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a b s t r a c t

In vitro developed embryos are inevitably exposed to various reactive oxygen species (ROS) which may
decrease the embryo’s competence in assisted reproductive technology (ART) procedures. Optimization
of embryo culture media using antioxidant agents could help to improve embryo quality and could
overcome failures in current ART. The aim of this study was to evaluate the effects of L-carnitine (LC), an
enhancer of mitochondrial activity and free radical scavenger, in culture media on early embryo
competence and expression of ErbB1 and ErbB4 implantation related genes. Two-cell mouse embryos
were cultured in the following four conditions: 1. LC group in media containing LC; 2.H 2O2 group
exposed to H2O2 for 30 min and then transferred into a simple media; 3.H2O2þLC group exposed to H2O2

for 30 min and then transferred into a simple media containing LC; 4.the control group kept throughout
in simple media. All groups were allowed to develop until the blastocyst stage. ErbB1 and ErbB4
expression were evaluated by Real-time PCR and immunocytochemistry. The expression of Sirt3 gene
was also evaluated. Intracellular ROS levels were examined by DCFH-DA fluorescence intensity. In order
to assess the morphological quality of the embryos, ICM and OCM number blastocyst cells were evalu-
ated by using Hoechst and propidium iodide (PI) staining. ErbB1, ErbB4, ROS levels and cell number were
compared across all in vitro groups. Our data reveal that LC significantly increases ErbB1 and ErbB4 gene
and protein expression with intracellular ROS levels and Sirt3 gene expression significantly decreased
after LC treatment. It is worth noting that an elevated cell number was observed in the LC-treated group
compared with the other groups suggesting increased viability and/or proliferation. Our findings suggest
that the use of LC could be helpful to improve preimplantation embryo culture media through its effects
in decreasing ROS levels and the increase of implantation-related genes.

© 2020 Elsevier Inc. All rights reserved.
1. Introduction

Infertility is a significant worldwide problem [1]. It is defined by
“the failure to achieve a clinical pregnancy after 12 months or more
of regular unprotected sexual intercourse” (WHO-ICMART glos-
sary). According to the World Health Organization, up to one in six
couples has an infertility problem [2]. The universal infertility rate
is reported as varying from 3.5% to 22% and in Iran, it is estimated to
School of Medicine, Kashan
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be at 10.6% [3]. Studies indicate that Infertility can be due to many
factors and causes, including physical and psychological and also
show that most infertility issues are related to females [4]. Thera-
peutic strategies include psychotherapy and counseling, pharma-
cological and surgical interventions and finally assisted
reproductive technology (ART) [5]. Recently, various methods of
ART treatment such as in vitro fertilization (IVF), in vitromaturation
(IVM) in vitro culture (IVC). have become more successful and more
frequently used with nearly 3.9% of all new births now the result of
these methods [1].

However, even though advances in the field of in vitro produc-
tion and maturation of embryos have grown in the last few years,
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pregnancy success rates remain low. Unavoidable environmental
sources of reactive oxygen species (ROS) such as laboratory light,
excess temperature, pH fluctuation of culture media are recognized
to impair embryo competency and resulted in reducing optimal
pregnancy rates [6,7]. The natural origin of ROS within the cell is
the mitochondria that are a major source of ROS and a determinant
of the developmental competence of preimplantation embryos [8].
Sirt3 (a member of the sirtuin family) is a known mitochondrial
deacetylase that is involved in the regulation of mitochondrial
electron transport and is also capable of protecting in vitro fertilized
mouse preimplantation embryos against oxidative stress [9,10].
Oxidative stress occurs when the generation of reactive oxidant
molecules exceeds the antioxidant defense capacity of the cell.
Embryo development incompetency and embryo growth retarda-
tion follow oxidative stress through induced cell-membrane dam-
age, DNA damage, and apoptosis.

Hence, oxidative stress must be regulated by the addition of
antioxidants to the culture media in ART laboratories [11,12]. Su-
peroxide anion radical (O2e�), the hydroxyl radical (OH�) and
hydrogen peroxide (H2O2) are the most common types of ROS.
Hydrogen peroxide (H2O2) is one of the strongest oxidants and is an
important ROS [12]. Therefore, antioxidants likely take a critical
role during ART techniques and also in diminishing consequent loss
of or damage to the embryo [13]. L-Carnitine (LC), an essential
energy-providing compound to the cell, has a pivotal role in b-
oxidation by delivering fatty acids to the mitochondrial matrix for
ATP production. This can improve embryo development and blas-
tocyst formation rates. On the other hand, it is known as an
important antioxidant that neutralizes the toxic effects of H2O2 on
the embryo and protects them against oxidative damage-induced
apoptosis [14,15]. Although embryo competence is satisfactory,
sadly the rate of successful pregnancies following in vitro devel-
opment remains only 13% following embryo transfer. Since suc-
cessful implantation depends on the expression of ErbB receptors
including ErbB1, ErbB2, ErbB3, and ErbB4 on the expanded blas-
tocysts and their interaction with uterine ligands so, both uterine
investigations and molecular studies are needed to fully under-
stand the problem [16]. The earliest expressed genes on pre-
implantation embryos are ErbB1 and ErbB4 [17]. Thus, following
the successful introduction of optimal in vitro conditions for em-
bryo culture involving neutralizing excess ROS, attention has now
turned to improve the rate of preimplantation embryo develop-
ment and successful implantation.

