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Abstract

Purpose During laboratory manipulations, oocytes and
embryos are inevitably exposed to suboptimal conditions
that interfere with the normal development of embryos.
Materials and methods In this study, we examined the
effects of antioxidants, feeder cells and a conditioned
medium on embryo development and cleavage rate follow-
ing exposure of the embryos to suboptimal conditions. We
exposed mouse two-cell embryos to visible light and
divided them into four groups: control (E-ctr), co-culture
(Co-c), conditioned medium (Cndm) and antioxidant-plus
medium (Aopm). We used human umbilical cord matrix-
derived mesenchymal cells for co-culture. A group of
embryos was not exposed to visible light and served as the
non-exposed control (NE-ctr) group.

Capsule Antioxidants improved the cleavage rate of mouse embryos
that were exposed to suboptimal conditions, at a comparable rate to
the co-culture system.
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Results The developmental rate was higher in NE-ctr
embryos than in the E-ctr group. Exposed embryos in the
various groups showed a comparable developmental rate at
different stages. Blastomere number significantly increased
(P<0.05) in the Co-c and Aopm groups compared with the
E-ctr and Cndm groups. No significant difference was
observed between the Co-c and Aopm groups.
Conclusions Our data indicate that in suboptimal condi-
tions, antioxidants could improve the embryo cleavage rate
in the same way as feeder cells. Antioxidants probably
improve embryo quality through their ability to scavenge
reactive oxygen species.
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Introduction

Early mammalian development occurs inside the changeable,
lightless environment of the female reproductive tract. Several
studies have shown that the exposure of mammalian embryos
to various amounts of visible light disrupts normal embryo
development. In a previous study, exposure of mouse two-cell
embryos to 1600 1x visible light for 30 min to 60 min
dramatically decreased the developmental rate [1, 2]. This
indicates the absence of mechanisms that protect against
visible light in mammalian embryos. In Assisted Reproduc-
tion Technology (ART) procedures embryos are inevitably
exposed to environmental stress including visible light. The
dissimilarity between in vivo embryo developmental rates
and in vitro embryo developmental rates has suggested that
environmental conditions including visible light could
induce the production of critical concentrations of reactive
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oxygen species (ROS) that are able to modify normal cell
function, endanger cell survival and generate DNA damage
in embryos [3]. Undoubtedly, the extent of cell damage after
irradiation depends on the duration of exposure, the intensity
and the wavelengths emitted. In experiments carried out to
understand the mechanisms underlying mammalian cell
damage caused by visible light, cardiomyocytes that were
exposed to low energy visible light (3.6j/cm? 1623 1x/min.
for 1.5 min) showed a slow and transient increase in [Ca®']i,
whereas exposure of cardiomyocytes to visible light at 12j/
em? (1623 1x/min. for 5 min) induced a linear rise in [Ca®']i
and damaged the cells [4]. Various mechanisms exist in in
vivo systems that contribute to the detoxification and
protection of mammalian cells against ROS. These include
enzymes such as superoxide dismutase, which generates
hydrogen peroxide from superoxide radicals, and glutathione
peroxidase and catalase, which convert hydrogen peroxide to
water [5, 6]. There are also low molecular weight antiox-
idants that function as ROS scavengers such as glutathione,
vitamin C (ascorbic acid), alpha-tocopherols, and f3-
mercaptoethanol [7, 8].

The mammalian reproductive tract is rich in oxygen
scavengers that protect embryos from oxidative damage
while the embryo travels from the uterine tube towards the
uterine cavity [9, 10]. Vitamin C is a water-soluble vitamin
and is the major antioxidant component in extracellular
fluids [11, 12]. Supplementation of bovine culture medium
with vitamin C improved the porcine denuded oocyte
maturation and blastocyst rate after parthenogenetic activa-
tion [13]. 3-mercaptocthanol (3-ME) is also known as a
low molecular weight antioxidant that is usually used in
culture media, especially embryonic stem cell culture media
[14, 15]. In an effort to refine culture media for vitrified-
warmed embryos, supplementation of culture media with
B-ME resulted in lower DNA fragmentation in vitrified-
warmed bovine blastocysts [16]. Studies have shown that
somatic cells possess the capacity to remove deleterious
components including ROS from culture media to enhance
embryo development following the co-culture of embryos
with various somatic cells [17, 18].

