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Ruthenium red improves blastocyst developmental competence by
regulating mitochondrial Ca?* and mitochondrial functions in fertilized
porcine oocytes in vitro
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Abstract. Ruthenium red (RR) inhibits calcium (Ca?") entry from the cytoplasm to the mitochondria, and is involved in
maintenance of Ca?* homeostasis in mammalian cells. Ca?* homeostasis is very important for further embryonic development
of fertilized oocytes. However, the effect of RR on mitochondria-Ca?* (mito-Ca®") levels during in vitro fertilization (IVF)
on subsequent blastocyst developmental capacity in porcine is unclear. The present study explored the regulation of mito-
Ca?* levels using RR and/or histamine in fertilized oocytes and their influence on blastocyst developmental capacity in pigs.
Red fluorescence intensity by the mito-Ca®* detection dye Rhod-2 was significantly increased (P < 0.05) in zygotes 6 h
after IVF compared to mature oocytes. Based on these results, we investigated the changes in mito-Ca®" by RR (10 and 20
uM) in presumptive zygotes using Rhod-2 staining and mito-Ca”* uptake 1 (MICU1) protein levels as an indicator of mito-
Ca?" uptake using western blot analysis. As expected, RR-treated zygotes displayed decreased protein levels of MICU1 and
Rhod-2 red fluorescence intensity compared to non-treated zygotes 6 h after IVF. Blastocyst development rate of 20 uM RR-
treated zygotes was significantly increased 6 h after IVF (P < 0.05) due to improved mitochondrial functions. Conversely, the
blastocyst development rate was significantly decreased in histamine (mito-Ca?" inhibitor, 100 nM) treated zygotes (P < 0.05).
The collective results demonstrate that RR improves blastocyst development in porcine embryos by regulating mito-Ca?" and

MICUT1 expression following IVF.
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During early embryonic development, mito-Ca>* uptake is closely
associated with mitochondrial functions in mice [1]. The ac-
cumulation of mito-Ca?* caused mitochondrial depolarization through
changes in mitochondrial membrane potential (MMP), leading to
mitochondrial dysfunction [2]. Excessive mito-Ca®" also causes DNA
fragmentation by releasing mitochondrial apoptotic factors during in
vitro maturation (IVM) [3]. Induction of mitochondrial dysfunctions
by accumulating mito-Ca?" in preimplantation embryos contributes
to the activation of mitochondria-mediated apoptosis pathways [4].
However, it is not clear whether mito-Ca2" related mechanisms affect
carly embryonic development in pigs.

The increasing cytoplasm Ca?* level between adjoining domains of
the endoplasmic reticulum (ER) and mitochondria allows mito-Ca?*
uptake. These responses increase mito-Ca?" through the transfer of
Ca?" from the ER to the cytoplasm [5]. The mito-Ca®" uniporter
(MCU) is a Ca?*selective channel located in the mitochondrial
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inner membrane in HeLa cells [6]. The discovery of the MCU
complex, which is a calcium-selective channel in mitochondria inner
membrane, revealed that mitochondria absorb cytoplasmic Ca®* [7].
However, it is not clear whether the presence of functions of the MCU
complex via mito-Ca®" related mechanisms affect the fertilization
and early embryonic development in pigs. Mitochondria of mouse
oocytes regulate the release of Ca* from the ER to the cytoplasm
during IVF [8]. A recent study demonstrated that the modulation
of mito-Ca®" homeostasis in mature oocytes plays a fundamental
role in cytoplasmic maturation during IVM [9]. In addition, the
mito-Ca?" level regulates mitochondrial functions, mitochondria
dynamics, and mitochondria-mediated apoptosis in mammals [10].
Therefore, regulation of mito-Ca?" production plays an important
role in fertilization and maintenance of mitochondrial functions in
blastocyst formation during early embryonic development. Therefore,
it seems that the regulation of mito-Ca" or Ca?* homeostasis in
mitochondria has a well-designed mechanism during IVF, which
might effectively control the fertilization rate and further capability
of embryo development.