Limited data is available for gene expression in manipulated
embryos and to our knowledge, no study has reported the effect of
LC on the earlier pre-implantation gene expression for ErbB1 and
ErbB4, and on the mitochondrial impairment by analyzing the rate
of sirt3 gene expression.

The aim of this study was therefore to investigate the effects of
LC against environmental stress factors on pre-implantation em-
bryo competence and, thereby, to clarify whether LC exerts its ef-
fects on expression of the primary implantation receptors, ErbB1
and ErbB4 and/or on mitochondrial functions by sirt3 gene
expression.

2. Materials and methods

2.1. Animal preparation and ethical considerations

All experiments were carried out according to the Iranian
Council’s guidelines for the Use and Care of Animals and confirmed
by ethical committee of Kashan University of Medical Sciences
(IR.KAUMS.MEDNT.REC.1396.45). A total of 90 NMRI mice with a
meanweight of 30 ± 5 grwere purchased from the Research Center
of Kashan University of Medical Sciences (Kashan, Isfahan, Iran). Six
to 8-week old females and 10-week old males were housed indi-
vidually under controlled conditions of temperature (25 ± 2 �C),
12 h light and 12 h dark cycle (7 a.m.: 7 p.m.) andwith free access to
food and water [18].

2.2. Embryos Collecting and grouping

Female mice were superovulated by an intraperitoneal (IP) in-
jection of 8 IU pregnant mare serum gonadotropin (PMSG, Sigma
Aldrich, China). After 48 h an injection of 8 IU human chorionic
gonadotropin (HCG, pregnylOrganon, Germany) was also given to
the females. These treated females were paired with proven fertile
males overnight. Mice with vaginal plugs were taken as pregnant
mothers. At 42e48 h after the HCG injection, under a stereomi-
croscope (Olympus SZX9, Japan), 2-cell embryos were flushed into
Ham’s F10 media supplemented with 10% human serum albumin
(N6908, Sigma, USA) [17]. After washing three times, morphologi-
cally normal embryos i.e. those with blastomeres of equal size and
with no cytoplasmic fragmentation were collected into a few drops
of Global simple medium (LGGT-030, Life Global, USA). Collected 2-
cell embryos were randomly divided into four in vitro groups
including control, H2O2, LC, LC þ H2O2 groups (60 embryos in each
group) (diagram 1). After 72e96 h, the expanded blastocysts were
used for further experiments. Four in vitro embryos groups were
given the following treatments:

1. Control group; Embryos were kept throughout in the same
Global simple medium.

2. H2O2 group; Embryos exposed to 50 mM H2O2 for 30 min. Then,
embryos were washed with fresh Ham’s F10 medium and
transferred into the Global medium.

3. LC group; Embryos transferred into Global medium containing
0.3 mg/ml LC [14].

4. LC þ H2O2 group; Embryos exposed to50 mMH2O2 in the Global
medium for 30 min [19], washed with fresh Ham’s F10 medium
and transferred into a Global medium containing 0.3 mg/ml LC.
2.3. Quantitative RT-PCR assay

Expression of ErB1, ErbB4, and Sirt3 genes in expanded blasto-
cysts were assessed by using quantitative RT-PCR. RNeasy Micro kit
(74004, Qiagen, USA) was used to isolate total RNA from 20
expanded blastocysts of each group according to manufacturer’s
protocol [20,21]. The extracted RNA was used for complementary
DNA (cDNA) synthesis using the Prime Script™ RT reagent kit
(Takara Bio Inc, Shiga, Japan). Reverse transcription was carried out
using 500 ng of total RNA following the manufacturer’s protocol.
Real-Time qPCR was performed with 2 ml of the synthetized cDNA
using SYBR green master mix (Biofact, Corea) in a total reaction
volume of 10 ml using the IQ5 Real-time PCR system (Biorad, Ger-
many). The sequences of specific primers used are shown in Table 1.
The changes in long non-coding RNAs expression were normalized
by GAPDHmRNA expression and these data were analyzed using 2-
DDc.

2.4. Immunocytochemistry of mouse blastocysts

Three to five expanded blastocysts from each group were
randomly selected for ICC using each antibody. Blastocysts were
washed in PBS and then fixed with 4% paraformaldehyde in PBS for
20 min at room temperature. After washing three times with PBS
they were permeabilized with PBS containing 0.5% Triton X-100 for
1e2 min, incubated in blocking solution (10% goat serum, Sigma,
USA) for 10 min, before incubation with one of the primary



Table 1
List of specific primers used in real-time polymerase chain reaction assay.