In the present study, mouse embryos were exposed to
1600 1x visible light as a source of in vitro ROS production
[4]. Some embryos were not exposed to visible light and
served as the NE-ctr group. Embryo development was then
assessed in the presence of ascorbic acid and 3-ME as
antioxidants. This culture system was compared with a
somatic cell co-culture system composed of human umbil-
ical cord matrix-derived mesenchymal cells (hUCM), and a
conditioned medium in which hUCM cells were cultivated
and the supernatant was removed as conditioned medium.
The embryo developmental rates and the number of
blastomeres were compared among these groups and the
control group.
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Materials and methods

Kerman University of Medical Sciences ethics committee
approved these experiments. All chemicals were purchased
from Sigma-Aldrich Chemical Company (Saint Louis, MO,
USA); culture flasks, dishes and tubes were purchased from
Falcon (BD Biosciences, San Jose, CA) unless stated
otherwise.

Isolation of human umbilical cord matrix mesenchymal
cells

The local ethics committee at Kerman University of Medical
Sciences, Kerman, Iran approved the procedures for collecting
human umbilical cords. Human umbilical cord matrix
mesenchymal cells were cultivated as described elsewhere
[19]. Umbilical cords were obtained from healthy mothers
after written consent was obtained. Amniotic membrane,
umbilical arteries and veins were carefully removed and the
remaining tissues were diced into 3—5 mm fragments. The
explants were seeded onto the surface of a culture flask in
complete medium consisting of MEM-o supplemented with
10% (V/V) fetal bovine serum (FBS; Gibco, Invitrogen,
Australia), penicillin (100 units/ml), and streptomycin
(60 pg/ml). Explants were incubated at 37°C in a humid
atmosphere with 5% CO,. Once the cells reached 80%
confluence, the umbilical cord fragments were removed and
the cells were trypsinized and seeded for further expansion.

Preparation of feeder cells and conditioned medium

hUCM cells at passage 2—7 were used as feeder cells.
Forty-eight h before the experiments were carried out,
hUCM cells at a density of 1x10° cells/ml were prepared in
50 ul drops of complete medium in 60x 15 culture dishes,
overlaid with seven ml light paraftin oil. The culture plates
were incubated at 37°C in a humid atmosphere with 5%
CO,. The medium was refreshed 24 h later with complete
medium. For the preparation of conditioned medium
(Cndm), 1x10° viable hUCM cells were seeded into
25 em? culture flasks with complete medium. After 72 h
incubation, non-adherent cells were removed by two
washes with PBS and adherent cells at a confluence of
90% were cultured in seven ml complete medium. Twenty-
four h later the supernatant was removed, centrifuged at
500 g for 10 min, and used as 50 pl drops under light
paraffin oil for further experiments.

Preparation of antioxidant-plus medium
One mM (3-ME and 50 pg/ml vitamin C were added to

complete medium to prepare antioxidant-plus medium (Aopm)
[13, 16]. Fifty ul drops were loaded onto 60x 15 mm culture
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dishes, overlaid by seven ml mineral oil, and incubated at 37°C
in a humid atmosphere with 5% CO, for 24 h.

Embryo collection

Four to 8-week-old female NMRI (Razi Institute, Karaj, Iran)
mice were superovulated with an intra-peritoneal injection of
10 TU PMSG (Intervet, Denmark), followed by 10 TU hCG
(Organon, Holland) 48 h later. Female mice were caged
overnight with male mice with proven fertility from the same
strain. Female mice with a vaginal plug were considered
pregnant. Forty-eight h after hCG injection, two-cell mouse
embryos were flushed from the uterine tube into drops of
Hepes-buffered HTF containing 10% FBS (Gibco, USA). After
two washes in the same medium, morphologically normal
embryos were collected and pooled for further experiments.