Rhod-2 is a mito-Ca®*-specific detection dye with a positive
charge. The dye can enter mitochondria. Rhod-2 is also a staining
reagent that detects Ca?" in mitochondria via MMP [11]. Changes in
mito-Ca?" by Rhod-2 staining are involved in cellular apoptosis and
cytoplasm maturation of oocytes in obese mice [12]. In addition, we
previously described the relationship between morphological quality
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and red fluorescence expression levels of Rhod-2 in the detection
of mito-Ca®" in mature oocytes and presumptive zygotes [13]. Our
data suggested that the changes in Rhod-2 expression pattern could
be used as a quality criterion in mature porcine oocytes and zygotes.

RR blocks Ca?" in the cytoplasm from entering mitochondria via
MCU in guinea-pig isolated ventricular heart cells [14]. Accordingly,
we investigated whether the changes in Rhod2 fluorescence expression
by RR for IVF progression have positive effects on further embryonic
development in pigs. However, which aspect of RR regulation of
mito-Ca?" level during IVF affects porcine embryo development is
unknown. Furthermore, the influence of the regulation of mitochondrial
functions by the RR-mediated reduction of mito-Ca>" levels during
IVF on subsequent developmental competence to the blastocyst stage
has not been studied in porcine embryos.

In the present study we investigated the relationship between
RR-mediated reduction of mito-Ca®" levels 6 h following IVF and
subsequent blastocyst development capacity in pigs (Supplementary
Fig. 1: online only). We also confirmed the correlation of mitochondrial
functions, such as MMP and ATP, in fertilized oocytes according
to different concentrations of RR used in treatment. Finally, we
investigated whether the inhibition of mito-Ca?" levels in mitochondria
using histamine in porcine fertilized oocytes effectively controlled
preimplantation embryo development.

Materials and Methods

Chemicals
Unless otherwise stated, all chemicals and reagents used were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

IVM

Porcine ovaries were obtained from 6 months old of female pigs
(Yorkshire/Landrace (9) x Duroc (&), 100 kg) at the local abattoirs
(Gyeongsan and Daegu City, Korea) and transported to the laboratory
(Daegu University) in a thermos containing 0.9% saline supplemented
with 75 pg/ml potassium penicillin G at approximately 30-35°C. All
procedures in this experiment were approved by the Animal Care
and Use Committee of Daegu University and performed in accord-
ing with animal and ethics. Immature cumulus-oocyte complexes
(COCs) were aspirated from follicles (3—6 mm in diameter) using
a 10 ml syringe with an 18-gauge needle. The undamaged COCs
with a similar cytoplasm quality and surrounding cumulus cells
were selected by mouth pipetting and then washed three times in
Tyrode’s lactate-N-2-hydroxyethylpiperazine-N’2-ethanesulfonic
acid (TL-HEPES) medium. Approximately 50 to 60 immature COCs
were cultured in 500 pl of IVM medium in a four-well multi-dish
at 38.5°C in 5% CO, after three washes in TL-HEPES and IVM
medium. Bovine serum albumin (BSA) free North Carolina State
University (NCSU)-23 medium supplemented with 10% follicular
fluid (v/v), 0.57 mM cysteine, 25 uM B-mercaptoethanol, 10 ng/ml
epidermal growth factor (EGF), 10 IU/ml pregnant mare’s serum
gonadotropin (PMSG) and 10 IU/ml human chorionic gonadotropin
(hCG) was used for oocyte maturation [15]. After culturing for 22
h (IVM 1), the same media was used for oocyte maturation without
PMSG/hCG for 22-44 h (IVM 1I).