Gene name Accession no. Designed oligonucleotide (5’/30) Product size (bp)

ErbB1 NM_207655 F: GGCACAAGTAACAGGCTCAC
R: AGTTGGACAGGATGGCTAAGG

277

ErbB4 L47241 F: GAGGAGAACTGGATGAAGAAGG
R: CGAAGGTGTTGAGGTATAGAGG

213

Sirt3 NM_022433 F: TTTCATGTTGGCCAAGGAGC
R: GCTGTTACAAAGGTCCCGTG

186

GAPDH MH759770 F: AACTTTGGCATTGTGGAAGG
R: ACACATTGGGGGTAGGAACA

233
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antibodies, anti-EGFR antibody (ErbB1) (1:50 dilution, Abcam,
ab52894, USA) and anti-ErbB4 antibody (1:50 dilution, Abcam,
ab32375, USA) at 4 �C overnight. After washing in PBS, they were
further incubated with secondary antibody conjugated to fluores-
cein isothiocyanate (FITC, 1:1000 dilution, Abcam, USA) for
20 min at room temperature in the dark. After that, the stained
blastocysts were washed in PBS then for staining nuclei; the em-
bryos were incubated in 25 mg/ml bisbenzimide (Hoechst 33342,
Sigma, Germany) in absolute alcohol for 20 min in dark. Finally,
they mounted in 90% glycerol in PBS and then visualized by fluo-
rescence microscopy using a Nikon Eclipse (Ti, Japan) microscope.
The brightness of each blastocyst was analyzed using the Image
Quant software (TotalLab Quant, UK) [22,23].

2.5. Measurement of ROS content in embryos

To measure the relative levels of ROS, fluorescent DCF dye
(DCFH-DA; 2 mM, Sigma, USA) was used. Five to eight expanded
blastocysts from each groupwere placed in Ham’sF10 containing 2

́

,
7

́

-dichlorofluorescein diacetate (DCFH-DA; 2 mM, Sigma, D6883,
USA) at 37 �C in the dark for 20 min. Samples were washed with
Ham’sF10 medium plus 10%HSA and mounted on glass slides to
observe each blastocyst using fluorescence microscopy with
450e490 nm (excitation) & 520 nm (emission) filters on a Nikon
Eclipse (Ti, Japan) microscope. Finally, the brightness of each blas-
tocyst was analyzed using the Image Quant software (TotalLab
Quant, UK) [20,24].

2.6. Differential staining of blastocysts

Differential staining was conducted to assess the quality of
expanded blastocysts as described by with minor modifications
[25]. Briefly, 5e8 expanded blastocysts from each group (control,
H2O2, LC, and LC þ H2O2) were randomly selected and placed in
Ham’s F10 medium supplemented with 1%Triton X-100 plus 10 mg/
ml propidium iodide (PI) (P4170, Sigma, Germany) at 37 �C for
approximately 10 s. When blastomeres were visibly changed to a
light pink color, the embryos were incubated in 25 mg/ml bisben-
zimide (Hoechst 33342, Sigma, Germany) in absolute alcohol for
20 min in a dark and humid chamber. Fluorescence microscopy
utilized a Nikon Eclipse (Ti, Japan) microscope equipped with a UV
filter. For detecting the ICM an excitationwavelength of 355 nmwas
used in combination with a barrier filter having a cutoff at 465 nm.
A second filter set used an excitation wave length of 530 nm and a
barrier filter with a cutoff at 615 nm. Total numbers of nuclei
stained were manually counted from photomicrographs. Under
above mentioned conditions, ICM and OCM appeared in red and
blue respectively [26].

2.7. Statistical analysis

At least three replicates were performed for each experiment
and the data were expressed as the mean ± standard deviation. To
evaluate the statistical significance between different groups, sta-
tistical analysis was performed using GraphPad Prism 8, San Diego,
CA, USA and one-way analysis of variance (ANOVA) followed by
Tukey’s and Tamhane’s post hoc tests with SPSS ver 16. The P-
values less than 0.05 (P < 0.05) were considered statistically
significant.
3. Results

3.1. Effect of LC on the genes expression of ErbB1, ErbB4, and Sirt3

The results of qRT-PCR showed that blastocysts treated with
0.3 mg/ml LC up-regulate ErbB1 and ErbB4 genes and down-
regulate Sirt3 gene compared with control and the other treat-
ment groups (P < 0.05). Statistical analysis revealed that culture
media supplemented with 50 mM H2O2 can significantly (P < 0.05)
decrease the expression of ErbB1 and ErbB4 and increase expres-
sion of Sirt3 in comparison to the other treatments (Figs. 1 and 2).
Fig. 1a and 1b show that in the LC þ H2O2 group, the LC had a
protective effect over the damaging effects of H2O2 and significantly
(P < 0.05) enhanced the expression of ErbB1 and ErbB4 genes. On
the other hand, LC decreased the expression of Sirt3 gene in
LC þ H2O2 group in comparison with H2O2 group (Fig. 2).
3.2. Effect of LC on the proteins expression of ErbB1 and ErbB4

To evaluate the changes of protein expression in expanded
blastocysts, the immunocytochemistry method was used and the
quantitation of ErbB1 and ErbB4 were performed using the Image
Quant software (TotalLab Quant, UK). The significant over-
expression of ErbB1 and ErbB4 proteins were detected in all
expanded blastocysts in LC group in comparison with other groups
(P < 0.05). As the data show, the lowest ErbB1 and ErbB4 proteins
expression are related to H2O2 group but treatment with L-carnitine
in LCþ H2O2 group significantly (P < 0.05) increased the expression
of ErbB1 and ErbB4 proteins among those embryos damaged
following H2O2 exposure (Figs. 3 and 4).
3.3. Effect of LC and H2O2 on the intracellular ROS level

To investigate whether the embryonic developmental arrest is
caused by oxidative stress, we explored the intracellular ROS level
at the expanded blastocyst stage. The quantification analysis
showed that supplementing culture mediawith LC can significantly
decrease the mean intracellular ROS concentration in the expanded
blastocysts in comparison with control and the other groups
(P < 0.05). The results showed that ROS levels were highest in
supplemented culture media with H2O2 (H2O2 group) but that
treatment with LC in this group (LCþ H2O2 group) can significantly
decrease (P < 0.05) the level of ROS (Fig. 5).



