the ratio of the
number of apoptotic cells to the total number of cells) were calculated.

Extraction of RNA and quantitative polymerase chain reaction (QPCR)
assays

The 2- and 4-cell embryos and blastocysts from each group were placed in 1.5 mL centrifuge
tubes (100 embryos from each stage for each group), in which total RNA containing miRNA
was extracted following the manufacturer’s instructions for a RNA extraction kit (Qiagen, Hil-
den, Germany). RNA reverse transcription and qPCR were executed according to the manufac-
turer’s instructions with a PCR kit (Qiagen, Hilden, Germany). Using qPCR assays, we
assessed mRNA expression levels of miRNA-21 with U6 as an internal reference, and of cas-
pase-3 (5'-GGG CCT GTT GAA CTG AAA AA-3' and 5-CCG TCC TTT GAA TTT CTC
CA-3/;242 bp), PTEN (5'-CCC AGT CAG AGG CGC TAT GT-3' and 5'-GAT ATC ACC
ACA CAC AGG CAA TG-3';255 bp) and Bcl-2 (5'-TAC CGT CGT GAC TTC GCA GAG-3'
and 5'-GGC AGG CTG AGC AGG GTC TT-3; 350 bp) with B-actin (5'-TGA CAG GAT
GCA GAA GGA-3' and 5'-CAG GAT AGA GCC ACC AAT C-3; 110 bp) as the internal refer-
ence. Primers were synthesized by Sangon Biotech Co. Ltd (Shanghai, China). The thermal cy-
cling profile we used was an initial denaturation step at 95°C for 15 min, followed by 40 cycles
of 94°C for 15 s, 55°C for 30 s, and 70°C for 30 s. Experiments were repeated four times and
each qPCR assay was independently repeated three times [27].

Western immunoblotting

All embryos (160 embryos from each stage for each group) were mixed with radioimmunopre-
cipitation (RIPA; Solarbio, Beijing, China) buffer containing protease and phosphatase inhibi-
tors, incubated for 5 min at 4°C, and mixed for 1 min. Loading buffer was added to each
sample (Solarbio). Samples were then incubated in boiling water for 4 min and stored at —80°C
until use. Proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) using a 4% stacking gel at 80 V for 30 min and a 12% separating gel at 100 V for
2 h. Proteins were transferred onto nitrocellulose membranes (Millipore, Madison, WI, USA)
for 90 min at 300 mA. Membranes were blocked with 5% skim milk (BD Biosciences, Beijing,
China) for 2 h at room temperature. Membranes were then incubated with primary antibodies
against B-actin (ZSGB-BIO, Beijing, China), caspase-3, PTEN, and Bcl-2 (Abcam, Cambridge,
MA, USA) at 1:1,000 dilutions overnight at 4°C, washed three times with Tris-buffered saline
containing 0.05% (v/v) Tween20 (TBST) before incubation with the appropriate secondary an-
tibody (1:15,000 dilutions; LI-COR Biosciences, Lincoln, NE, USA) for 40 min at room temper-
ature. Positive signals were visualized using an Odyssey infrared laser imaging system (LI-COR
Biosciences).

Data analysis

All data are shown as the means + SEM and were analyzed using SAS 9.0 software. One-way
ANOVAs and SNK multiple comparison methods were used to determine the statistical signif-
icance and a p-value less than 0.05 was considered significant.
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Results

Effects of berberine on mouse pronuclear embryonic in vitro
development and apoptosis

To examine the effects of berberine on embryonic development and apoptosis rates, the pronu-
clear embryos were cultured in media with (Ber) or without (control) berberine until they de-
veloped into 2- and 4-cell embryos and blastocysts. They were then compared with 2- and
4-cell embryos and blastocysts isolated from mice as described in the methods (vivo). The in
vitro developmental rates of the 2- and 4-cell embryos in the Ber and control groups were not
significantly different from one another (2-cell: 95.44 + 4.88% for Ber vs. 93.56 + 4.94% for
control; 4-cell: 84.93 + 3.77% for Ber vs. 83.93 + 5.29% for control; p > 0.05), but the develop-
mental rates of the blastocysts in the Ber group were significantly higher than those in the con-
trol group (81.88 + 9.76% vs. 62.42 £ 9.01%; p < 0.01) (Fig 1A). The blastocyst cell numbers in
the berberine group were significantly higher than those in the control and vivo groups

(p < 0.01). The numbers and rates of blastocyst cell apoptosis in the berberine group were both
significantly lower than those in the control and vivo groups (p < 0.01), and there were no sig-
nificant differences in the total numbers of blastocyst cells, numbers of apoptotic blastocyst
cells, or rates of blastocyst apoptosis between the control and vivo groups (p > 0.05; Table 1
and Fig 1B), which confirm that the effects of the embryonic in vitro culture system are consis-
tent with in vivo conditions. These results indicate that berberine can increase blastocyst devel-
opment rates and cell numbers, reduce the rate of apoptosis and number of apoptotic cells, and
improve the quality of embryonic development.