In vitro fertilization (IVF) and culture

IVF of porcine oocytes was performed as described previously
[16]. The IVF medium used was modified Tris-buffered medium
(mTBM) consisting of 113.1 mM NacCl, 3 mM KCl, 7.5 mM CaCl,, 5
mM sodium pyruvate, 11 mM glucose, 20 mM Tris, 2.5 mM caffeine
sodium benzoate, and 1 mg/ml BSA. During the IVF periods (3
or 6 h), RR (5, 10, 20, and 40 uM) and histamine (100 nM) were
added to the mTBM to regulate mito-Ca?* levels in porcine oocytes
(Supplementary Fig. 2: online only). Fresh semen was kindly supplied
by the Darby Porcine Al Center (Anseong, Korea) each week, and
stored at 17°C for 2 to 3 days. Semen was washed three times by
centrifugation with phosphate buffered saline (PBS) supplemented
with 1 mg/ml BSA, 0.37 mg/ml penicillin G, 0.03 mg/ml streptomycin
sulfate, and 0.1 mg/ml CaCl,. After the final wash, spermatozoa were
re-suspended in mTBM at pH 7.8. Mature oocytes were denuded
by gently pipetting in 0.1% hyaluronidase (w/v) and were washed
three times in mTBM. Diluted spermatozoa (2 pl) were added to
a 48-pl drop of IVF medium containing 20 oocytes to give a final
concentration of 1.5 x 10° sperm/ml. Finally, non-treated, RR-treated
(5, 10, 20, and 40 uM) or histamine-treated (100 nM) sample was
added to the 48 pl drop of IVF medium containing the 20 oocytes and
co-incubated with 2 pl of prepared spermatozoa for 6 h at 38.5°C in
an atmosphere of 5% CO,. In the next experiment, 25 to 30 embryos
were cultured in 50 pl drops of [IVC medium (PZM-3 containing 3
mg/ml BSA) at 38.5°C and 5% CO,. After 48 h of culture, cleaved
embryos were further cultured in 50 pl drops of IVC medium at
38.5°C and 5% CO, for 4 days. Blastocyst formation was evaluated
after 6 days of culture.

Rhod-2 and Mito-Tracker, Mito-SOX fluorescence staining

To evaluate mito-Ca?" levels in maturated and fertilized oocytes,
we performed fluorescence staining using Rhod-2 AM (ab142780;
Abcam, Cambridge, MA, USA) as a specific mitochondria calcium
detection dye. To identify Rhod-2 fluorescence expression in mature
oocytes (44 h after IVM) and fertilized oocytes (3 h or 6 h after
IVF), oocytes were washed with 0.1% PBS-polyvinyl alcohol (PVA)
and incubated in the dark at 38.5°C and 5% CO, for 15 min in IVF
medium supplemented with 100 uM Rhod-2 dye. After Rhod2
treatment, oocytes were washed three times in 0.1% PVA-PBS (w/v)
and Rhod-2 fluorescence was measured using an iRiS™ digital cell
imaging system (Logos Biosystems, Anyang, Korea). Each sample
was washed three times in 0.1% PVA-PBS. Washed presumptive
zygotes were cultured in 50 pl of IVC medium mixed with 5 pM
Mito-SOX (red fluorescence; Life Technologies, Carlsbad, CA, USA)
under mineral oil at 37°C for 30 min. To confirm the mitochondria
localization, embryos cultured in 50 pl of IVF medium were mixed
with 4 pg/ml Mito-Tracker (Cell Signaling Technology, Danvers, MA,
USA) at 38.5°C for 20 min. Each sample was washed three times in
0.1% PVA-PBS (Supplementary Fig. 5: online only). Mito-Tracker
(green) and Mito-SOX (red)-positive cytoplasm in cells were detected
using an iRiS™ digital cell imaging system (Logos Biosystems).

Assessment of cellular apoptosis in porcine blastocysts
Blastocysts that developed after RR or histamine treatment during

IVF were fixed in 4% paraformaldehyde in PBS for detection of

apoptosis by terminal deoxynucleotidyl transferase-mediated dUDP
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nick-end labeling (TUNEL) using an In Situ Cell Death Detection
Kit (Roche Diagnostics, Mannheim, Germany) according to the
manufacturer’s instructions. Blastocysts were permeabilized using
0.5% (v/v) Triton X-100 for 30 min at 4°C. The fixed blastocysts
were incubated in TUNEL reaction medium for 1 h at 38.5°C, then
washed three times with 0.1% PVA-PBS and mounted on slides
with mounting solution containing 1.5 pg/ml of 4’°,6-diamidino-
2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA, USA).
DAPI-labeled or TUNEL-positive nuclei were examined using the
forementioned iRiS™ digital cell imaging system following TUNEL
assay and DAPI staining, and the number of apoptotic nuclei and
total number of nuclei were counted.