Fig. 1. Up-regulation of ErbB1 and ErbB4 genes expression in embryos with LC treatment. A) Quantitative real-time PCR (qRT-PCR) analysis of ErbB1 mRNA.B) Quantitative real-time
PCR (qRT-PCR) analysis of ErbB4 mRNA. Data are presented as the mean ± SD from each group. **P � 0.01; ***P � 0.001.
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3.4. Effect of LC on the total blastomere numbers and the number of
cells in ICM

Differential blastocyst staining was done to determine the exact
number of cells present in the inner cell mass (ICM), the outer cell
Fig. 2. Down-regulation of Sirt3 gene expression in embryos with LC treatment.
Quantitative real-time PCR (qRT-PCR) analysis of Sirt3 mRNA. Data are presented as
mean ± SD. *P � 0.05; **P � 0.01; ***P � 0.001.
mass (OCM) and the total cell numbers. Under fluorescence mi-
croscopy, ICM and OCM nuclei appeared blue and red, respectively.

As depicted in Fig. 6a and b treating media with LC can signifi-
cantly (P < 0.05) enhance the ICM nuclei and total blastomere
numbers in LC group in comparison to the other groups.

Interestingly, when the number of cells were compared in H2O2
and LC þ H2O2 groups, LC decreased the negative effects of H2O2

exposure and increased the number of blastomeres in LC þ H2O2
group in compare to H2O2 group.

4. Discussion

Even though there have been many advances in ART, the rate of
successful implantation in laboratory-produced embryos remains
disappointingly low [27,28]. indicating that critical factors have yet
to be identified and addressed. Successful implantation requires
interactions between the embryo and the mother’s endometrium
[29]. Both partners, the mother as well as the embryo, take equal
roles in maternal-embryonic dialogue, the embryonic part being
the main target in this study [30]. Published reports suggest that
the in vitro produced embryos are weaker and more sensitive than
embryos produced through natural, in vivo conception, therefore,
show a lower pregnancy rate [31]. In vitro produced embryos are
reported to show slower growth rate [31] and a higher incidence of
cytogenetical abnormalities than normal embryos [32]. Addressing
this issue, researchers have suggested the effects of environmental
excess of ROS as a major factor in the reduction in the quality of
embryos and suggested the use of antioxidants to neutralize ROS in
embryonic culture media [33]. However, controversy continues in
discussions on whether adding antioxidants to the embryonic
culture media can lead to successful implantation of these embryos
or not [28,33]. Thus, using different types of antioxidants are a hot
topic in this area of ART.

In the present study, we investigated the effect of using LC on
embryo competency. Two-cell embryos were collected and
randomly divided into 4 groups including; 1. Simple culture media
supplemented with H2O2; 2. Supplemented with LC; 3. Supple-
mented with both H2O2 and LC (LC þ H2O2); and 4. Simple media
without adding supplements (control). In each group, the



Fig. 3. Increased protein expression of ErbB1 following treatment with LC. Images show embryos stained with anti-ErbB1 fluorescence (A; in green), Hoechst dye (B; nuclei in blue)
and merged (C) in control, H2O2, LC and LC þ H2O2 groups. Anti-ErbB1 staining was quantified using Image Quant software (TotalLab Quant). D) Data are presented as mean ± SD.
***P � 0.001.
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development of the embryos was studied morphologically and
molecularly from the two cells to the blastocyst stage, and then
compared to the other groups. The results of this study confirmed
our hypothesis that adding LC to embryonic culture media could
increase the total cell blastomere numbers compared with embryos
grown in the other group conditions. Moreover, when Inner Cell
Mass was counted, increased numbers of blastomere were found in
the LC group. In contrast, the lowest blastomere number of ICM and
the total cell blastomeres were counted in H2O2 group. The most
remarkable finding was that LC addition in the LC þ H2O2 group
could cancel the destructive effect of H2O2 to exposed embryos and
also increase the blastomere numbers of the ICM. LC thus improved
embryonic competency and may imply the possibility of signifi-
cantly improved pregnancy rates using this in ART procedures
[34,35]. The Present results are in agreement with other studies
defining the effective role of LC in blastocyst expansion, zona pel-
lucida thinness and finally, successful hatching which are required
for implantation [14,36e39].