The effect of berberine on miRNA-21 expression in pre-implantation
embryos

To test if berberine treatment affects the levels of miRNA-21 expression, qPCR was used to
measure the levels of miRNA-21 in the 2- and 4-cell embryos and blastocysts cultured with
(Ber) or without (control) berberine or isolated from mice as described in the methods (vivo).
The levels of miRNA-21 expression in the 2- and 4-cell embryos and blastocysts in the berber-
ine group were all significantly higher than those in the control and vivo groups (p < 0.01),
and no differences were seen between the levels of miRNA-21 expression in the control and
vivo groups (p > 0.05; Fig 2).

Because we found higher levels of miRNA-21 expression in the 2- and 4-cell embryos and
blastocytes cultured with berberine, we wanted to further explore the effect of berberine by
comparing the levels of miRNA-21 in the 2- and 4-cell embryos and blastocysts treated with a
miRNA-21 inhibitor alone (inhibitor group) to the levels of miRNA-21 in those treated with
both berberine and a miRNA-21 inhibitor. First, we confirmed that our negative control frag-
ment (NC group) did not affect the baseline levels of miRNA-21 expression. There was no sig-
nificant difference between the levels of miRNA-21 in the control and NC groups (p > 0.05).
Next, we evaluated the effectiveness of the miRNA-21 inhibitor. The levels of miRNA-21 ex-
pression in the 2- and 4-cell embryos and blastocysts in the inhibitor group were all significant-
ly lower than those in the control and NC groups (p < 0.01), indicating that a miRNA-21
inhibitor can be used to specifically reduce the miRNA-21 expression in embryos. When we
combined the berberine and inhibitor treatments (inhibitor-Ber group), we found that the
miRNA-21 expression levels of the 2- and 4-cell embryos and blastocysts in the inhibitor-Ber
group were significantly higher than those in the inhibitor group (p < 0.05 for 2- and 4-cell
embryos, p < 0.01 for blastocysts; Fig 2). These results indicate that berberine promotes
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Fig 1. Effect of berberine on mouse pronuclear embryonic development in vitro. (A) The embryonic in
vitro development rates of 2- and 4-cell embryos and blastocysts (n = 25) cultured with or without Ber. (B) Cell
numbers and apoptosis rates of in vitro development blastocysts. Images of blastocysts (lightimage), cell
nuclei (blue), apoptotic cells (green), and merged images are shown from left to right. The scale bar indicates
50 um. Different uppercase letters represent significant differences in which p < 0.01.

doi:10.1371/journal.pone.0129527.g001

miRNA-21 expression in pre-implantation embryos, and is capable of increasing the miRNA-
21 expression levels in embryos treated with a miRNA-21 inhibitor.

Effects of berberine on the in vitro development and apoptosis of pre-
implantation embryos with inhibited miRNA-21 expression levels

To further investigate the effects of berberine on embryos with inhibited expression of
miRNA-21, we measured the rates of in vitro development and apoptosis. At the 2-cell stage,
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Table 1. Effect of berberine on blastocyst cell numbers and apoptosis.

Group Replication Number of embryos Number of cells Number of apoptotic cells Apoptosis rate (%)
Control group 5 56 45.91+4.614 2.94+0.66" 6.00+2.20"
Ber group 5 54 53.08+3.80°5 1.60+0.44° 2.93+0.57°
vivo group 5 52 46.17+4.30" 2.68+0.514 5.66+0.43"

Different uppercase letters represent significant differences in which p < 0.01.

doi:10.1371/journal.pone.0129527.t001

the in vitro embryonic development rates in the inhibitor-Ber group were not significantly dif-
ferent than those in the control group (p > 0.05), unlike the rates in the inhibitor group, which
were significantly lower (p < 0.05). At the 4-cell stage, the in vitro development rates were not
significantly different between the inhibitor-Ber group and the inhibitor group, but the rates in
both of these groups were significantly lower than those in the control group (p < 0.05). Blasto-
cyst development rates were not significantly different between the inhibitor-Ber and control
groups (59.8 £ 7.87% vs. 62.42 + 9.76%; p > 0.05), but these rates for both groups were signifi-
cantly higher than those in the inhibitor group (37.58 + 6.08%; p < 0.01; Fig 3A).