Analysis of MMP and ATP production assay

Fertilized oocytes at 3 h or 6 h after IVF and mature oocytes after
44 h of IVM were washed three times in 0.1% PVA-PBS (v/v) and
incubated in 50 pl of IVC medium containing the JC-1 kit (1:100
dilution; Cayman Chemical, MI, USA) under mineral oil at 37°C for
30 min. Washed fertilized oocytes at 3 h or 6 h after IVF and matured
oocyte after 44 h of IVM were fixed in 2.5% glutaraldehyde/PBS
(v/v) solution for 1 h at room temperature. Embryos were washed
three times in 0.1% PVA-PBS and examined using the forementioned
iRiS™ digital cell imaging system. MMP assessed as the ratio of
red fluorescence to green fluorescence [17]. ATP was determined
in matured and fertilized oocytes using an ATP determination kit
(Invitrogen, Carlsbad, CA, USA) as previously described [16].
Standard solution was prepared according to the instructions of the
manufacturer. One hundred embryos were homogenized with 10 pl
RIPA buffer and 90 pl standard buffer was added. Each 100 pl that
was prepared was added to a white 96-well plate and incubated for 10
min at room temperature. Luminescence intensity was measured using
an InfiniteM200pro luminometer (Tecan, Mannedorf, Switzerland).

Protein extraction and western blot analysis

Total protein was extracted from 50 to 60 mature and fertil-
ized oocytes in ice-cold PRO-PREP protein lysis buffer (iNtRON
Biotechnology, Daejeon, Korea). Samples were separated by 10%
to 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and the separated proteins were transferred to pure
nitrocellulose membranes (Pall Life Sciences, Port Washington,
NY, USA). After blocking overnight with 5% non-fat milk at 4°C,
the membranes were incubated with primary antibodies to B-actin
(1:5000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
or mito-Ca®* uptake 1 (MICU1) (1:4000 dilution, Abcam). The
membranes were then incubated with secondary horseradish peroxi-
dase (HRP)-conjugated anti-mouse IgG (1:5000 dilution; Thermo
Fisher Scientific, Waltham, MA, USA) or anti-goat IgG (1:5000
dilution; AB Frontier, Seoul, Korea) for 1 h at room temperature and
washed with Tris-buffered saline containing 0.1% Tween 20 (TBST)
buffer. Antibody binding was detected using a Bright™ enhanced
chemiluminescence (ECL) Kit (Advansta, San Jose, CA, USA)
according to the manufacturer’s instructions. Protein content was
determined using Fusion Solo software (Vilber Lourmat, Collégien,
France). Band intensities were quantified by densitometry using
ImageJ software (NIH, Bethesda, MD, USA). Intensity of the protein
bands was normalized relative to that of B-actin. The quantitative

analysis was performed for three independent experiments.

Statistical analyses

All measurements were made in triplicate. All percentage data
obtained are presented as the mean + standard deviation (SD). Western
blot and ATP contents are presented as the standard error of the
mean (SEM). The results were analyzed using one-way ANOVA
followed by Bonferroni’s and Dunnett’s multiple comparison test
and r-test. Histogram values of densitometry analysis were obtained
using ImageJ (NIH). All data were obtained using GraphPad Prism
5.0 (GraphPad, San Diego, CA, USA). Differences were considered
significant at * P < (.05, ** P <0.01, and *** P < 0.001.

Results

Evaluation of mito-Ca?* in presumptive porcine zygotes
treated with RR during IVF

Rhod-2, which detects mito-Ca*, was used to analyze the ex-
pression pattern of mito-Ca?" in fertilized oocytes 6 h after IVF as
previously described [13]. Changes of mito-Ca’* were assessed
in mature oocytes (44 h following IVM) and fertilized oocytes
(6 h following IVF). As shown in Supplementary Fig. 3 (online
only), the Rhod-2 fluorescence intensity of presumptive zygotes was
significantly increased (P < 0.05) compared with mature oocytes. For
porcine zygotes examined 3 h after IVF, the MICU1 protein levels
were increased but were not significantly different from the levels
in matured oocytes. In addition, the protein expression of MICU1
was higher in presumptive zygotes after [IVF than in mature oocytes,
especially in zygotes at 6 h after IVF (P < 0.05). Based on these
results, presumptive zygotes at 6 h after IVF as a non-treated group
were used for the subsequent experiments.