According to the above results LC may improve embryo com-
petency and thus give higher pregnancy rates. However, high
morphological quality, as we have found, cannot guarantee equiv-
alent molecular quality needed for actual successful implantation.
We, therefore, investigated some of the important molecular
markers associated with competent implantation receptors on the
Fig. 4. Increased protein expression of ErbB4 following treatment with LC. Images show emb
and merged (C) in control, H2O2, LC and LC þ H2O2 groups. Anti-ErbB1 staining was quantifi
**P � 0.01; ***P � 0.001.
blastocyst, including ErbB1 and ErbB4. Our results confirm that the
morphological assessment of LC supplement is also reflected in a
significantly increased the level of ErbB1 and ErbB4 mRNAs and
proteins. By contrast, the results showed that exposure of embryos
to 50 mM H2O2 for 30 min could significantly reduce ErbB1 and
ErbB4 mRNA expressions, but that treatment with LC improved
mRNA expression levels of the ErbB1 and ErbB4 even in the pres-
ence of H2O2 indicating that LC can improve both the quality of
in vitro embryos as well as the likelihood of successful implantation
through improved expression of ErbB1 and ErbB4.

Based on the broad search on the web, there were no data that
declared the effect of LC on the expression rate of the primary
implantation receptors, ErbB1, and ErbB4, in in vitro cultured em-
bryos and our findings may be the first.

According to our data, morphological and molecular changes
inevitably appear in in vitro produced embryos but the use of
appropriate antioxidants can reduce the intensity of detrimental
environmental effects. In this study, we investigated the role of ROS
in impairing implantation receptors on laboratory produced em-
bryos. Our data showed that embryo exposure to H2O2 increased
the intracellular ROS, and treatment with LC scavenged this intra-
cellular ROS and protected the embryos. Indeed, the amount of
intracellular ROS in the LC þ H2O2 group was similar to that in the
control group with no significant difference between then,
ryos stained with anti-ErbB1 fluorescence (A; in green), Hoechst dye (B; nuclei in blue)
ed using Image Quant software (TotalLab Quant). D) Data are presented as mean ± SD.



Fig. 5. LC decreases intracellular ROS levels in mouse expanded blastocysts. A) Intracellular ROS measured by the DCFH-DA fluorescence (in green) in all control, H2O2, LC, and
LC þ H2O2 studied groups. B) Measures of intensity of staining are presented as mean ± SD. *P � 0.05; ***P � 0.001.

G. Shafiei et al. / Theriogenology 145 (2020) 59e6664
demonstrating full protection against ROS with the LC treatment
with no deleterious effects observable in embryos in the LC þ H2O2
group. As mentioned above, the mRNA expression of ErbB1 and
ErbB4 were amplified in embryos treated with LC thus, intracellular
ROS can be directly responsible for decreased expression of the
early implantation receptors, ErbB1 and ErbB4. Consistent with our
results, previous studies have also reported beneficial effects of LC
on the expression of three important genes, GDF-9, MAPK1, and
CDK1, involved in meiosis, oogenesis, maturation, and fertilization
of mouse oocytes [40].

Published reports show that excess intracellular ROS results in
cellular damage, DNA damage, mitochondrial dysfunction, embryo
apoptosis and consequential implantation failure [13,41]. Mito-
chondrial damage, including mitochondrial DNA deficiency and
poor mitochondrial genes expression, have been found to lead to
the reduction of ATP concentrations in mouse embryos and result
in low-quality embryos and implantation failure [9,42]. Therefore,
maintaining the balance between the production and scavenging of
ROS plays a vital role in successful implantation. In physiological
condition, SIRT3, which is located in mitochondria, reduces ROS
activity by activating antioxidant enzymes and thereby protect cells
against oxidative damage [43,44]. Increased levels of intracellular
ROS and resulting mitochondrial damage occur in SIRT3 knockout
mice in Mouse Embryonic Fibroblasts (MEFs) [45] According to
previous studies, themRNA level of SIRT3 expression is an indicator
of mitochondrial function [46] so in the current study we evaluated
mitochondrial competency through SIRT3 expression in embryos
exposed to H2O2 and the same embryos treated with LC. We found
the highest and lowest levels of SIRT3 expression in the H2O2 and
LC groups respectively. Although SIRT3 increased as expected in
response to the ROS, this was associated with mitochondrial
incompetency and poor quality embryos in the presence of H2O2
suggesting the response could not cancel the effects of the ROS by
itself. However, when the same exposed embryos were treated
with LC the expression of SIRT3 reduced, indicating that the ROS
effect was canceled by the antioxidant. Thus, using appropriate
type and concentration of antioxidants, such as LC, can neutralize
the negative and destructive effects of intracellular ROS maintain
mitochondrial function and, thereby, improve embryo quality in
in vitro cultures. According to several studies, mitochondrial
dysfunction is directly related to decreased ATP production and, as
genes expression is ATP-dependent [47] it can be concluded that
following mitochondrial impairment, the amount of ATP produc-
tionwas decreased and the reduced expression of ErbB1 and ErbB4
and implantation failure could be expected, and was rescued with
LC addition to the embryo culture media.



Fig. 6. LC increases the number of cells in the ICM and the total blastomere numbers in the expanded blastocysts. A) Data related to ICM. B) Data related to total blastomere
numbers. Bars show the mean of blastomere numbers ±SD in all studied groups. *P � 0.05; **P � 0.01; ***P � 0.001.

