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Abstract
Purpose Antioxidant and anti-apoptotic effects of melatonin
on development of in vitro fertilization (IVF)/vitrified two-cell
mouse embryos were evaluated in this study.
Methods The IVF two-cell embryos were vitrified by cryotop,
and were cultured in KSOM medium in different concentra-
tions of melatonin (10−6, 10−9, 10−12 M) and without melato-
nin. The blastocyst cell number, apoptotic cells and glutathi-
one (GSH) level were evaluated by differential, TUNEL and
cell tracker blue staining, respectively. The expression of Bax
and Bcl-xl genes was evaluated by qPCR. The expression of
melatonin receptors (Mtnr1a and Mtnr1b) in mouse 2-cell
embryos and blastocysts was evaluated by RT-PCR.
Results Melatonin increased the rate of cleavage and blastu-
lation at 10−12 M concentration (p<0.05). The number of
trophectoderm and inner cell mass showed a significant in-
crease (p<0.05) in 10−9 M melatonin. The 10−9 M and

10−12 M melatonin treatments significantly reduced
(p<0.05) the apoptotic index. The significant increase in the
expression of Bcl-xl observed at 10−9 M concentration how-
ever, reduced expression of Bax was not statistically signifi-
cant. The levels of GSH in 10−9 and 10−12 M groups were
significantly improved relative to the control group (p<0.05).
The Mtnr1a was expressed in 2-cell embryos and blastocysts
in all groups, but the expression of Mntr1b was not detected.
Conclusion Melatonin may have a special role against oxida-
tive stress in protection of IVF/vitrified embryos.

Keywords Melatonin . Vitrification . IVF . Reactive oxygen
species . Apoptosis

Introduction

Frozen embryos may be one solution to overcomemany of the
problems associated with in vitro fertilization (IVF) and
intracytoplasmic sperm injection (ICSI). The problems that
occur include ovarian hyperstimulation syndrome, increased
risk of breast and uterine cancers, and elevated rate of multiple
births [1, 2].

Vitrification is the best and most rapid method for cryo-
preservation of embryos. The high success rate of vitrification
minimizes the period of embryo exposure to cryoprotectants
such as ethylene glycol (EG) and dimethyl sulfoxide
(DMSO); these reduce osmotic stress and prevent formation
of ice crystals [3]. However, vitrification also has harmful
effects on survival and development of embryos [4, 5]. Thus,
low rate of preimplantation embryo development is the main
problem due to creation of reactive oxygen species (ROS)
during the process [6]. ROS causes damage to the embryo
including membrane lipid peroxidation, amino acid and
nucleic acid oxidation, adenosine triphosphate (ATP) deple-
tion, and mitochondrial dysfunction [7]. In addition, ROS
induces the mitochondria-dependent apoptotic response [8].

Capsule Exogenous melatonin has been found to affect BCL-xl
expression and enhance in vitro developmental potenial of mice
embryos after vitrification.
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In the response to oxidative stress, the functional balance of
Pro-apoptotic (Bax, Bak, Bad) and anti-apoptotic (Bcl-2, Bcl-
w, Bcl-xl) mitochondrial proteins are altered which eventually
lead to apoptosis [9].

Harmful effects of ROS can be controlled or inhibited by
intracellular antioxidant systems such as glutathione (GSH),
ascorbic acid, and enzymes such as superoxide dismutase and
catalase [10]. GSH is a major intracellular free thiol group that
protects cells from toxicants and ROS [11, 12]. GSH is re-
quired for embryo development until blastocyst stage after
IVF [12]. It appears that in vitro culture of mammalian em-
bryos, especially after vitrification, produces more free radi-
cals that overwhelm the antioxidant capacity of the embryos.
Under normal conditions, embryos have a defensive capacity
against ROS but this support may be reduced following vitri-
fication of embryos [13]. Attention has been focused on
addition of antioxidants to the culture medium of preimplan-
tation embryos as a means of protecting ROS [2]. Various
systems of free radical scavengers have been studied for
in vitro culture of mammalian embryos, of which melatonin
is one of the most important scavengers [14, 15].