The red fluorescence intensity of Rhod-2 was significantly
decreased (P < 0.01) in 20 uM RR-treated presumptive zygotes
compared with the other groups (Fig. 1A). The protein expression
of MICUI1 was significantly decreased (P < 0.001) in presumptive
zygotes treated with 20 uM RR (Fig. 1B). These results confirmed
that mito-Ca®" levels in presumptive zygotes were decreased in 20
UM RR-treated group during the 6 h following IVF.

Mitochondrial functions and superoxide production in RR-
treated presumptive porcine zygotes during IVF

Changes of mitochondrial functions and mitochondrial-derived
reactive oxygen species (mito-ROS) production in RR-treated and
non-treated group were measured using ATP determination Kkit,
JC-1 staining, and Mito-SOX staining, respectively. ATP contents
were significantly increased (P <0.01) by treatment with 20 pM RR
compared with 10 uM RR-treated and non-treated groups (Fig. 2A).
MMP was increased in 20 uM RR-treated presumptive zygotes (P
< 0.05) compared with control or RR (10 uM)-treated presumptive
zygotes 6 h after IVF (Fig. 2B). Mito-SOX red fluorescence intensity
significantly decreased (10 uM RR: P < 0.05 and 20 uM RR: P <
0.01) in RR-treated groups compared with non-treated groups (Fig.
2C). And, we investigated the changes of mitochondria localization
using Mito-Tracker staining in 10 and 20 pM RR-treated presumptive
zygotes. No significant difference of Mito-Tracker green fluorescence
intensity was found between the non-treatment and RR treated groups
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Fig. 1.

Identification of mito-Ca”" level using Rhod?2 staining and mito-Ca>* uptake 1 (MICU1) expression analysis in porcine presumptive zygotes after

ruthenium red (RR) treatment during in vitro fertilization (IVF). (A) Rhod-2 fluorescence intensity in 10 and 20 pM RR-treated presumptive
zygotes after 6 h IVFE. (B) Western blot analysis was performed to evaluate the level of MICU1 in the RR-treated presumptive zygotes. The
relative level of MICUI protein was obtained after normalization with B-actin level. The histogram values of densitometry analysis were obtained
using Image J software. The bars represent the mean of three independent experiments + SEM (50-60 zygotes per group). * P < 0.05; Dunn’s
Multiple Comparison Test compared to non-treated group. Scale bar denotes 100 pm.

(Supplementary Fig. 5).

Effects of RR treatment during IVF on blastocyst development
and quality

To investigate the effects of RR treatment during IVF on early
embryonic development to the blastocyst stage, we examined the
blastocyst developmental rate, expanded blastocyst formation, and
cellular apoptosis using the TUNEL assay. First, we investigated
the cleavage and blastocyst development rates of porcine embryos
after various concentrations (5, 10, 20, and 40 uM) of RR treat-
ment for IVF (Supplementary Fig. 4: online only). Interestingly, the
blastocyst developmental rate was significantly improved in the 20
uM RR-treated group compared with other groups (Table 1; 20 uM
RR-treated groups: 32.2 +4.3% vs. non-treated group: 24.1 +2.4%
and 10 pM RR-treated group: 24.8 +4.9%; P < 0.05). However, the
blastocyst development rate was not changed in 40 uM RR-treated
oocytes compared with the non-treated group (Supplementary Fig.
4: online only). And, expanded blastocyst rate also significantly
increased (P < 0.01) in 20 uM RR-treated zygotes compared with
other groups (Fig. 3A). Next, as expected, the expanded blastocyst
production was significantly increased (P < 0.05) in developed
blastocysts derived from 20 uM RR-treated zygotes (Fig. 3B). Finally,
the TUNEL assay confirmed cell death as a result of cellular apoptosis
in porcine blastocysts following treatment with 10 or 20 uM RR.
As shown in Fig. 3B, the number of nuclei in blastocysts in the 20
uM RR-treated group was significantly greater (P < 0.05) that of the
non-treated group. Also, the percentage of TUNEL-positive cells in

blastocysts of the 20 pM RR-treated group was significantly lower
(P < 0.05) than that of the other groups.