Diagram 1. Mapping of the Embryos Collecting and Grouping.
As Scheme depicts, 36 positive female mice were used for three replications. From each
experiment, 12 positive female mice were chosen and divided into 4 groups (Control,
H2O2, LC, H2O2 þ LC(. Generally, 60 two-cell embryos were randomly chosen from
each group and data were recorded to expand blastocyst stage.

G. Shafiei et al. / Theriogenology 145 (2020) 59e66 65
Author contributions

GM, HN and JM designed and supervised the project. GS, MA,
and JAM performed the experimental tests. GM, GS, and MA per-
formed the data analysis. GS and MA contributed to preparing the
drafted manuscript. All of the authors reviewed and finalized the
paper.

Acknowledgments

The results presented in this paper were part of a student thesis
and it was financially supported by a grant number from Kashan
University of Medical Sciences (Grant no. 96114). Authors would
like to thank Miss Abed Heidari (a researcher in the Embryology
Department and Stem Cells Department respectively, Royan Insti-
tute, Tehran, Iran, for helpful comments for conducting this project.
References

[1] de Waal E, Mak W, Calhoun S, Stein P, Ord T, Krapp C, Coutifaris C, Schultz RM,
Bartolomei MS. In vitro culture increases the frequency of stochastic epige-
netic errors at imprinted genes in placental tissues from mouse concepti
produced through assisted reproductive technologies. Biol Reprod 2014;90.

[2] Tournaye HJ, Cohlen BJ. Management of male-factor infertility. Best Pract Res
Clin Obstet Gynaecol 2012;26:769e75.

[3] Vahidi S, Ardalan A, Mohammad K. Prevalence of primary infertility in the
Islamic Republic of Iran in 2004-2005. Asia Pac J Public Health 2009;21:
287e93.

[4] Danforth DN. Danforth’s obstetrics and gynecology. Lippincott williams &
wilkins; 2008.

[5] Szamatowicz M. Assisted reproductive technology in reproductive medi-
cinedpossibilities and limitations. Ginekol Pol 2016;87:820e3.

[6] Lampiao F. Free radicals generation in an in vitro fertilization setting and how
to minimize them. World J Obstet Gynecol 2012;1:29e34.

[7] Gupta S, Malhotra N, Sharma D, Chandra A, Ashok A. Oxidative stress and its
role in female infertility and assisted reproduction: clinical implications. Int J
Fertil Steril 2009;2:147e64.

[8] Filler R, Lew KJ. Developmental onset of mixed-function oxidase activity in
preimplantation mouse embryos. Proc Natl Acad Sci 1981;78:6991e5.

[9] Thouas GA, Trounson AO, Wolvetang EJ, Jones GM. Mitochondrial dysfunction
in mouse oocytes results in preimplantation embryo arrest in vitro. Biol
Reprod 2004;71:1936e42.

[10] Kawamura Y, Uchijima Y, Horike N, Tonami K, Nishiyama K, Amano T, Asano T,
Kurihara Y, Kurihara H. Sirt3 protects in vitroefertilized mouse preimplan-
tation embryos against oxidative stresseinduced p53-mediated develop-
mental arrest. J Clin Investig 2010:120.

[11] Fenkci SM, Fenkci V, Oztekin O, Rota S, Karagenc N. Serum total L-carnitine
levels in non-obese women with polycystic ovary syndrome. Hum Reprod
2008;23:1602e6.

[12] Agarwal A, Saleh RA, Bedaiwy MA. Role of reactive oxygen species in the
pathophysiology of human reproduction. Fertil Steril 2003;79:829e43.

[13] Agarwal A, Gupta S, Sharma RK. Role of oxidative stress in female reproduc-
tion. Reprod Biol Endocrinol 2005;3:28.

[14] Abdelrazik H, Sharma R, Mahfouz R, Agarwal A. L-carnitine decreases DNA
damage and improves the in vitro blastocyst development rate in mouse
embryos. Fertil Steril 2009;91:589e96.

[15] Ye J, Li J, Yu Y, Wei Q, Deng W, Yu L. L-carnitine attenuates oxidant injury in
HK-2 cells via ROS-mitochondria pathway. Regul Pept 2010;161:58e66.

[16] Bolton VN, Hawes SM, Taylor CT, Parsons JH. Development of spare human
preimplantation embryos in vitro: an analysis of the correlations among gross
morphology, cleavage rates, and development to the blastocyst. J In Vitro Fert
Embryo Transf 1989;6:30e5.