Exposure of embryos to visible light

Shortly after the collection of embryos, morphologically
normal embryos were transferred into 50 pl drops of complete
medium under seven ml light paraffin oil and were exposed to
visible light for 30 min. Light was emitted from a 30 W
halogen lamp and was conducted via optic fibers, inside a CO,
incubator. The distance between the free end of the optic
fibers and the culture dish (Falcon®) was adjusted so that
1600 1x illumination was applied to the embryos.

Differential staining of blastocysts

Expanded blastocysts were randomly selected for cell
counting analysis as described elsewhere [20] with a few
modifications. Embryos were placed in HTF medium
supplemented with 1% Triton X-100 and 100 pg/ml
propidium iodide (PI) for approximately 10 s. Once the
color of the trophoectoderm had visibly changed to red and
shrunk slightly due to the treatment, blastocysts were
incubated in 500 pl absolute alcohol as a fixative, plus
25 pg/ml bisbenzimide (Hoechst 33342), overnight at 4°C
in a dark chamber. Thereafter, samples were placed in a
glycerol droplet on a glass slide and covered with a
coverslip. Samples were monitored under a fluorescence
microscope (IX71, Olympus, Japan) equipped with a UV
filter. Inner cell mass (ICM) nuclei labeled with bisbenza-
mide appeared blue and trophectoderm (TE) nuclei labeled
with both bisbenzamide and PI appeared pink to red. ICM,
TE and total cell numbers were counted.

Experimental design and evaluation of embryo
development

Morphologically normal two-cell embryos were pooled and
divided into two unequal groups of non-exposed control

(NE-ctr) embryos and exposed embryos. Exposed embryos
were exposed to 1600 1x visible light for 30 min, and were
randomly allocated into the exposed control (E-ctr), co-culture
(Co-c), conditioned medium (Cndm) and antioxidant-plus
medium (Aopm) groups. Embryos were monitored every 24 h
for 96 h under an inverted microscope (Nikon TS100, Japan)
and the developmental rate was recorded. Expanded blasto-
cysts in each group were then randomly divided into two
groups: some were removed for differential staining and the
remaining blastocysts were cultured for another 24 h to assess
their hatching and plating competence (Fig. 1). At 24, 48, 72,
96, and 120 h after embryo collection, the embryos were
scored for stage of development using an inverted micro-
scope. At each time point the embryos had to be at the
following minimum developmental stage to be scored as
developing: four-cell at 24 h, eight-cell at 48 h, morulae at
72 h, expanded blastocysts at 96 h, and hatched and plated
embryos at 120 h. Experiments were replicated at least six
times for developmental rate determination and differential
staining.

Data collection and statistical analysis

The difference between developmental rates in NE-ctr
embryos and E-ctr embryos was compared by x> test. The
developmental rates of exposed embryos in various groups
were also statistically analyzed by x> test. The number of
ICM, TE and total cell number were expressed as mean =+
SEM. Differences in blastomere numbers between the NE-ctr
and E-ctr groups were analyzed by #-test. Blastomere number
was also analyzed by Kruskal-Wallis and Mann-Whitney U
tests in various groups of exposed embryos. A difference
with p<0.05 was considered statistically significant.

Results
In vitro development of embryos at days 2—4

Non-exposed embryos showed a significantly (p<0.05)
higher developmental rate compared with E-ctr at every
stage of development. Exposed embryos in each group
including Co-¢, Cndm, Aopm, and E-ctr were cultivated for
96 h. The developmental rates in various groups are shown
in Table 1. No significant difference (p>0.05) was observed
regarding developmental rate at each stage within the 172,
195, 198 and 188 embryos in the E-ctr, Co-c, Cndm, and
Aopm groups respectively (Table 1).