Melatonin (N-acetyl-5-methoxytryptamine) is the most im-
portantmulti-functional indole which is produced by the pineal
gland and other organs [16, 17]. Melatonin and its metabolites
are powerful free radical scavengers with antioxidants with
anti-apoptosis properties [18, 19]. In comparison to other
known scavengers, due to its lipophilic properties, melatonin
is considered as a hydrophobic antioxidant. This property
enables it to easily pass morphophysiological barriers without
receptors or a specific location [20]. In particular, melatonin
plays a protective role in mitochondrial function and homeo-
stasis, reducing and preventing mitochondrial oxidative stress,
which leads to a reduction in apoptosis [15, 21, 22].

Although melatonin protects different cells by powerful
scavenger actions, melatonin membrane receptors [MT1
(Mtnr1a), MT2 (Mtnr1b) and MT3] play an important role
in cell protection [23]. Melatonin MT1 receptors have been
localized in various tissues but melatonin MT2 receptors are
mainly found in the brain, although their presence has also
been detected in other tissues [24, 25].

Several studies have investigated the effects of melatonin
on reproductive efficacy. In the porcine oocyte culture, mela-
tonin at physiological concentrations (10−9 M), significantly
increased the rate of oocyte maturation and blastulation [21,
22]. Beneficial effects of melatonin on the development of
in vivo two-cell mouse embryos indicated an elevated devel-
opment rate [26]. The results of Abecia and co-workers [27] in
which sheep blastocysts were vitrified and thawed showed
that the hatching rate of blastocysts was increased while the
rate of embryo decline was decreased.

To our knowledge, there have been no reports on the effect
of melatonin in the culture medium of IVF/vitrified 2-cell
mouse embryo during in vitro preimplantation development.

Therefore, the aim of the present study was to investigate the
effect of melatonin on the development of IVF/vitrified 2-cell
mouse embryos in vitro.

Materials and methods

All chemicals were purchased from Sigma Chemical Corpo-
ration (St. Louis, MO) except otherwise specified.

Oocyte and sperm collection and in vitro fertilization

Six to eight week-old NMRI female mice (Pasteur Institute,
Tehran, Iran) were superovulated with 10 IU of pregnant mare
serum gonadotropin (PMSG), followed by 10 IU of human
chorionic gonadotropin (HCG) 48 h later. Metaphase II (MII)
oocytes were collected from the oviductal ampullae 13 or 14 h
after injection of HCG. The oocytes cumulus complexes were
released into FHM medium. Subsequently, they were placed
in 50 μl droplets of KSOM fertilization medium containing
15 mg/ml bovine serum albumin (BSA), and were covered
with mineral oil.

Epididymal sperm from 10-week-old NMRI mice (Pasteur
Institute, Tehran, Iran) was used for IVF of oocytes of the
same strain. Cauda epididymides and vas deferens were ex-
cised using a pair of small scissors. Blood and adipose tissue
were removed, and then a dense mass of sperm was squeezed
out by using sharply pointed forceps. This sperm mass was
placed in 0.5 ml Ham’s F10 medium supplemented with
4 mg/ml BSA in a petri dish. The sperm suspension was left
at 37 °C for 10 min to allow the spermatozoa to disperse into
the medium. After incubation for 10 min, the sperm suspen-
sion (free of excess tissue and aggregates) was centrifuged at
3,000 rpm for 3 min. The supernatant was decanted, and
0.5 ml of warm Ham’s F10 medium was added to pellet and
placed at 37 °C, 5 % CO2 for 45 min. After swim-up period,
5×106 sperms were added to 50 μl of fertilization media
droplets containing 10 oocytes and incubated at 37 °C under
5 % CO2 in humidified air for 6 h.

Presumptive zygotes were washed 3 times in FHM medi-
um and then transferred into fresh KSOM and cultured for
24 h at 37 °C in a humidified atmosphere of 5 % CO2 and
95 % air.

Vitrification of mouse embryos by cryotop

Mouse embryos in 2-cell stage were vitrified by a two-step
procedure with the KITAZATO Vitrification KIT (Kitazato
Biopharmaceuticals, Shizuoka, Japan) using the cryotop
(Kitazato) as carrier. The test was performed based on the
procedure described by Kuwayama et al. [28].