[17] Moshkdanian G, Moghani-Ghoroghi F, Pasbakhsh P, Nematollahi-Mahani SN,
Najafi A, Kashani S. Melatonin upregulates ErbB1 and ErbB4, two primary
implantation receptors, in pre-implantation mouse embryos. Iranian journal
of basic medical sciences 2017;20:655e61.

http://refhub.elsevier.com/S0093-691X(20)30008-X/sref1
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref1
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref1
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref1
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref2
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref2
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref2
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref3
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref3
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref3
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref3
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref4
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref4
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref5
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref5
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref5
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref5
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref6
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref6
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref6
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref7
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref7
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref7
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref7
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref8
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref8
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref8
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref9
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref9
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref9
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref9
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref10
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref10
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref10
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref10
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref10
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref10
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref11
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref11
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref11
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref11
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref12
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref12
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref12
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref13
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref13
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref14
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref14
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref14
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref14
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref15
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref15
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref15
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref16
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref16
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref16
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref16
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref16
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref17
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref17
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref17
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref17
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref17


G. Shafiei et al. / Theriogenology 145 (2020) 59e6666
[18] Moshkdanian G, Nematollahi-mahani SN, Pouya F, Nematollahi-mahani A.
Antioxidants rescue stressed embryos at a rate comparable with co-culturing
of embryos with human umbilical cord mesenchymal cells. J Assist Reprod
Genet 2011;28:343e9.

[19] Hu D-B, Li Z-S, Ali I, Xu L-J, Fang N-Z. Effect of potential role of p53 on embryo
development arrest induced by H 2 O 2 in mouse. In: Vitro cellular &
developmental biology-animal. vol. 53; 2017. p. 344e53.

[20] Nasr-Esfahani MH, Aitken JR, Johnson MH. Hydrogen peroxide levels in mouse
oocytes and early cleavage stage embryos developed in vitro or in vivo.
Development 1990;109:501e7.

[21] Li M, Liu D, Wang L, WangW, Wang A, Yao Y. Expression of placenta-specific 8
in human oocytes, embryos, and models of in vitro implantation. Fertil Steril
2016;106:781e9. e782.

[22] Brown N, Deb K, Paria BC, Das SK, Reese J. Embryo-uterine interactions via the
neuregulin family of growth factors during implantation in the mouse. Biol
Reprod 2004;71:2003e11.

[23] Wang X, Wang H, Matsumoto H, Roy SK, Das SK, Paria BC. Dual source and
target of heparin-binding EGF-like growth factor during the onset of im-
plantation in the hamster. Development 2002;129:4125e34.

[24] Yu S, Long H, Lyu Q-f, Zhang Q-h, Yan Z-g, Liang H-x, Chai W-r, Yan Z,
Kuang Y-p, Qi C. Protective effect of quercetin on the development of pre-
implantation mouse embryos against hydrogen peroxide-induced oxidative
injury. PLoS One 2014;9:e89520.

[25] Moulavi F, Hosseini SM, Ashtiani SK, Shahverdi A, Nasr-Esfahani MH. Can Vero
cell co-culture improve in-vitro maturation of bovine oocytes? Reprod Bio-
med Online 2006;13:404e11.

[26] Thouas G, Korfiatis N, French A, Jones G, Trounson A. Simplified technique for
differential staining of inner cell mass and trophectoderm cells of mouse and
bovine blastocysts. Reprod Biomed Online 2001;3:25e9.

[27] Liu J, Katz E, Garcia JE, Compton G, Baramki TA. Successful in vitro maturation
of human oocytes not exposed to human chorionic gonadotropin during
ovulation induction, resulting in pregnancy. Fertil Steril 1997;67:566e8.

[28] Gupta S, Sekhon L, Kim Y, Agarwal A. The role of oxidative stress and anti-
oxidants in assisted reproduction. Curr Wom Health Rev 2010;6:227e38.

[29] Ramathal CY, Bagchi IC, Taylor RN, Bagchi MK. Endometrial decidualization: of
mice and men. In: Seminars in reproductive medicine. vol. 28. NIH Public
Access; 2010. p. 17.

[30] ATLMAE S. INTERACTORME OF human embryo implantation: identification OF
gene expression pathways, regulation, and integrated regulatory networks.
2012.

[31] Leibo S, Loskutoff N. Cryobiology of in vitro-derived bovine embryos. Ther-
iogenology 1993;39:81e94.

[32] Wang F, Tian X, Zhou Y, Tan D, Zhu S, Dai Y, Liu G. Melatonin improves the
quality of in vitro produced (IVP) bovine embryos: implications for blastocyst
development, cryotolerance, and modifications of relevant gene expression.
PLoS One 2014;9:e93641.

[33] Agarwal A, Gupta S, Sekhon L, Shah R. Redox considerations in female
reproductive function and assisted reproduction: frommolecular mechanisms
to health implications. Antioxidants Redox Signal 2008;10:1375e404.
[34] Marikawa Y, Alarc�on VB. Establishment of trophectoderm and inner cell mass

lineages in the mouse embryo. Mol Reprod Dev: Incorporating Gamete
Research 2009;76:1019e32.

[35] Jain T, Missmer SA, Hornstein MD. Trends in embryo-transfer practice and in
outcomes of the use of assisted reproductive technology in the United States.
N Engl J Med 2004;350:1639e45.

[36] Takahashi T, Inaba Y, Somfai T, Kaneda M, Geshi M, Nagai T, Manabe N.
Supplementation of culture medium with L-carnitine improves development
and cryotolerance of bovine embryos produced in vitro. Reprod Fertil Dev
2013;25:589e99.