Hatching and plating efficacy of the embryos

Two hundred and fifty-six expanded blastocysts in various
groups (31, 45, 63, 65 and 49 blastocysts in the NE-ctr, E-ctr,
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Fig. 1 Two-cell stage embryos were obtained from superovulated
mice. Morphologically normal embryos were divided into two
unequal groups of non-exposed embryos and exposed embryos. The
exposed embryos received 1600 1x visible light and were then
allocated to Exposed control, Co-culture, Conditioned medium and
Antioxidant-plus groups. The embryos in light exposed groups and the

Co-c, Cndm and Aopm groups respectively) were cultivated
for 24 h in different treatment protocols to assess the hatching
and plating ability of embryos in different groups. Embryos in
the NE-ctr group (53%) had significantly (P<0.05) greater
hatching and plating capacity than those in the E-ctr group
(30%). The hatching and plating capacity was also higher in
the Co-C (43%), Aopm (37%) and Cndm (35%) groups than
the E-ctr (30%) group, but the differences were not
significant (Fig. 2).

Differential cell count

Expanded blastocysts were stained with PI and Hoechst.
The inner cell mass, trophectoderm and total cell numbers
were counted under a fluorescent microscope. Thirty, 28,
29, 31 and 25 expanded blastocysts were analyzed in the
NE-crt, E-ctr, Co-c, Cndm and Aopm groups, respectively.
The ICM and total cell numbers were significantly (p<
0.05) higher in the Co-c and Aopm groups compared with
the E-ctr group. There were no significant differences
between the Co-c and Aopm groups. The number of TE
cells was also significantly (p<0.05) higher in the Co-c

Condilionzg medium

Exposed control Assessmieiit

of develop-

Co-culture ment for 96 h

Anlio_xigﬂ; nl-glus

embryos in non-exposed group were cultured for 96 h. Every 24 h
developmental rate was evaluated under an inverted microscope.
Expanded blastocysts in each group were then randomly divided into
two groups: some were removed for differential staining and the
remaining blastocysts were cultured for another 24 h to assess their
hatching and plating competence

group compared with the E-ctr group (Fig. 3). The ICM/
total cells ratio was 34.7, 31.5, 33.4, 32.5 and 33.9 in the
NE-crt, E-ctr, Co-c, Cndm and Aopm groups, respectively.
The ICM/total cells ratio, TE/total cells ratio and ICM/TE
ratio were comparable among the groups.

Discussion

The present study was undertaken to compare the effect of
antioxidant supplementation, co-culture with human umbil-
ical cord mesenchymal cells, and the use of a conditioned
medium on embryo development and blastomere number
following exposure to visible light. Exposure of two-cell
mouse embryos to 1600 1x visible light for 30 min
significantly decreased embryo development at each time
point compared with non-exposed embryos. These findings
are consistent with previous studies that have shown a
reduction in embryo and zygote development and oocyte
survival following exposure to visible light emitted from
different sources [1, 2]. However, exposure of embryos to
visible light did not significantly change the cleavage rate

Table 1 Development of 2-cell embryos following exposure to visible light and 96 h cultivation in various groups

Groups No. of embryos At 48 h At 72 h

At 96 h

Eight- Morulae Total Morulae Early blastocyst Total Expanded blastocyst Hatching blastocyst Total
cell
NE-ctr 104 48(46.1) 24(23.1) 72(69.2)** 18(17.3) 47(45.2) 65(62.5)* 41(39.4) 20(19.2) 61(58.6)*
E-ctr 172 52(30.2) 11(6.3) 63(36.6)  37(21.5) 22(12.8) 59(34.3) 54(31.4) 19(11.0) 73(42.4)
Co-c 195 55(28.2)  14(7.2) 69(35.4)  37(19.0) 41(21.0) 78(40.0) 64(32.8) 29(14.9) 93(47.7)
Cndm 198 70(35.3)  11(5.5) 81(40.1)  28(14.1) 47(23.8) 75(37.9) 58(29.3) 38(19.2) 96(48.5)
Aopm 188 57(30.3) 7(3.7) 64(34.0)  45(23.9) 25(13.3) 70(37.2) 47(25.0) 27(14.4) 74(39.4)