Embryos were initially equilibrated in equilibration solu-
tion (ES) consisting of 7.5 % (v/v) EG and 7.5 % (v/v) DMSO
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at room temperature for 2 min, and were placed in vitrification
solution (VS) consisting of 15 % (v/v) EG, 15 % (v/v) DMSO
and 0.5 mol/l sucrose and then washed 3 times. Within less
than 60s, three to five embryos in minimal VS (<1 μl) were
placed onto the inner surface of the cryotop carrier. The
cryotop was plunged vertically into liquid nitrogen, and
inserted into a protective straw-cap prior to cryo-storage with-
in liquid nitrogen.

Warming

Vitrified embryos were kept in liquid nitrogen for 10–14 days.
The embryos were warmed using a four-step dilution proce-
dure (Kitazato Biopharmaceuticals, Shizuoka, Japan). Briefly,
the cryotop containing the embryos was removed from the
protective straw-cap and dipped into warming solution con-
taining 0.5 mol/L sucrose at 37 °C. After 1 min equilibration,
the embryos were transferred into diluent solutions containing
0.3M and 0.1M sucrose respectively for 3 min. Subsequently,
the embryos were transferred to 0M sucrose washing solution
1 for 3 min. The survival rate of embryos was assessed by
observing the intactness of blastomeres and zona pellucida.

Melatonin treatment of embryos

To assess the effect of melatonin on embryo development, the
recovered embryos were cultured to the blastocyst stage (96 h)
in KSOM, KSOM containing DMSO and KSOM containing
three different concentrations of melatonin (KSOM contain-
ing 10−6, 10−9 and 10−12 M melatonin). The concentration of
DMSO is equal to 10−6 M in KSOM medium (the same
amount as the embryos receiving melatonin treatment in
10−6 M group). The number of two-cell, four-cell, morula
embryos and blastocysts were recorded 1, 2, 3 and 4 days
later. Blastocyst rate, blastocyst cell number, trophectoderm
(TE), inner cell mass (ICM), apoptotic cells and gene expres-
sion were evaluated 96 h after culture [29].

Differential staining

The number of TE and ICM were evaluated by differential
staining using Kaidi protocol [30]. Briefly, IVF/vitrified 2-cell
embryos reaching the blastocyst stage were freed of zona
pellucida by using acid Tyrode’s solution and were incubated
in rabbit anti-mouse serum in FHM (1:2) solution for 30 min
at 37 °C. Afterwards, they were briefly washed in FHM and
incubated in 30 % guinea pig complement in FHM supple-
mented with 10 μg/ml propidium iodide (PI) and 10 μg/ml
Hoechst H33342 for 30 min. After incubation in complement,
blastocysts were fixed in ethanol and transferred to glycerol
on glass slides, and were flattened with coverslips. They were
immediately observed and photographed to count the nuclei
under a fluorescent microscope.

TUNEL assay

TUNEL staining was done by in situ cell death detection kit
TMR red (Roche, Mannheim, Germany) according to the
manufacturer’s instructions. Embryos were transferred to
permeabilisation solution (0.1 % triton-x100 +0.1 % sodium
citrate) for 2 min. Fixed embryos were incubated in TUNEL
reactionmedium for 1 h at 37 °C in the dark. After the reaction
was stopped, the embryos were washed and transferred to
DAPI (10 μg/ml) for 30 s at room temperature in the dark .
The embryos were washed three times and mounted on slides.
The number of apoptotic nuclei and total number of nuclei
were determined from optical image of whole-mount embryos
under a fluorescence microscope [31].

Measurement of intracellular glutathione (GSH) level

To assess the effect of melatonin on GSH level, the recovered
2-cell embryos were cultured up to 1 h in KSOM, KSOM
containing DMSO and KSOM containing three different con-
centrations of melatonin (KSOM containing 10−6, 10−9 and
10−12 M melatonin concentrations). Intracellular GSH levels
were determined by previously reported methods [14, 32].
Briefly, cell tracker blue CMF2HC (4-chloromethyl-6, 8-
difluoro-7-hydroxycoumarin; Molecular probe, Life technol-
ogy) was used to detect intracellular GSH level by blue
fluorescence. Ten embryos from each treatment group were
washed with FHM containing 0.1 % PVA, and were incubated
for 30 min (in the dark) in KSOM supplemented with 10 μM
cell tracker blue. After incubation, the embryos were washed
using FHM containing 0.1 % PVA, and the fluorescence was
observed by epifluorescence microscope (Nikon, Japan) with
UV filters (371 nm). Fluorescent images were saved, and the
fluorescence intensities of embryos were analyzed using Im-
age J software (Version 1.45 s; National Institutes of Health,
USA) as mean values of fluorescence.