The total cell numbers, apoptotic cell numbers, and apoptosis rates of blastocysts in the in-
hibitor-Ber group were not significantly different than those in the control group (p > 0.05),
but these amounts in the inhibitor-Ber group were all significantly higher than the correspond-
ing amounts in the inhibitor group (p < 0.01; Fig 3B and Table 2). These data indicate that low
levels of miRNA-21 may cause reduced blastocyst cell numbers, increased apoptotic cell num-
bers and apoptosis rates, and a reduced embryonic in vitro development rate, whereas berber-
ine treatment could significantly improve embryonic development quality in embryos with low
levels of miRNA-21.

The effect of berberine on miRNA-21 target gene transcription in pre-
implantation embryos

To examine the effects of berberine on the transcription of miRNA-21 target genes that are in-
volved in regulating apoptosis, we measured the levels of Bcl-2, caspase-3, and PTEN in 2- and
4-cell embryos and blastocysts cultured with (Ber) or without (control) berberine or isolated
from mice as described in the methods (vivo). At the 2-cell stage, the transcript levels of

25 r W control
B B Ber
O vivo
20 r mNC
B B inhibitor-control

Oinhibitor-Ber

miRNA-21 relative expression

2-cell 4-cell Blastocyst

Fig 2. Berberine alters miRNA-21 transcription levels in pre-implantation embryos. The miRNA-21
transcription levels in 2- and 4-cell embryos and blastocysts various groups are shown (n = 3). The miRNA-21
level in embryos of the control group was set to 1. Different uppercase letters represent significant differences
of p <0.01, and different lowercase letters represent significant differences of p < 0.05.

doi:10.1371/journal.pone.0129527.9002
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Fig 3. Effect of berberine on embryonic in vitro development and apoptosis when miRNA-21 is
inhibited. (A) Embryonic development rates of 2- and 4-cell embryos and blastocysts treated with a miRNA-
21 inhibitor (n = 25). Rates of development in embryos from the control group were set as the benchmark at a
value of 1. (B) Cell numbers and rates of apoptosis in blastocysts treated with a miRNA-21 inhibitor.
Significance levels are indicated as in Fig 2.

doi:10.1371/journal.pone.0129527.g003

caspase-3 and PTEN were not significantly different between the control, vivo, and Ber groups
(p > 0.05), whereas the transcript level of Bcl-2 in the Ber group was significantly higher than
that in the control and vivo groups (p < 0.01). At the 4-cell stage, the transcript levels of Bcl-2,
caspase-3, and PTEN were not significantly different between the control and vivo groups

(p > 0.05) and the level of Bcl-2 in the Ber group was significantly higher than that in the con-
trol and vivo groups (p < 0.01). In contrast, the levels of caspase-3 were significantly lower in

Table 2. Effect of berberine in blastocysts with reduced levels of miRNA-21 on total blastocyst cell numbers and apoptosis.

Group Replication Number of embryos Number of cells Number of apoptotic cells Apoptosis rate (%)
Control group 5 56 45.91+4.614 2.94+0.66" 6.00+2.20"
Inhibitor group 5 51 37.78+5.37° 3.55+1.32B 9.61+3.80°
Inhibitor-Ber group 5 54 44.48+5.91A 2.70+1.09% 6.18+2.65"

Different uppercase letters represent significant differences in which p < 0.01.

doi:10.1371/journal.pone.0129527.t1002
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Fig 4. The transcription levels of miRNA-21 target genes in different groups of pre-implantation
embryos. Transcription levels of Bcl-2, caspase-3, and PTEN in (A) 2-cell embryos, (B) 4-cell embryos, and
(C) blastocysts (n = 3). Transcription levels in embryos from the control group were set as the benchmark at a
value of 1. Significance levels are indicated as in Fig 2.