Data are pooled from at least six independent experiments. Values in parenthesis are percentage. In each column, values with * and ** are
significantly different from E-ctr group; *, P<0.05; **, P<0.001. NE-ctr = Non-exposed control, E-ctr = Exposed control, Co-c = Co-culture,

Cndm = Conditioned medium, Aopm = Antioxidant plus medium.
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Fig. 2 In-vitro-produced early blastocysts were cultured for 24 h in
different conditions. Development (%) to hatched blastocyst and plated
blastocyst was evaluated. NE-ctr = non-exposed control, E-ctr = Exposed
control, Co-¢c = Co-culture, Cndm = Conditioned medium, Aopm =
Antioxidant-plus medium, Hd-bl = Hatched blastocyst, Pl-bl = plated
blastocyst. *, significantly (P<0.05) different from the E-ctr group

in comparison with non-exposed embryos. Also, the
proportions of ICM, TE and total blastomeres were
comparable between the various groups of exposed embry-
os. However, the cleavage rate was higher in co-cultured
embryos followed by the antioxidant-treated group and the
conditioned medium group. The cleavage rate has been
proposed as a useful indicator of the rate of embryo
survival and pregnancy [21, 22]. Although the ICM/total
cell number and ICM/TE ratio were comparable among
treatments, plating efficacy and hatching capacity were

35 4 %
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Fig. 3 Embryos were cultured in different groups to achieve
expanded blastocysts. Groups of expanded blastocysts were stained
with PI (red) and Hoechst (blue) fluorescent dyes, and the inner cells,
the trophectoderm and total cell number were evaluated. Bars are

non-significantly higher in the Co-c group followed by the
Aopm and Cndm groups. These results are consistent with
the results of blastomere numbers in the different groups
that were exposed to visible light. Cheng et al. showed that
hatching mouse blastocysts have a greater implantation
capacity than expanded blastocysts [22].The transfer of
embryos after treatment in various conditions will optimize
the ability of embryos to implant in in vivo conditions.
The present results demonstrated that antioxidant supple-
mentation is comparable with co-culture of embryos with
hUCM feeder cells and also with conditioned medium in terms
of the developmental rate, and is as efficient as co-culturing
with hUCMs when blastomere number is considered. Reactive
oxygen species are a normal product of aerobic cellular
metabolism but environmental factors including visible light
can produce additional ROS in living cells. The production of
excess ROS in living organisms leads to DNA mutations [23]
and apoptosis via oxidative stress [24]. Under normal
metabolic conditions cells are exposed to ROS but endoge-
nous antioxidants, either enzymatic (e.g. catalase, glutathione
peroxidase) or non-enzymatic (e.g. vitamins E, C), scavenge
the ROS produced before they damage biological molecules.
A balance between ROS and the amount of antioxidants is
essential for the normal development of embryos especially in
the laboratory. Numerous studies have demonstrated the
antioxidant effects of vitamin C on living cells [25]. Vitamin
C was also used to prevent cytogenetic damage to the
embryos that were produced by breeding irradiated male and