Simultaneous RNA extraction and cDNA synthesis

Preimplantation embryos at blastocyst stages of development
were transferred to Eppendorf tube containing 1.5 μl lysis
buffer [33]. 2 μl random hexamer and 5 μl water was added
to each 2 μl embryo sample. The samples were placed in a
thermocycler for 5 min at 75 °C for the reaction to take place.
After this time, the tubes were placed on ice, and 5× RT
Buffer, 200 u RT Enzyme, 10 mM dNTP, 10 u RNase inhib-
itor was added to the reaction. Both RT and PCR reactions
were performed on an applied Bio Rad thermocycler. The
amplification program for the reverse transcription step was
as follows: 25 °C for 10 min, 37 °C for 15 min, 42 °C for
45 min and 72 °C for 10 min. After the reverse transcriptase
reaction, the samples were kept at 4 °C overnight; then, PCR
mixture was added to each sample: 1.25 μl Taq Polymerase,
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20.75 μl Master Mix 2 μl cDNA and 2 μl specific primer
(Table 1). The endogenous control (Hprt1) and the two inves-
tigated genes were amplified with the following PCR cycle
program: 94 °C for 3 min (denaturation), 94 °C for 30 s
(denaturation), 60 °C for 45 s (annealing), and 72 ° C for
45 s (extension) followed by 40 cycles. Final elongation step
was performed at 72 °C for 7 min. Ten microliters of PCR
product was mixed with 1 ml loading buffer and electropho-
resed on a 2 % agarose gel in TAE for 25 min. The products
were visualized under short wave UV. Mouse diencephalon
was used as a positive control for melatonin receptors. Total
RNA from diencephalon was extracted by using Qiazol re-
agent (Qiagen). Complementary DNA synthesized using first
strand cDNA synthesis kit (Fermentas) according to the man-
ufacture’s instruction.

Quantitative PCR analysis

Real-time quantitative PCR was performed to assess the ex-
pression of Bax and Bcl-xl genes using Rotor Gene Q instru-
ment (QIAGEN). Real time PCR reactions were carried out in
a total volume of 13 μl according to the manuals for DNA
Master SYBR Green I mix (Roche Applied Sciences). The
primer concentrations were adjusted to 1 μM for each gene.
The cycling parameters were 5 s at 95 °C, 3 min at 95 °C for

denaturation, 15 s at 60 °C, 10 s at 72 °C for amplification and
40 cycles of extension. The specificity of all individual am-
plification reactions was confirmed by melting curve analysis.
The assays used Hprt1 as the endogenous internal house-
keeping gene. Three replications were performed and the
mRNA level of each sample was normalized to that of Hprt1
mRNA level.

Statistical analysis

All statistical analyses were performed using SPSS ver. 16
software (SPSS, Chicago, IL, USA). The means of cleavage
and developmental ratio to the blastocyst stage were compared
by non-parametric analysis test (Kruskal-Wallis). Glutathione
levels, average number of cells in blastocysts and TUNEL
positive cells in blastocyst obtained under each culture condi-
tions were compared by ANOVA (Turkey’s HSD post-hoc
test). The relative levels of mRNA were analyzed by REST
2009 Software (Qiagen). Data were expressed as means ± SD.
A statistically significant difference was accepted at P<0.05.

Results

A total of 570 oocytes were used for IVF; 451 oocytes were
fertilized. Thus, the fertilization rate was 79 %. After IVF, 2-
cell embryos were vitrified; this was associated with survival
rate of 95 %. The effect of melatonin supplementation on
cleavage rates and blastocyst formation of IVF/Vitrified 2-
cell mouse embryo was evaluated; these data are shown in
Table 2. The cleavage and blastocyst rates in 10−12 M mela-
tonin and development to blastocyst stage in 10−9 M melato-
nin were significant improved relative to the control group
(p<0.05).