doi:10.1371/journal.pone.0129527.9004

the control and vivo groups than those in the Ber group (p < 0.01) and the PTEN levels were
not significantly different between any of the groups (p > 0.05). At the blastocyst stage, the
transcript level of Bcl-2 in the Ber group was significantly higher than that in the control and
vivo groups (p < 0.01), which did not have significantly different levels of Bcl-2 transcript from
one another (p > 0.05). The level of caspase-3 was significantly lower in the Ber group than the
caspase-3 levels in the control and vivo groups (p < 0.01), and the level of PTEN in the Ber
group was significantly lower than that in the control group, but was not significantly different
than the PTEN level in the vivo group (p > 0.05; Fig 4). Overall, berberine increased the expres-
sion of the miRNA-21-regulated anti-apoptotic gene Bcl-2 in the embryo and reduced the ex-
pression of the apoptotic genes caspase-3 and PTEN, combining to exert an anti-apoptotic
effect in the embryo.

Given our above findings, we expanded our experiment to compare the transcript levels of
Bcl-2, caspase-3, and PTEN in embryos and blastocysts treated with the miRNA-21 inhibitor.
At the 2-cell stage, the transcript level of Bcl-2 in the inhibitor-Ber group was not significantly
different than that in the inhibitor group (p > 0.05), but the Bcl-2 levels in both of these groups
were significantly lower than those in the control group (p < 0.01). The levels of caspase-3 and
PTEN in the inhibitor-Ber group were significantly lower than the levels in the inhibitor group
(p < 0.05), but the caspase-3 and PTEN levels in both of these groups were significantly higher
than those in the control group (p < 0.01). At the 4-cell stage, the transcript level of Bcl-2 in
the inhibitor-Ber group was not significantly different than the Bcl-2 level in the inhibitor
group (p > 0.05), but the levels in both these groups were significantly lower than those in the
control group (p < 0.01). The level of PTEN in the inhibitor-Ber group was not significantly
different than the level in the inhibitor group (p > 0.05), but the PTEN levels in both groups
were significantly higher than the levels in the control group (p < 0.01). The caspase-3 levels
were significantly different between each of the groups (p < 0.01), with the inhibitor-Ber group
having a significantly lower caspase-3 level than the inhibitor group, but a significantly higher
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level than the control group. At the blastocyst stage, the caspase-3 and PTEN levels of the in-
hibitor-Ber group were significantly higher than the levels in the control group, but significant-
ly lower than those in the inhibitor group. The level of Bcl-2 was not significantly different
between the inhibitor-Ber group and the control group, but it was higher than the Bcl-2 level in
the inhibitor group (Fig 5). In summary, miRNA-21 inhibitor treatment decreased the Bcl-2
transcript level and increased the caspase-3 and PTEN transcript levels in embryos, and berber-
ine can partially nullify the effect of the inhibitor to improve pre-implantation embryo devel-
opment in vitro.

The effect of berberine on miRNA-21 target gene protein levels in pre-
implantation embryos

Because we found that berberine treatment altered the transcript levels for Bcl-2, caspase 3, and
PTEN, we investigated the effect of this treatment on the corresponding protein levels. At the
blastocyst stage, the protein level of Bcl-2 in the Ber group embryos was significantly higher
than the Bcl-2 protein levels of the embryos from the control and vivo groups (p < 0.01),
whereas the caspase-3 and PTEN levels of the Ber group were significantly lower than those in
the control and vivo groups (p < 0.01). None of the protein levels tested was significantly dif-
ferent between the vivo and control groups (p > 0.05; Fig 6A). The protein level of Bcl-2 in the
inhibitor-Ber group was significantly higher than the level in the inhibitor group, whereas the
protein levels of caspase-3 and PTEN in the inhibitor-Ber group were significantly lower than
those in the inhibitor group (p < 0.01), but were not significantly different than those in the
control group (p > 0.05; Fig 6B). In the 2- and 4-cell embryos, the protein levels of Bcl-2, cas-
pase-3, and PTEN were not significantly different between any of the treatment groups

(p > 0.05; Fig 6C and 6D). In summary, berberine increased the protein level of Bcl-2 and re-
duced the levels of caspase-3 and PTEN in blastocysts, but not in the 2- and 4-cell embryos.
The anti-apoptotic effects of berberine regulated through miRNA-21 appear to occur mainly
during the blastocyst stage.
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Fig 5. Transcription levels of miRNA-21 target genes in different groups of pre-implantation embryos
with inhibited miRNA-21. Transcription levels of Bcl-2, caspase-3, and PTEN in (A) 2-cell embryos, (B)
4-cell embryos, and (C) blastocysts, all treated with a miRNA-21 inhibitor (n = 3). Transcription levels in
embryos from the control group were set as the benchmark at a value of 1. Significance levels are indicated
asinFig 2.