TE number

00388883

h T T T T

NEctr Ectr Coc Cndm Aopm
Groups

Differential staining

representative of mean = SD. NE-ctr = non-exposed control, E-ctr =
Exposed control, Co-c = Co-culture, Cndm = Conditioned medium,
Aopm = Antioxidant-plus medium. Bars with an * above them are
significantly (P<0.05) different from the E-ctr group
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female mice [26]. Some reports have confirmed that the
addition of antioxidants during cryopreservation also im-
proved subsequent embryo development. They demonstrated
that ascorbate as a water-soluble antioxidant can reduce the
level of hydrogen peroxide [27], which is commonly elevated
during the process of cryopreservation. The addition of
ascorbate to the in vitro maturation medium of porcine
oocytes protected them against oxidative stress and improved
the in vitro fertilization rate [28]. In our study, vitamin C and
3-ME protected mouse embryos against ROS produced by
the exposure of embryos to visible light. Our results showed
that the addition of antioxidants to the embryo culture media
increased the number of ICM and TE compared with the
control. However, supplementation of culture medium with a
single dose of vitamin C did not affect blastocyst formation or
blastomere number, while a divided supplement of vitamin C
yielded a higher number of blastocysts [29]. In the present
study we used 50 mM vitamin C because higher concen-
trations (<200 mM) of vitamin C produced toxicity in the
mouse embryo [30]. Species variations and the nutritional
requirements of different embryos may have led to the
observed differences. The effect of 3-ME on living cells is
associated with the biosynthesis of intracellular glutathione
(GSH), which protects cells against deleterious effects that are
followed by oxidative injuries [15]. The simultaneous use of
these two antioxidants in our experiments resulted in a higher
number of blastomeres in treated embryos compared to the
control (E-ctr group). Whether the application of vitamin C or
3-ME alone could rescue embryos from the harmful effects
of visible light requires further investigation. Mechanisms
other than the protection of embryos against excessive ROS
may also be involved in the higher blastomere number in the
Aopm group compared with the control.

The results of the present study demonstrate that the use of
human umbilical cord mesenchymal cells as feeder cells could
enhance embryo quality following exposure to visible light by
increasing the number of blastomeres. The accumulation of
superoxide radicals is involved in apoptotic cell death and a
decrease in embryo blastomere number. The developmental
rate of embryos in the Co-c group was non-significantly
higher than that of other exposed groups, but it was
comparable with developmental rates in the Aopm and Cndm
groups. It seems that by removing free radicals from the
culture medium and/or secreting embryotrophic components
into the culture medium hUCMs prepare appropriate con-
ditions for embryo development. hUCM cells are among the
myofibroblast family of cells. These cells propagate rapidly in
the laboratory and have some similarities with embryonic and
adult stem cells [31], and also contribute to cell and tissue
regulation through the secretion of growth factors, chemo-
kines, and cytokines [32]. In the Cndm group in which the
supernatant of hUCMs was used as a conditioned medium,
the developmental rate was higher than in the control (E-ctr)
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but the blastomere number was lower than in the Co-c and
Aopm groups. This indicates that secreted or added growth
factors may show a lower ability to protect embryos against
ROS, and that trying to scavenge ROS from embryo culture
media by means of radical scavengers such as chelators or
antioxidants is more useful. Some investigators claim that
co-culture systems may remove toxic components such as
heavy metal divalent cations and metabolic inhibitors from
the culture medium [33], and some reported somatic cells
contain transcripts encoding for the main antioxidant
enzymes, and allow the equilibrium between antioxidants
and ROS to be maintained [17]. Feeder cells may improve
the developmental competence of embryos during culture in
the laboratory but the disadvantages of using somatic cells
have limited their application especially in human culture
media [18, 34]. On the other hand, supplementation of
culture media with antioxidants increased the cleavage rate
of in vitro cultured embryos at a rate that was comparable
with the utilization of hUCMs as feeder cells. Since the
blastomere number of early embryos has a great impact on
the implantation and pregnancy rate [35], supplementation of
embryo culture media with antioxidants may lead to a higher
pregnancy rate, especially when embryos encounter subop-
timal conditions. The optimum concentration of antioxidants,
and the appropriate time and sequence for supplementation
of culture media with antioxidants and their impact on the
implantation rate requires further research.

Conclusion

Our results demonstrate the beneficial effects of antioxidants
on embryo survival, development and the cleavage rate under
suboptimal conditions. Because ROS are produced during the
exposure of embryos to visible light, we can also conclude
that antioxidants protect the embryos against cellular damage
that commonly results from excessive ROS. The same effect
was achieved by co-culture of embryos with human umbilical
cord mesenchymal cells.
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