Blastocysts from each group were double stained to deter-
mine the cell number of ICM and TE (Fig. 1a). Table 3
summarizes the results of cell number in each group. The
group supplemented with 10−9 M melatonin showed a signif-
icantly higher (p<0.05) cell number in ICM, TE and total
number of cells in comparison to control group. The average
percent of ICM cells was 14.60±3.13 and 22.70±5.88 in
control and melatonin 10−9 M groups, respectively. The

Table 1 Primers used in this study in RT-PCR and real time quantitative
PCR

Genes Primer sequence Accession no

Bax Forward: CAG CGG CAG TGATGG AC NM_007527.3
Reverse: TCC TGGATG AAA CCC TGTAG

Bcl-xl Forward: CAG TCAGCCAGAACCTTATC NM_009743.4
Reverse: AAC ACC TGC TCA CTTACT GG

Hprt1 Forward: TCC CAG CGT CGT GAT TAG NM_013556.2
Reverse: CGA GCA AGT CTT TCA GTC C

Mtnr1a Forward: GAC ATT CTG GGC AAC CTG NM_008639.2
Reverse: GTC AGC ACC AAG GGATAA

Mtnr1b Forward: TAC AGTAGT CGT CGT CAC
CAC

NM_145712.2

Reverse: CAAGGCTATCACCAAGTCAG

Table 2 Development of IVF/vitrified 2-cell mouse embryo, cultured in the medium supplemented with different concentrations of melatonin.

Group Two-cell stage Four-cell stage Eight-cell stage Morula Blastocysts

Control 77 67 (88.84 %) 61 (80.96 %) 58 (75.96 %) 51 (65.92 %)

DMSO 82 69(84.85 %) 64 (75.36 %) 58 (69.36 %) 55 (66.21 %)

Melatonin 10−6 M 78 64(80 %) 63 (78.8 %) 59(74.46 %) 54 (68.44 %)

Melatonin 10−9 M 77 66 (86.24 %) 64 (83.33 %) 61(79.70 %) 61(79.70 %)*

Melatonin 10−12 M 81 76 (95.26 %) 72 (90.98 %) 71(89.98 %)* 71(89.98 %)*

*P<0.05 versus the control group
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average percent of TE cells was 38.60±16.35 and 59.60±6.31
in control and melatonin 10−9 M groups, respectively.

To determine the frequency of apoptosis, the TUNEL assay
was carried out (Fig. 1b-f). The 10−9 M and 10−12 M melato-
nin treatments significantly reduced (p<0.05) the apoptotic
index compared to those cultured in the absence of melatonin
(Table 3).

The relative transcript abundance of the anti-apoptotic gene
Bcl-xl and the proapoptotic gene Bax in blastocysts of IVF/
vitrified mouse 2-cell cultured in the presence or absence of
melatonin was measured by qPCR (Fig. 2). Expression of
Bcl-xl mRNA was significantly (p<0.05) enhanced in the
blastocysts with 10−9 and 10−12 M melatonin treatments
compared to the controls. The expression of Bax tran-
scripts in blastocysts cultured with 10−9 and 10−12 M
melatonin did not differ from control blastocysts. The
Bcl-xl expression in 10−9 M melatonin group was signif-
icantly higher than other groups except 10−12 M melatonin
treatment. Expression levels of both Bax and Bcl-xl genes
in 10−6 M melatonin treatment were significantly reduced
compared to control (Fig. 2). Bcl-xl expression in 10−12 M
melatonin was significantly higher than 10−6 M melatonin
treatment.

The effect of melatonin supplementation on GSH levels of
IVF/Vitrified 2- cell mouse embryos was evaluated (Fig. 3).
The intracellular levels of GSH in 10−9 (235.80±4.87) and
10−12 M (233.20±4.42) groups were significantly improved
relative to the control group (219.09±8.84) (p<0.05).