doi:10.1371/journal.pone.0129527.g005
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(A) The protein levels of Bcl-2, caspase-3, and PTEN in blastocysts. (n = 3). (B) The protein levels of Bcl-2,
caspase-3, and PTEN in 2-cell embryos (n = 3). (C) The protein levels of Bcl-2, caspase-3, and PTEN in
4-cell embryos (n = 3). Protein levels in embryos from the control group were set as the benchmark at a value
of 1. Significance levels are indicated as in Fig 1.

doi:10.1371/journal.pone.0129527.g006

Discussion

In mammals, about 30-70% of embryos die during development, mostly in the early stages.
Pre-implantation embryos often cannot complete development from zygote to blastocyst when
cultured in vitro, and are blocked at a particular developmental stage. This phenomenon is
known as embryo in vitro block of development. When this occurs, there is a decrease in the
developmental rates of the morula and blastocyst, and a significant reduction in blastocyst cell
numbers, leading to a decline in the birth rate. This limitation has greatly affected the develop-
ment of embryo biotechnology in human-assisted reproduction and animal husbandry. The
causes of embryo death are complex and may be related to genetic and environmental factors,
but apoptosis is the main mechanism through which embryo death occurs. This study shows
that a suitable concentration of berberine in the culture medium promoted cell proliferation in
blastocysts, reduced apoptosis, and improved the quality of pronuclear embryonic develop-
ment in vitro. These results suggest that the use of berberine during embryonic development
has an anti-apoptotic effect. Over the past 20 years, the effect of berberine on apoptosis has
been investigated in other contexts. Berberine has been evaluated as an anti-cancer drug and
found to have a pro-apoptotic and anti-proliferative effects in various tumor cell lines [30-31],
including cervical cancer [32], ovarian cyst [33], and prostate cancer [34] cell lines. Another
study showed that berberine inhibits mitochondrial apoptosis signaling pathways, thereby pre-
venting the occurrence of ischemic brain injury [35]. Lv et al. found that berberine, by inhibit-
ing the expression of caspase-3 and caspase-9 and promoting the expression of Bcl-2,
significantly decreased the doxorubicin-induced myocardial apoptosis rate, which plays a role

PLOS ONE | DOI:10.1371/journal.pone.0129527  June 4, 2015 11/16



@’PLOS ‘ ONE

Berberine and miRNA-21 in Embryonic Development

in myocardial damage repair [36]. Taken together, these previous studies suggest that the effect
of berberine varies in different cell types.

Genes that play vital roles in various life processes, including cell proliferation, apoptosis,
fat metabolism, cell differentiation, and early embryonic development, can be post-transcrip-
tionally regulated by miRNAs. Currently, 214 types of miRNA have been found to be involved
in the regulation of pre-implantation development of mouse embryos [37-38]. Specifically,
miRNA-21 plays an important role in regulating numerous biological and cellular processes
and is a major anti-apoptotic factor [39]. Studies have shown that miRNA-21 regulates the
anti-apoptotic capacity of pre-implantation mouse embryos [26]. In this study, by measuring
miRNA-21 expression levels in 2- and 4-cell embryos and blastocysts, we found that berberine
significantly increased miRNA-21 expression, which correlated with an improvement in em-
bryonic development. In pronuclear embryos microinjected with a miRNA-21 inhibitor, there
were significantly lower expression levels of miRNA-21 in 2- and 4-cell embryos and blasto-
cysts than in control embryos, leading to lower development rates and cell numbers of blasto-
cysts and to higher numbers of apoptotic cells and rates of apoptosis. These observations are in
contrast to the findings in blastocysts treated with berberine, which showed relatively higher
levels of miRNA-21 expression than blastocysts treated with a miRNA-21 inhibitor alone, as
well as significantly higher developmental rates and cell numbers of blastocysts, and lower
numbers of apoptotic cells and rates of apoptosis. Together, these results suggest that miRNA-
21 is important for pre-implantation embryonic development, and that berberine increases
miRNA-21 expression in pre-implantation embryos, which has an anti-apoptotic effect that
enhances the quality of embryonic development in vitro.