Histamine-mediated increase of mito-Ca?* levels in
presumptive porcine zygote after IVF

Histamine is a reagent that is used in research related to mito-Ca®*
[18]. To investigate the effects of histamine treatment during IVF
on early embryonic development, we investigated the development
rate in blastocysts that developed from zygotes treated with 100
nM histamine. Rhod-2 fluorescence intensity and MICU1 protein
expression were measured in the histamine-treated oocytes during
IVE. The fluorescence intensity of Rhod-2 was significantly increased
(P <0.05) in the histamine-treated group compared to that in the non-
treated group (Fig. 4A). The MICU1 protein level was significantly
increased (P < 0.01) in the histamine-treated group compared with
the level in the non-treated group (Fig. 4B).

Effects of histamine-mediated induction of mito-Ca?* during
IVF on blastocyst development and quality

The blastocyst developmental rate was significantly decreased
in the 100 nM histamine-treated group compared with that in the
non-treated group (29.0 = 3.4% vs. 18.6 £ 5.3%; P < 0.05; Table
2). The expanded blastocyst rate was also significantly decreased
in the 100 nM histamine-treated group compared to the rate in the
non-treated group (P < 0.05; Fig. SA). As shown in Fig. 5B, the
number of nuclei in blastocysts were significantly decreased (P <
0.05) in the 100 nM histamine-treated group, while the percentage
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Fig. 2. Changes of mitochondrial functions in porcine presumptive zygotes by ruthenium red (RR) treatment. (A) ATP contents were measured using
the ATP determination kit (Invitrogen) with a microplate reader. (B) Expression of J-aggregate (red) and J-monomer (green) to confirm the
mitochondrial membrane potential (MMP) using JC-1 staining and confocal microscopy. (C) Superoxide mitochondria-derived reactive oxygen
species (ROS) was detected by Mito-SOX staining and is depicted as a histogram of JC-1 obtained using Image J software. * P <0.05 and ** P <
0.01; One-way - ANOVA, Dunn’s Multiple Comparison Test compared to non-treated group. The data in the bar graph represent mean +standard
error of the mean (SEM). Scale bar denotes 100 um.

Table 1. Comparison of blastocyst development from porcine presumptive zygotes treated
with ruthenium red (RR) during in vitro fertilization (IVF)

Groups No. of embryos cultured % of embryos cleaved (n) % of blastocysts (n)
Non-treated 224 84.4+5.8 (189) 24.1+2.4(54)*
10 uM RR 191 85.1+10.6 (165) 24.8 +4.9 (49) 2
20 uM RR 211 86.6 7.5 (184) 322+4.7(69)°

This experiment was replicated three times. The data are expressed as mean + SD. 2 Different
superscript letters denote a significant difference compared with other groups (P < 0.05).

of TUNEL-positive cells in histamine-treated blastocyst populations improving the developmental capacity to the blastocyst stage in

was significantly increased (P < 0.05). pigs. We confirmed higher mito-Ca*"levels and increased MICU1
protein expression in presumptive zygotes 6 h after IVE. We also
Discussion confirmed that the use of RR on fertilized oocyte for IVF improves

blastocyst development and quality.
Our study is the first to describe the positive effects of RR in RR inhibits Ca?* from entering mitochondria through MCU com-
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Effects of reducing mito-Ca?* in ruthenium red (RR)-treated presumptive porcine zygotes on blastocyst development and quality. (A) Formation

of expanded blastocysts was measured by optical microscopy in RR-treated and non-treated groups. The red stars indicate expanded blastocysts.
(B) Nuclei (blue) and terminal deoxynucleotidyl transferase-mediated dUDP nick-end labeling (TUNEL)-positive cells (green) of RR-treated
blastocysts visualized using the iRiS™ image system. The left histogram is the total number of DAPI-stained nuclei in blastocysts and the right
histogram is the percentage of TUNEL-positive cells in blastocysts. The data in the bar graph represent the means + standard error of the mean
(SEM) from three independent experiments; * P < 0.05 and ** P < 0.01; One-way ANOVA, Dunn’s Multiple Comparison Test compared to non-

treated group. Scale bar denotes 100 pm.