The expression of melatonin receptors (Mtnr1a and
Mtnr1b) in mouse 2-cell embryos and blastocysts was evalu-
ated by RT-PCR (Figs. 4 and 5). The Mtnr1a was expressed in
mouse 2-cell embryos and blastocysts in all groups, but the
expression of Mntr1b was not detected (Fig. 5).

Discussion

This study shows that vitrification of two-cell mouse embryos
derived from IVF using cryotop achieved a 95 % rate of
survival. Several studies on mammalian embryos have proven
that the best tool for vitrification is cryotop [28, 34–36]. In the
Zhang study [36], the vitrified mouse embryos derived in vivo
with cryotop showed survival rates of 96 % for two-cell
vitrified embryos. Yan and coworkers [37] vitrified two-cell
mouse embryos derived from IVF with OPS, and reported the
survival rate of 51 %. Manipulation of gametes and embryos

Fig. 1 a Fluorescence
micrograph of a differentially
labeled mouse blastocyst showing
trophectoderm nuclei (arrow) and
inner cell mass nuclei (star). b–f
Apoptosis in IVF/vitrified mouse
blastocysts. Nuclei are stained
with DAPI (blue) and the
apoptotic nuclei stained with
TUNEL (red). bControl, c
DMSO, d 10-6 M melatonin, e
10−9 M melatonin and f 10−12 M
melatonin groups

Table 3 The average number of total, ICM and TE cells and percentage of apoptotic cell in blastocysts of each group

Group No. of ICM No. of TE No. of Total cell Apoptotic cell rate
(% ± S.D)(mean ± S.D) (mean ± S.D) (mean ± S.D)

Control 14.60±3.13 a 38.60±16.35 a 53.20±17.86 a 10.25±6.01 a,c

DMSO 19.33±4.38 a,b 49.55±11.42 a,b 68.66±11.32 a,b 11.07±5.94 a

Melatonin 10−6 M 12.88±5.92 a 48.33±14.29 a,b 61.22±14.72 a 7.55±3.24 a,b

Melatonin 10−9 M 22.70±5.88 b 59.60±6.31 b 82.30±11.45 b 4.49±1.81 b

Melatonin 10−12 M 15.60±4.94 a 39.10±12.53 a 54.30±15.62 a 5.86±4.58 a,b

Within the same column, values with different letters were significantly different (P<0.05)
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during IVF and vitrification induces high levels of ROS [38].
It has been shown that intracellular GSH protects embryo
from ROS [12]. Previous study has shown that the level of
GSH decreased after vitrification and addition of melatonin
increases the GSH levels [14]. The results of present study
showed that the intracellular levels of GSH in 10−9 and
10−12 M groups were significantly improved relative to the
control group. It has been shown that increase in GSH levels
improved development of preimplantation embryo [11]. Fur-
thermore, exposure of preimplantation embryos to GSH oxi-
dizing agent decreases intracellular GSH levels and develop-
ment of embryo to blastocyst stage [12]. Thus, melatonin
increases the GSH level and improved development of 2-cell
IVF/vitrified mouse embryos to blastocyst stage.

Previous studies have shown the beneficial effects of mel-
atonin on mammalian embryo development [21, 22, 26, 27,
39, 40]. However, there is still the question of whether mela-
tonin improves development of mouse two-cell embryos de-
rived from IVF/vitrification from two-cell to blastocyst stages.
Our results showed that 10−9M and 10−12M concentrations of
melatonin had the best impact on development of 2-cell IVF/
vitrified mouse embryos to blastocyst stage while the

concentration of 10−6 M had no effect on embryo develop-
ment compared to control group. The results of this study
supports previous findings on the development of embryos
cultured with melatonin.

Although the number of embryos developed to the blasto-
cyst stage is a good criterion for determining embryo devel-
opment, use of other methods to determine the quality of the
embryos cultured after thawing such as counting ICM and TE
cells, total number of blastocyst cells, the rate of apoptosis and
expression of apoptosis genes were also examined. The results
of double staining suggested that melatonin at a concentration
of 10−9 M led to a rise in the total, ICM and TE cells of
blastocysts. Thus, melatonin, with antioxidant and anti-
apoptotic properties, prevented cell death [39]. Tian and
colleaguse [26] demonstrated that melatonin at 10−9 M con-
centrations leads to an increase in porcine blastocysts blasto-
meres, which is related to the antioxidant and anti-apoptotic
properties of this indole.