The tumor suppressor gene PTEN is directly regulated by miRNA-21, which mediates its
expression in many tumor cell types [40-41]. PTEN links PI3K, Akt, mTOR, and ERK path-
ways together to induce tumor cell apoptosis [42]. Bcl-2 is an anti-apoptotic gene that is also
regulated by miRNA-21. Through regulation of the mitochondrial apoptotic signaling path-
way, Bcl-2 determines cell survival and death [43]. Wickramasinghe et al. found that estrogen
up-regulates miRNA-21 and increases Bcl-2 expression, thereby inhibiting apoptosis [44]. Ad-
ditionally, Chinese herbs dangguibuxuetang [45] and siwutang [46] have been shown to inhibit
the apoptosis of bone marrow cells by increasing the expression of Bcl-2. Another Chinese
herbal compound, xihuangwan, induces tumor cell apoptosis by decreasing the Bcl-2 transcrip-
tion level and has an inhibitory effect on H,, tumors [47]. The caspase family is recognized as
the major gene family involved in the induction of apoptosis, and caspase-3 affects apoptosis
directly. Expression of caspase-3 is inhibited by miRNA-21 that has also been shown to inhibit
tumor cell apoptosis and increase cell proliferation [48]. When they knocked out miRNA-21,
Chan et al. found an activation of caspases in glioma cells along with an increase in apoptosis
[49].

In this study, by detecting the expression levels of miRNA-21 target genes in 2- and 4-cell
and blastocyst stage embryos, we found that berberine reduced the expression of caspase-3 and
PTEN, and increased the level of Bcl-2 expression in pre-implantation embryos. Microinjection
of a miRNA-21 inhibitor into the pronuclear embryonic cytoplasm resulted in higher expres-
sion levels of PTEN and caspase-3 and lower levels of Bcl-2 expression than in untreated con-
trol embryos. Berberine treatment in embryos treated with the miRNA-21 inhibitor increased
the Bcl-2 expression and decreased the expression of caspase-3 and PTEN compared to embry-
os treated with the miRNA-21 inhibitor alone. These results are consistent with the regulation
of miRNA-21 by berberine in pre-implantation embryos.

Although caspase-3, PTEN, and Bcl-2 transcription levels were affected by berberine and
the miRNA-21 inhibitor at all three stages, their protein levels were unchanged in 2- and 4-cell
embryos. However, these treatments induced significant changes in the levels of these proteins
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in blastocysts. This observation suggests that the development of many mouse embryos pro-
ceeds past the 2-cell stage, but these embryos cannot successfully develop into the blastocyst
stage in vitro, and this block of development is closely related to the regulation of apoptotic
protein expression by miRNA-21. Therefore, we hypothesize that embryonic development in
vitro is affected not only by the stage of the transition of gene control from maternal to zygotic
(maternal-zygotic transition) [50], but also by the blastocyst formation stage. Blastocyst forma-
tion is influenced by cell proliferation, apoptosis, differentiation, and metabolism, and is regu-
lated by genetics and epigenetics. Using gene chip technology, Lee et al. found that regulation
of miRNA-21 by DNA methylation plays a very important role in the transition from the mor-
ula to the blastocyst in mice [51], which supports our findings. By comparing protein expres-
sion levels in the in vivo and control groups with those in the berberine group, we found that
berberine significantly increased the protein expression level of Bcl-2 and reduced caspase-3
and PTEN protein levels in the blastocyst. It is likely that berberine acts via regulation of
miRNA-21 at the blastocyst stage to exert an anti-apoptotic effect and promote embryonic de-
velopment in vitro. Additional experiments with embryo transfers are needed to verify the det-
rimental effects of miRNA-21 regulation and the rescue effect of berberine treatment on
embryo implantation and postimplantation development.

In conclusion, we found that miRNA-21 is necessary for pre-implantation embryonic devel-
opment and the quality of pre-implantation embryonic development is closely related to the
expression of apoptotic proteins that are regulated by miRNA-21, especially during blastocyst
development in vitro. Berberine exerts pro-developmental and anti-apoptotic effects by in-
creasing miRNA-21 expression, down-regulating PTEN and caspase-3, and up-regulating Bcl-
2 expression. Our results illustrate that the anti-apoptotic effects of berberine in pre-implanta-
tion embryonic development in vitro occur though the regulation of miRNA-21, and they pro-
vide new data to improve the pre-implantation embryonic culture microenvironment.
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