plexes from the cytoplasm in rats [19]. MICU1 combines with the
DIME domain to activate MCU (Ca?* uniporter protein, mitochondrial)
that has been inhibited by RR [20], while RR inhibits MCU that
has been activated by MICU1 in HeLa cells [21]. Among MCU
subunits, MICUT1 is essential for Ca>" homeostasis in mitochondria
as a gatekeeper to MCU-mediated Ca?" uptake in HeLa cells [22].
Additionally, the MICUI is selectively regulated in a proteasome-
dependent manner in Parkinson’s disease, as well as lead to a brain
and muscle disorder linked to mito- Ca?* signaling [23]. As shown
in Fig. 1A, we observed a reduced level of mito-Ca?" based on
Rhod-2 fluorescence in RR-treated presumptive zygotes after IVFE.
Our previous study demonstrated the evidence that considerable
relevance of Rhod-2 expression pattern on oocyte maturation capacity
or quality during IVM. [13]. The reduced fluorescence expression
of Rhod-2 in porcine zygote exposed to RR can be inferred that
the zygote quality or fertilization capacity of porcine oocyte has

helped to improve. Protein expression of MICU1 was also decreased
following RR treatment during IVF (Fig. 1B). The present findings
provide the first evidence of MICU1 protein expression associated
with RR treatment in porcine oocytes during I[IVF. We suggest that
RR plays a role as a competitive inhibitor of MICU1, and also
decreases MICU1 protein expression.

Enhancement of MICUT protein expression is related to increased
mito-Ca?" levels [24]. As shown in Supplementary Fig. 3, we con-
firmed that the mito-Ca®" level was increased in presumptive zygotes
6 h after IVF. A previous study showed that mito-Ca?" accumulation
is associated with mitochondrial dysfunctions, such as disruption
of cytoplasmic Ca>* homeostasis, in neurodegenerative disorders
[25]. Thus, the proposed potential effects of RR-mediated change
in mito-Ca?* homeostasis might be necessary for the improved
fertilization capacity during IVF.

No study has reported the relationship between the regulation of
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the level of mito-Ca®" uptake 1 (MICU1) in presumptive zygotes treated with 100 nM histamine. The relative levels of MICU1 protein were
obtained after normalization to the level of B-actin. The histogram values of densitometry analysis were obtained using Image J software. The
bars represent the means of three independent experiments + standard error of the mean (SEM) (50-60 zygotes per group); * P <0.05 and ** P <

0.01; #-test compared to non-treated group. Scale bar denotes 100 um.

mito-Ca?* by RR and the maintenance of mitochondrial functions
in porcine zygotes after [IVF. We investigated the positive effect of
mito-Ca”" reduction by RR on maintenance of mitochondrial functions
in presumptive porcine zygotes 6 h after IVF (Fig. 2). To assess
the mitochondrial quality in these zygotes, we identified increases
in ATP production and MMP, and decreased mitochondria-derived
superoxide generation in RR-treated porcine oocytes during IVF.
The ATP content of mature oocytes is directly related to fertilization
ability and blastocyst development in human embryos [26]. Also,
the MMP is associated with ATP production, indicating the health
and metabolic status of mitochondria [27].

In mice oocytes, mitochondria with high MMP convert superoxide
to hydrogen peroxide (H,0,), which then diffuses into the cytoplasm.
The result is a low level of mitochondria-derived ROS (mito-ROS)
[28]. However, damage by mito-Ca>" accumulation in post-ischemic
heart failure of mice causes mitochondrial dysfunctions, resulting in
reduced ATP production and ROS production [24]. Also, our results
suggest that the mito-Ca?" reduction by RR treatment improves
mitochondrial functions through the avoidance of severe mito-Ca>*
accumulation in porcine presumptive zygotes after IVF. In addition,
the analyses of RR-treated oocytes and zygotes revealed the reduction
of mito-ROS during IVF (Fig. 2C). Our previous study demonstrated
that high levels of mito-ROS production can induce reduced oocyte

quality, meiotic maturation, and cumulus cell expansion in pigs during
IVM [17]. These findings suggest that the reduction of mito-Ca>" by
RR treatment is related to mito-ROS production in porcine oocytes
and zygotes during IVM and IVF.