Antioxidant and anti-apoptotic activity of melatonin and
the supportive role of this molecule were studied in preim-
plantation embryo culture by Reiter et al. [41] and Gao et al.
[14]. Mitochondrial DNA is a major target of free radicals.

Fig. 2 Relative expression levels
of mouse Bcl-xl and Bax genes in
the IVF/Vitrified cultured with or
without melatonin. The mRNA
levels of the genes were analyzed
with qPCR. The mRNA level of
each sample was normalized to
that of Hprt1 mRNA level. **
Significant down regulation and *
significant up regulation
compared to the control

Fig. 3 Glutathione level of IVF/
Vitrified 2-cells mouse embryos
cultured in different
concentrations of melatonin.
Melatonin in 10−9 M and 10−12 M
concentrations had significantly
higher GSH levels compared with
control group (*p<0.05)
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Mitochondrial DNA is among the known targets of melatonin
in prevention of damage. Melatonin is involved in regulating
the expression of antioxidant genes, and causes an increase of
SOD expression [42]. In addition, metabolites of melatonin
are also free radical scavengers [43]. Rodriguez-Osorio et al.
[15] showed that developmental rate of IVM/IVF porcine
embryos cultured with a concentration of 10−9 M melatonin
did not significantly increase but blastocyst cell number was
elevated significantly, while melatonin at 10−3 M concentra-
tion was lethal to embryos. Ishizuka et al. [21] suggested that
the concentration of melatonin in mouse embryo development
has a positive effect on 10−6 M while Rodriguez-Osorio et al.
[15] claimed no significant difference in the cleavage stage of
porcine embryo or blastocyst development in 10−6 M concen-
tration. Gao et al. [14] vitrified two-cell mouse embryos
obtained in vivo via OPS method, and found that melatonin
at concentrations of 10−5 to 10−11 shows significant differ-
ences in the development of two-cell vitrified embryos to the
blastocyst and increases the number of cells.

Survival of frozen embryos is usually determined by
growth in medium after warming. However, the potential
viability of the cell surface is not just determined by morphol-
ogy. A reliable method for evaluation of cell survival is
determination of the apoptosis rate doing by the TUNEL
method. Our results indicate that melatonin concentrations
of 10−9 and 10−12 M significantly reduced the number of
apoptotic cells and improved the blastocysts quality.

In the present study, the expression of Bax did not change
while expression of Bcl-xl increased significantly 4.99-fold at
10−9 M melatonin respect to control group. Increased expres-
sion (1.3 fold) of Bax at 10−12Mmelatonin was not significant
respect to control group; however Bcl-xl showed significant
expression (3.17 fold) respect to control group. The expres-
sion of Bax and Bcl-xl are regulated by melatonin, although
many studies have documented the effects of melatonin on
downregulation of Bax and upregulation of Bcl-xl [31, 44].

Bcl-2 and other anti-apoptotic members (Bcl-2, Bcl-w, Bcl-
xl) prevent apoptosis through functionally inhibiting pro-
apoptotic proteins Bax and Bak. Death signals lead to changes
in mitochondrial membrane permeability by releasing of cy-
tochrome c, formation of apoptosome complex, pro- caspase
activation and apoptosis cascade [31, 45].

Jang et al. in 2005 showed that melatonin can reduce the
expression levels of caspase-3 and Bax while increasing the
expression levels of Bcl-2 [45]. The inhibitory effect of mel-
atonin has several mechanisms. Wang and his colleagues [46]
demonstrated that melatonin, as a powerful antioxidant,
removes toxic hydroxyl radicals and plays an important role
in the survival of neurons. Transcription signals promoted via
melatonin receptors stimulate anti-apoptotic effects of this
indole [47]. This activates stat3 and leads to Bcl-2 and Bcl-
xl expression, thus inhibiting the mitochondrial-dependent
apoptotic pathway [48].

Melatonin also increases the expression of Bcl-2, while
decreasing intracellular glutamate and increasing levels of
gamma-amino butyric acid [49].