[37] Phongnimitr T, Liang Y, Srirattana K, Panyawai K, Sripunya N,
Treetampinich C, Parnpai R. Effect of L-carnitine on maturation, cryo-toler-
ance and embryo developmental competence of bovine oocytes. Anim Sci J
2013;84:719e25.

[38] Dunning KR, Akison LK, Russell DL, Norman RJ, Robker RL. Increased beta-
oxidation and improved oocyte developmental competence in response to
l-carnitine during ovarian in vitro follicle development in mice. Biol Reprod
2011;85:548e55.

[39] Khanmohammadi N, Movahedin M, Safari M, Sameni HR, Yousefi B, Jafari B,
Zarbakhsh S. Effect of L-carnitine on in vitro developmental rate, the zona
pellucida and hatching of blastocysts and their cell numbers in mouse em-
bryos. International Journal of Reproductive BioMedicine 2016;14:649.

[40] Zare Z, Farahani RM, Salehi M, Piryaei A, Novin MG, Fathabadi FF,
Mohammadi M, Dehghani-Mohammadabadi M. Effect of L-carnitine supple-
mentation on maturation and early embryo development of immature mouse
oocytes selected by brilliant cresyle blue staining. J Assist Reprod Genet
2015;32:635e43.

[41] Jurisicova A, Varmuza S, Casper R. Programmed cell death and human embryo
fragmentation. MHR: Basic science of reproductive medicine 1996;2:93e8.

[42] Schatten H, Sun Q-Y, Prather R. The impact of mitochondrial function/
dysfunction on IVF and new treatment possibilities for infertility. Reprod Biol
Endocrinol 2014;12:111.

[43] Kincaid B, Bossy-Wetzel E, young Forever. SIRT3 a shield against mitochon-
drial meltdown, aging, and neurodegeneration. Front Aging Neurosci 2013;5:
48.

[44] Qiu X, Brown K, Hirschey MD, Verdin E, Chen D. Calorie restriction reduces
oxidative stress by SIRT3-mediated SOD2 activation. Cell Metabol 2010;12:
662e7.

[45] Haigis MC, Deng C-X, Finley LW, Kim H-S, Gius D. SIRT3 is a mitochondrial
tumor suppressor: a scientific tale that connects aberrant cellular ROS, the
Warburg effect, and carcinogenesis. Cancer Res 2012;72:2468e72.

[46] Gülcin _I. Antioxidant and antiradical activities of L-carnitine. Life Sci 2006;78:
803e11.

[47] Dunning KR, Cashman K, Russell DL, Thompson JG, Norman RJ, Robker RL.
Beta-oxidation is essential for mouse oocyte developmental competence and
early embryo development. Biol Reprod 2010;83:909e18.

http://refhub.elsevier.com/S0093-691X(20)30008-X/sref18
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref18
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref18
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref18
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref18
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref19
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref19
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref19
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref19
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref20
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref20
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref20
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref20
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref21
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref21
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref21
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref21
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref22
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref22
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref22
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref22
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref23
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref23
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref23
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref23
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref24
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref24
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref24
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref24
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref25
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref25
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref25
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref25
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref26
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref26
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref26
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref26
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref27
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref27
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref27
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref27
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref28
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref28
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref28
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref29
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref29
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref29
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref30
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref30
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref30
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref31
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref31
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref31
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref32
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref32
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref32
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref32
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref33
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref33
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref33
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref33
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref34
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref34
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref34
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref34
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref34
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref35
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref35
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref35
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref35
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref36
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref36
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref36
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref36
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref36
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref37
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref37
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref37
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref37
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref37
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref38
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref38
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref38
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref38
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref38
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref39
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref39
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref39
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref39
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref40
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref40
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref40
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref40
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref40
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref40
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref41
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref41
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref41
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref42
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref42
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref42
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref43
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref43
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref43
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref44
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref44
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref44
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref44
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref45
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref45
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref45
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref45
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref46
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref46
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref46
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref46
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref47
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref47
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref47
http://refhub.elsevier.com/S0093-691X(20)30008-X/sref47

	l-carnitine reduces the adverse effects of ROS and up-regulates the expression of implantation related genes in in vitro de ...
	1. Introduction
	2. Materials and methods
	2.1. Animal preparation and ethical considerations
	2.2. Embryos Collecting and grouping
	2.3. Quantitative RT-PCR assay
	2.4. Immunocytochemistry of mouse blastocysts
	2.5. Measurement of ROS content in embryos
	2.6. Differential staining of blastocysts
	2.7. Statistical analysis

	3. Results
	3.1. Effect of LC on the genes expression of ErbB1, ErbB4, and Sirt3
	3.2. Effect of LC on the proteins expression of ErbB1 and ErbB4
	3.3. Effect of LC and H2O2 on the intracellular ROS level
	3.4. Effect of LC on the total blastomere numbers and the number of cells in ICM

	4. Discussion
	Author contributions
	Acknowledgments
	References