The maintenance of mitochondria function is important in blastocyst
development [29]. The rate of expanded blastocysts, total cell number,
and TUNEL-positive cells in porcine blastocysts are used to compare
the qualities of blastocysts [17]. Presently, blastocyst development
and quality were higher in 20 uM RR-treated presumptive zygotes
(Table 1 and Fig. 3), which had the most improved mitochondrial
function at 6 h IVF (Fig. 2). These results suggest that reduction of
mito-Ca”* by RR in porcine presumptive zygotes after IVF improves
blastocyst development by enhancing mitochondrial functions.
However, additional studies are needed to elucidate the mechanism
by RR-derived mito-Ca?" during IVF progression, which acts to
regulate preimplantation embryo development in porcine embryos.
Therefore, as a contrast to RR, we used histamine to up-regulate
mito-Ca?" in porcine oocytes during IVF.

Treatment with histamine increases mito-Ca®" through the MCU
in HeLa cells [30]. To confirm whether the presently observed RR-
mediated reduction of mito-Ca?* enhanced blastocyst competence, we
investigated the roles of histamine as a mito-Ca>" inhibitor. As shown
in Fig. 4, both the protein level of MICU1 and Rhod-2 expression
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Fig. 5.

Investigation of blastocyst development and quality from porcine presumptive zygotes treated with histamine during in vitro fertilization (IVF).

(A) Expanded blastocyst production was observed using optical microscopy. The red stars indicate expanded blastocysts. (B) Nuclei (blue) and
terminal deoxynucleotidyl transferase-mediated dUDP nick-end labeling (TUNEL)-positive cells (green) of blastocysts were visualized using the
iRiS™ image system. The left histogram is the number of DAPI-stained nuclei and the right histogram is the percentage of TUNEL-positive cells.
The data in the bar graph represent the mean + standard error of the mean (SEM) from three independent experiments; * P < 0.05; ¢-test was used.
Scale bar denotes 100 pm. White arrows indicate the apoptotic nuclei in TUNEL positive cells.

Table. 2. Comparison of blastocyst development from porcine presumptive zygotes treated with
histamine during in vitro fertilization (IVF)

Histamine treatment ~ No. of embryos culture

161
163

% of embryos cleaved (n)
83.1+£3.5(135)
74.7 £ 8.0 (123)

% of blastocysts (n)
29.0+3.4(47)?
18.6 £5.3(30)"

Non-treated
100 nM

This experiment was replicated three times. The data are expression as means + SD. % Different

superscript letters denote a significant difference compared with other groups (P < 0.05).

were significantly increased in histamine-treated presumptive zygotes
6 h after IVF. As shown in Table 2 and Fig. 5, in contrast to the RR
treatment group, the development and quality of blastocysts in the
histamine-treated group were significantly lower than the levels in
the non-treated group. These results suggest that the increase in the
mito-Ca?" level by histamine during IVF may have induced problems
in developmental competence and quality of blastocysts due to
mitochondrial dysfunction or mito-Ca?* accumulation. Therefore, the
reduction of blastocyst development in histamine-treated presumptive

zygotes indicates that the regulation of mito-Ca?" during IVF was
closely related to blastocyst development.

The collective data confirm the interaction between the RR-
mediated reduction in mito-Ca>" and improved mitochondria functions
in presumptive zygotes after IVF, and demonstrate the association
with further blastocyst development. Figure 6 provides a graphical
summary. Moreover, we generally observed the maintenance of a
high level of mito-Ca?* in mature oocytes and fertilized presumptive
zygotes in vitro. This phenomenon could be mitigated by RR treatment.
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Fig. 6.  Graphical summary. The study sought i) to confirm the relationship between ruthenium red (RR)-mediated reduced mito-Ca>* levels and improved
mitochondrial functions in fertilized oocytes after in vitro fertilization (IVF), and ii) to demonstrate the interaction between mito-Ca?* regulation
by RR (mito-Ca?" indicator) or histamine (mito-Ca?" inhibitor) based on mitochondrial function in blastocyst development and morphological
competence of porcine presumptive zygotes. The findings show that the regulation of mito-Ca?" in RR-treated porcine presumptive zygotes
improves blastocyst development and quality by promoting mitochondrial functions.

Contrary to RR treatment, we demonstrated that increasing mito-Ca?*
levels by histamine in presumptive zygotes affected the reduction
of both blastocyst development and quality in pigs. Based on these
results, we conclude that the regulation of mito-Ca?* by RR treatment
during IVF in porcine presumptive zygotes plays important roles in
mitochondrial functions and blastocyst developmental competence
in vitro.
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