Previous studies have shown the expression of melatonin
MT1 receptors in oocytes, cumulus cells and bovine blasto-
cysts [50, 51]. Studies on other species have shown the
presence of MT1 receptor transcripts in porcine cumulus cells
and granulosa cells but not in oocytes [22]. Studying Kun-
ming mice strain has not shown the transcript of MT1 and
MT2 receptors in blastocysts [14]. The results of present study
for the first time showed the expression of mRNA of MT1
receptors in 2-cell embryos and blastocysts of NMRI mice.
However, RT-PCR analysis failed to detect the expression of
MT2 receptors in 2-cell embryos and blastocysts of NMRI
mice. Jin et al. showed that MT1 receptor mediates the ma-
jority of melatonin response at low concentrations of this
hormone, but MT2 mediated response occurs at higher

Fig. 4 The expression of melatonin receptors (Mtnr1a, Mtnr1b) and the
housekeeping gene (Hprt1) in mouse diencephalon (lanes 1, 2 and 3) and
IVF/Vitrified 2-cell mouse embryos (lanes 5, 6 and 7). Lane 4 shows
DNA molecular weight marker (100 bp ladder), and the lanes 1 and 5
indicate Hprt1. Using Mtnr1a and Mtnr1b primers, 137 bp and 143 bp
bands corresponding to the expected size for the amplified products of
Mtnr1a were detected in mouse diencephalon and IVF/Vitrified 2-cell
mouse embryos (lanes 2 and 6). Mtnr1b band was observed in dienceph-
alon (lane 3), but this band was undetectable in 2 cell embryos
(lane 7). Lane 8 shows the PCR reaction without cDNA substrate
as negative control

Fig. 5 RT-PCR analysis of mRNA expression of Mtnr1a and Mtnr1b
melatonin receptors in the IVF/Vitrified mouse blastocysts cultured in
different concentrations of melatonin. Lane 10 shows DNA molecular
weight marker (100 bp ladder), and the housekeeping gene Hprt1 was

used as an internal control (lanes 1, 4, 7, 11and 14). Lanes 2, 5, 8, 12and 15
show the expression ofMtnr1a in all groups; however, melatonin receptor
Mtnr1b was not expressed in embryo samples (lanes 3, 6, 9, 13 and 16).
Lane 17 is negative control
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concentrations [52]. Failure to detect the MT2 receptors might
be due to the melatonin concentration in our study or absence
of these receptors in embryo. Gao and colleagues have report-
ed that the beneficial effects of melatonin on vitrified mouse 2-
cell embryos are not mediated by melatonin membrane recep-
tors, and suggested that the potent free radical scavenging and
antioxidant capacity of melatonin accounts for its protective
effects on the development of vitrified 2-cell embryos [14].
However, expression of MT1 receptors in 2-cell embryos and
blastocysts in the present study suggested that melatonin acts
through its receptors and antioxidant capacity. The signal
transduction pathways for melatonin receptors are varied
among cell types [24, 25]. The MT1 receptors are coupled to
different G proteins that mediate adenylyl cyclase (cAMP)
inhibition and phospholipase C beta activation, leading to
activation of a large variety of G proteins [24, 25]. However,
in some cells, melatonin causes stimulation of cAMP, and this
stimulatory effect is independent of G proteins [53]. Activa-
tion of MT1 receptor stimulates phosphoinositide turnover
and inhibits the guanylate cyclase enzyme and can induce
PKC activation by Ca2+ waves, in parallel with the inhibition
of the cAMP pathways [22, 50, 51]. Cellular signaling of
melatonin receptors needs further investigations to understand
the melatonin role in preimplantation development.

In conclusion, low concentrations of melatonin improved
the development and quality of embryos after vitrification.
Anti-apoptotic activity and reduced expression of apoptosis
genes may lead to increased survival and better quality of
blastocyst embryos derived from two -cell IVF/vitrified em-
bryos. Melatonin treatment may have a beneficial effect on
embryo development after vitrification and could be a therapy
for improving vitrified embryos in infertile patients. The use-
fulness of melatonin administration for improving the devel-
opment of human vitrified embryos for clinical outcome of
IVF and ICSI needs to be evaluated.
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